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ABSTRACT

In this thesis we look at two non-minimal models of supersymmetry breaking. In
the first model, we study the phenomenology of deflected mirage mediation, a
scenario where gravity, anomaly, and gauge mediation contribute to the soft masses,
in light of the 7 and 8 TeV runs of the Large Hadron Collider (LHC) and the dark
matter direct detection results from XENON and LUX. We find that the parameter
space admits models with both simplified and compressed spectra, which should
be visible in the next run of the LHC. We also look at the parameter space from
the bottom up, using the electroweak fine-tuning measure and find that there are
large regions of parameter space which are not fine-tuned. In the second, we look
at models of flavored gauge mediation and explore models with a non-abelian
flavor symmetry. In these models the MSSM messenger Yukawa couplings are
connected by the non-abelian symmetry, forcing us to model them simultaneously.
We comment on the spectra and model building challengers in this paradigm.



1 INTRODUCTION

1.1 The Standard Model

The Standard Model of high-energy particle physics (SM), formulated by Glashow,
Weinberg, and Salam [1-3], is an extremely successful description of nature, sur-
viving tests all the way to the tera-electronvolt (TeV) scale at the Large Hadron
Collider (LHC). It is a quantum field theory in (3+1) dimensions with Poincaré
invariance describing the strong, weak, and electromagnetic interactions. These
forces are mediated by gauge bosons, which appear in the theory by imposing that
the Lagrangian has certain local gauge symmetries. The SM has spin one gauge
bosons, spin one half fermions, and a single spin zero scalar, the Higgs doublet.
The field content is given in Table 1.1.

There is a gauge boson associated with each gauge symmetry. The massless
gluons g of SU(3). mediate the strong interaction. SU(2), only acts on the left-
chiral fermions. U(1)y acts on both left- and right-chiral fermions, proportional
to their hypercharges. The SU(2), x U(1)y electroweak interaction spontaneously
breaks to U(1) g, the electromagnetic interaction, after the Higgs field acquires
a nonvanishing vacuum expectation value (vev). The photon, the gauge boson
associated with U(1)gy,, is a mixture of the the neutral components of the W
and B, the gauge bosons associated with SU(2), and U(1)y, respectively. The
linear combination of the W and B orthogonal to the photon, Z, and the charged
components of W, W=, gain masses and propagate the weak nuclear force.

The matter content of the SM is as follows. L; = (v, e LZ-)T are the left handed
lepton doublets, containing a charged lepton and a neutrino, in the (1, 2)_; represen-
tation, under (SU(3)., SU(2)1)uq), - €; are the right handed doublet with charges
(1,1)_. Each charged lepton comes in three flavors, electron, muon, and tau; each
with an associated neutrino. The left-handed quark doublets @Q; = (ug;, d L,—)T,
contain a left-handed up and down-type quark in the (3, 2)% representation. The u;
and d; are the related right-handed fields in the (3, l)g and (3, 1)7% representation,

respectively. The up (down) type fields come in three flavors as well: up (down),



charm (strange), top (bottom).

Scalars Fermions Vector Bosons | Representation

H (1,2),
Qi (3,2)1

U; (3 ’ 1) %

d; (3, 1)1

L; (1,2) 1

€; (11 1)—1
g (8/1)0
w (1,3)o
B (1,1)o

Table 1.1: Fields in the SM organized by spin and representation under the gauge
symmetries (SU(3)., SU(2)r)vuq), - The index i labels the generation.

Finally, the Standard Model has a scalar field H, an SU(2);, doublet with hyper-
charge one half. In the SM, this field is assumed to have the following potential
describing its self-interactions at the renormalizable level:

V=’ [H + N H|", (1.1)

in which the parameter ;> has dimension of mass-squared and ) is a dimensionless
parameter (that must be greater than zero to avoid a runaway large field direction).

The minimization condition for this potential is

ov

=0=u’H +2)\|H|*’H 1.2

For 4 > 0 and A > 0, is minimum of the potential is at # = 0. However if
p? < 0and A > 0, the minimum of the potential will no longer be at zero, and the
Higgs field acquires a nonzero vev (H) = \/—p2/2). This new minimum breaks
SU(2), x U(1)y to U(1) gas. In the process the W and Z bosons eat three degrees of
freedom of H and gain masses proportional to the Higgs vev. From measurements
of the W and Z masses and their properties, the Higgs vev is (H) ~ 174 GeV and



p? = O(—(100 GeV)?). The remaining degree of freedom, a single real scalar, is the
physical SM Higgs boson. The mechanism for giving gauge bosons of Yang-Mills
theories mass is known as the Higgs mechanism [4-7].

SM gauge invariance also allows the following Yukawa interactions between
the SM fermions and the Higgs:

Ly = Yy,Qld;H + Yo;Lie; H + Y,;;Qlu; H + h.c., (1.3)

in which i, j indicate family indices and / = ¢H, where ¢ is the completely antisym-
metric SU(2) tensor. The Y; ., are matrices of Yukawa couplings which determine
the fermion mixing and masses after /1 develops a vev. The matter fields are in
flavor eigenstates and can be rotated into mass eigenstates, through the rotations
ur, — Upuy, and d;, — Uyd;, with similar rotations for the right handed fields and
leptons. In this mass basis, the Lagrangian is

Ly =YEQhduH+YEL e H +Y.EQ! umH +hec., (1.4)
where the subscript m denotes that the matter fields are in mass eigenstates, and
the superscript D denotes that the matrix is diagonal.

The rotation from flavor to mass eigenstates also affect the interactions with
the W=. These interactions are proportional to u}v"d;, where v are the gamma
matrices, and u;, and d;, are vectors of left chiral up and down quarks. In the basis
where the Yukawa couplings are diagonal, this term will is not be and there will
be generation mixing. This mixing is parameterized by the Cabibbo Kobayashi
Maskawa (CKM), quark-mixing matrix Ve = U} The CKM depends on three
angles and a phase and can be written as the product of three rotations, as follows:

1 0 0 cos O3 0 sinfse® cosbiy sinfs 0
Vekm = [0 cosfy3  sin By 0 1 0 —sinfyy; cosfip 0
0 —sinfes cosbys) \—sinbize™™ 0 cosbis 0 0 1

(1.5)



It can also be written in terms of an expansion in A ~ 0.225, which is the Wolfenstein
parameterization [8]. The (12) and (21) entries in the CKM are relatively large and
generating these entries represents an important challenge in any model of quark
flavor physics as we will see later.

The SM has 19 free parameters: 9 fermion masses, three quark mixing angles
and a phase in the CKM matrix, the Higgs mass and its quartic coupling, the three
gauge couplings, and the QCD vacuum angle. These 19 parameters characterize a
theory that has been tested at low energy table top experiments, at colliders, and in
astrophysical observations. It predicts the value of the ratio of the W and Z boson
masses. The LHC has also discovered a scalar boson with a mass of about 125 GeV,
and with the the couplings strengths of the SM Higgs scalar in the /s = 7 and 8
TeV data as of 2016 [9-12]. Fig. 1.1 shows the current couplings and their agreement
with the predictions of the SM.
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LHC Run 1 - CMS
- ATLAS+CMS
[ —*1c
0 [ R —*20
F — ATLAS and CMS Preliminary - ATLAS
99 —— LHC Run 1 oMs
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Figure 1.1: Combined signal strengths, ratio of measured to SM cross section or
branch fraction, for Higgs production modes (left) and decay modes (right) at
Vs = 7 and 8 TeV using both ATLAS and CMS as of 2015 Ref. [11]. In the left panel
the global signal strength is also shown. The dotted line corresponds to the SM
signal strength of one.



Figure 1.2: One loop diagrams leading to corrections to mass terms for a fermion ¢
(a) and scalar H (b) from Yukawa couplings.

The SM, for all its success, has some deficiencies:

¢ The Hierarchy Problem:

For a fermion interactions like emitting a photon, preserve the chirality of
the fermion; a left-handed (right-handed) fermion remains a left-handed
(right-handed) fermion. The only term in the Lagrangian that violates this
symmetry, connecting the left- and right-handed fields, is the mass term
mz/zzw r- Any radiative corrections to the fermion mass must vanish as this
mass goes to zero and chiral symmetry is restored. If there is a momentum
cutoff Ayy, the correction from diagrams like those in Fig. 1.2a is proportional

to

AmocmlnM. (1.6)

m

This chiral symmetry protects the fermion mass from large radiative correc-

tions.

The masses of fundamental scalar particles, like the 1% term for the Higgs, are
unprotected by chiral symmetry and suffer from large radiative corrections.
One example that appears in the SM are couplings to and corrections from the
top quark. The top Yukawa coupling in Eq. (1.3) leads to a one loop correction,



Fig. 1.2b, to x? that is quadratically divergent
A HQ _ 3’3/15 |2

— a7 Agy + ... (1.7)

Auv is used to regulate the divergent loop integral, and can be interpreted
as the scale at which new physics enters the theory, altering the high energy
behavior. This quantum correction enters into the x* term in Eq. (1.1) and the

corrected term is
p = g+ A, (1.8)

where 2 is the parameter in the bare Lagrangian. Since 1> = O(—(100 GeV)?),
for large Afyy, the tree-level p2 must be of order A, in order to cancel and
generate a small mass. If the SM is valid to the GUT or Planck scale, then
this is a “fine-tuning” problem as ;3 + Ap?® must precisely cancel for 26 to
32 orders of magnitude. Furthermore, this is an example of the “hierarchy
problem” in any model with fundamental scalars, not just the SM , where
the low energy theory has become extremely sensitive to high energy physics
[13-17].

e EWSB:
In the SM, the parameters that enter into the Higgs potential Eq. (1.1) are put
in by hand. There is no mechanism driving ;* negative.

¢ Flavor Puzzle:

Of the 19 parameters of the SM, 13 have to do with the flavor structure of the
theory, spanning many orders of magnitude from the electron at half an MeV
to the top quark at 173 GeV. The SM does not explain this hierarchy of scales,

or why there are three generations of fermions.

¢ Cosmological Problems:



The SM also has a number of cosmological problems. The observed baryon
asymmetry [18], i.e. why are there more baryons than anti-baryons in the
universe, is larger than can be generated by the SM alone. Observations
of galactic rotation curves [19, 20], the cosmic microwave background [21],
and galaxy collisions like the Bullet Cluster [22] have indicated that there is
non-baryonic cold dark matter in the universe, with no observed explanation.
Similarly, measurements of supernovae [23, 24] and the CMB [21] have shown

that the universe is expanding, this dark energy in the universe is unexplained.

1.2 Supersymmetry: What and Why

Well motivated candidates for physics beyond the SM are models that include su-
persymmetry (SUSY). Supersymmetry is proposed fundamental symmetry relating
bosonic and fermionic degrees of freedom. In supersymmetry, every particle has
a superpartner with opposite statistics — a boson (fermion) has a superpartner
that is a fermion (boson), related by a supersymmetry transformation. The chiral
symmetry that protects the mass of the fermion will also now protect the mass of
the boson, alleviating the quadratic divergence of Eq. (1.7).

The operator ();, which generates a supersymmetry transformation, takes
Q):|Boson) = |Fermion), Q):|Fermion) = |Boson), (1.9)

where i labels the generator i = 1,2,... N. Q; is an anti-commuting spinor, and Q;
is also a symmetry generator. (; and Q; have spin, so supersymmetry must be a

symmetry of spacetime. The @; and ); form an algebra

{QF,Q¥} =204, P8,
{Qi,Qi} =0, (1.10)
[Qi7 PM] = 07

where P* is momentum, o* are the Pauli matrices, o and ¢ are spinor indices. Here



and in what follows we will assume only one pair of generators (N = 1). This is the
case most relevant for phenomenology since it allows for chiral representations.

The single-particle irreducible representations of the the SUSY algebra contain-
ing both fermionic and bosonic states are called supermultiplets. In these states,
the superpartners, can be transformed into each other through applications of
SUSY and Lorentz transformations. The supermultiplets can also be repackaged
into superfields, functions in superspace (see Refs. [25-27] for reviews of N =1
supersymmetry). In extending the SM to include supersymmetry, Higgs and mat-
ter fields will be embedded into chiral supermultiplets, and gauge bosons will be
embedded into vector supermultiplets. Each chiral supermultiplet has a complex
scalar ¢, a Weyl fermion v, and an auxiliary field F'. For example, the electron
will have a spin zero partner, the “selectron.” A vector supermultiplet has a spin
one vector gauge boson V', a Majorana spinor A\?, and an auxiliary field D?, hence
gauge fields have spin one half partners, the gauginos. These auxiliary fields can
be eliminated using the equations of motion, but keep track of off-shell degrees of
freedom. At the renormalizable level, the kinetic terms are taken to be canonical.

The renormalizable interactions are encoded in the superpotential W, a holo-
morphic function of supermultiplets. The superpotential is

W = LZCI)Z + §MZJ(I)i(I)j + gy”k@iq}j@k.

The first term is a source term, absent unless there are gauge singlets. The second
generates mass for vector-like fermions and triscalar couplings. The third gener-
ates Yukawa couplings and quartic couplings for the scalars. Integrating out the

auxiliary fields generates the scalar potential of the theory

2

2
1 :
+52 04| T | (1.11)

ow
VIZ’a@.

where the T are the generators for the ath gauge group. Similarly Yukawa interac-



tions in the Lagrangian are generated by

1w

= im%@% + h.c. (1.12)

If SUSY is an unbroken symmetry of nature, —P? will commute with @, and
the superpartners will have the same mass. In the IR, bosonic degrees of freedom
associated with the electron or light quarks have not been observed, hence super-
symmetry must be a broken symmetry i.e., the N = 1 SUSY theory is broken to
N = 0. However, if this breaking comes from spontaneous symmetry breaking, the
theory can still maintain many useful features including the taming of quadratic di-
vergences. Depending on how the symmetry is broken, quadratic divergences may
be reintroduced, however a subset of these terms, the “soft” terms, do not resurrect

this divergence [28]. These soft terms in the Lagrangian can be parameterized as

Lo = = (MaAN + 20 0i6,60 + 09006 ) +ec.— ()i, (113)
where M, are gaugino mass terms, a”/* are trilinear couplings or a terms, the b/ are
bilinear mass terms, and finally the /m? terms are additional scalar mass squares.
Terms involving scalars boost scalar partner masses and induce new trilinear scalar
interactions. The mass term for gauginos clearly splits the gaugino masses from
the gauge boson masses.

Examples of the interactions in this theory are shown in Figs. 1.3, 1.4, and 1.5.
Figure 1.3 shows the usual Yukawa couplings between the Higgs scalar and two
quarks, but also its “supersymmetrications,” quark-squark-Higgsino interactions
also with strength y;. There are also triscalar interactions between squarks and a
Higgs scalars with strengths of y*y; and a;. For these five diagrams, the neutral
Higgs can be replaced with the charged Higgs, and a top quark or squark with a
bottom, as well. There are also quartic interactions Fig. 1.4 with strength y?. There
are also “supersymmetrications” of the usual gauge interactions Fig. 1.5 and scalar
quartic couplings proportional to the gauge couplings squared.

Supersymmetric models have many desirable properties including;:



tr,

(e)
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Figure 1.3: The top quark Yukawa coupling (a) and its “supersymmetrizations” (b)
and (c) all with strength y;. (d) and (e) are triscalar couplings with strength /"y,

and a;, respectively.
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Figure 1.4: Examples of quartic scalar interactions with strength y;.



11

Ej q[ng[nHu?Hd (1757 HuaHd
g / W /7 B /7
q qL7€L7ﬁuvﬁd Q7€7[~JU7ﬁd

Figure 1.6: Feynman diagram for a scalar S coupled to the Higgs boson through a
quartic coupling.

¢ A Solution to the Hierarchy Problem:

Since every particle will have an associated superpartner, there will be scalar
loops as in Fig. 1.6, which generate the correction
As

2 2
Ap = @Awa (1.14)

which differs from the fermion correction, Eq. (1.7) by a sign. Supersymmetry
ensures that there are two complex scalars with A\g = |y, |?, and furthermore
that this cancellation is exact to all orders when SUSY is unbroken. Softly
breaking supersymmetry leads to safe logarithmic divergences for scalar
masses and can explain the “lightness” of the Higgs scalar compared to the
Planck scale.

¢ Radiative EWSB:

In SUSY models the Higgs potential is induced from the scalar potential of
Eq. (1.11), and so the quartic couplings in the Higgs potential are propor-
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tional to the gauge couplings in minimal models. Also there can be scenarios
in which radiative correction to the Higgs mass-squared terms, due to SM
and superpartner loops, drive an effective analogue to the y? term negative,
facilitating electroweak symmetry breaking. The origin of the electroweak
scale is then tied to the scale of the splitting between the SM and superpartner
masses. Clearly this splitting should not be much larger than the electroweak

scale in the absence of tuning.

¢ Gauge coupling unification:

In the SM, the value of the scale-dependent gauge couplings almost meet
when running up from the the electroweak scale assuming no new physics
at intermediate scales. The additional matter in a supersymmetric theory
improves this unification, and the gauge couplings meet at roughly the GUT
scale for TeV scale superpartners (Fig. 1.7) [29].

¢ Cosmological Gains:

We will see that in many situations an important ingredient of supersym-
metric extensions of the SM is the imposition of a discrete symmetry that
distinguishes particles from superpartners. A symmetry of this type, often
called R-parity, is needed to eliminate dimension four operators that mediate
proton decay. If such a symmetry exists then the lightest supersymmetric
particle (LSP) is stable on cosmological time scales. If it is the case that the LSP
is electrically neutral and has electroweak scale cross sections, it is a natural
candidate for a weakly interacting massive particle (WIMP), and can populate
the measured relic density [30].

1.3 The MSSM

We now turn to the minimal extension of the SM to include TeV-scale SUSY, which is
known as the minimal supersymmetric standard model (MSSM), defined to be the

minimal extension of the SM with two Higgs doublets and conserved R-parity. The
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Figure 1.7: Two loop renormalization group running for the inverse of the gauge
couplings a;! in the Standard Model (dashed lines) and the MSSM (solid lines).
In the MSSM case, the superpartner masses are treated as a common threshold
varied between 750 GeV and 2.5 TeV, and «;(My) is varied between 0.117 and 0.120.
Figure taken from Ref. [26].

tield content of the MSSM is displayed in Table 1.2. The spin zero superpartners
are the sfermions, like the stop ¢ or stau 7, the spin one half partners of the gauge
bosons are the gauginos, like the wino T, and the spin one half partners of the
Higgs bosons are the Higgsinos . The neutral (charged) spin half components of
the W, B, and Higgsinos (W and Higgsinos) mix into the neutralinos y° (charginos
1F). Like in the SM, when electroweak symmetry breaks, three degrees of freedom
from the Higgs sector are eaten by the longitudinal components of the W and Z
bosons. The remaining five degrees of freedom become two CP even eigenstates,
the SM Higgs-like i and the heavy H, two charged states H*, and a CP odd state
A°.

With the assumption of R-parity, the superpotential for the MSSM (neglecting
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Scalars Fermions Vector Bosons | Representation
H, H, (1,2);
Hy 1, d (1,2) 1
Qi Qi (32);
U Uj (3, 1) 2
d d; 3,1).
Li L; 1,2) s
€ €; (1, 1)

g 9 (8,1)o
w w (1,3)o
B B (1,1)o

Table 1.2: Fields in the MSSM organized by spin and representation under the
gauge symmetries (SU(3)., SU(2))u(1), - The index i labels the generation.

neutrino masses) is

Wassm = pH,Hy + y,QuH, + yasQdHg + y.LeH,, (1.15)

where gauge and flavor indices are suppressed, and superfields are denoted by
their SM-like component. SUSY breaking in the context of the MSSM can be pa-
rameterized in the soft terms

My _ My~ ~ M ~ -~
~L= (50 + GHWW o BB e ) iy [Hf? i L
+ @TméQ + ETm%i +umiu’ + a:gm%jT +ém2ét — (bH, Hy+cc.)  (1.16)

+ (&CLUQHH + c?adQHd + éaain + C.C.) .

The mass terms split the masses of the partner and superpartners, and the scalar
mass-squared matrices are generally not diagonal in the same basis as the fermions.
The a terms are arbitrary complex couplings with dimensions of mass. In many
theories, they are often are proportional to the Yukawa couplings such that a;;;, =
A;jryijr- For phenomenological purposes since the Yukawa couplings are hierar-
chical for the charged fermions, it is useful to consider only the third generation:
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ar = Ay, ap = Ay, ar = Ary,. The mass squared parameter b leads to mixing
between the up and down Higgs and is commonly written as b = B, .

The soft terms introduce many new parameters. The a terms and Yukawa
couplings are both arbitrary 3 x 3 complex matrices with 9 magnitudes and 9
phases each, for 54 magnitudes and 54 phases. The soft mass squares are hermitian
and each have 6 magnitudes and three phases, for a total of 30 magnitudes and 15
phases. There are also the complex masses i, b, and the gaugino masses, the two
real Higgs soft mass squares and the gauge couplings and QCD vacuum angle, for
a total of 95 real magnitudes and 74 phases.

However, not all these parameters are physical. In the limit where the super-
potential and soft supersymmetry breaking couplings are zero, there is a global
U(3)° symmetry, parameterizing arbitrary rotations between particles of a given
type. Each U(3) has three angles and six phases so the U(3)° has 15 angles and 30
phases. With the interactions restored, there is a residual U(1)5 x U(1), symmetry
parameterized by two phases, and so 15 angles and 28 phases can be removed.
There are also two more global U(1) symmetries, U(1)r and U(1)pq in the Higgs
sector, removing two more phases. This leaves 80 magnitudes and 44 phases, for a
total of 124 parameters, or 105 new parameters after subtracting the 19 parameters
of the SM [31-33].

Figure 1.8: Box diagrams that contribute to K — K mixing containing squarks and
gluinos.

These new parameters mix the left- and right-handed sfermion eigenstates. The
diagonal terms in the mass matrix come from the soft mass squares and from

electroweak symmetry breaking through the Higgs mechanism. There are off-
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Figure 1.9: A supersymmetric contribution to the electric dipole moment of the
electron from a trilinear term a,.

diagonal masses that come from couplings of stops to Higgs scalars through the
term in the scalar potential and through a terms. The mass squared matrix for the
stop, assuming no mass squared terms coupling the stop to the other squark fields,

is

L - B ( m; +mg, vsin B(a; — py; cot B)) (?L) 1)

vsin f(a; — p*y; cot 5) mi +mg, tr

The off-diagonal entries can lead to a light stop eigenstates. The sbottom and stau
squarks mix as well.

The new mixing angles and phases in the soft SUSY breaking sector are con-
strained by searches for flavor changing neutral currents (FCNCs) or for EDMs [32,
33]. For example, if there are off-diagonal soft mass squares or a terms, coupling the
first two generations, then there are strong constraints coming from K-K mixing as
shown schematically in Fig. 1.8 [34]. In the absence of a theory of supersymmetry
breaking, the flavor structure is arbitrary and generally leads to phenomenological
problems. To alleviate these issues, there are three general strategies for model
building: (i) degenerate masses for the first two generations in the IR [35], [36-38];
(ii) quark and squark masses that can be simultaneously diagonalized (“alignment”)
[39]; (iii) heavy multi-TeV, decoupled squarks [40]. Electric dipole moments, like
that for the electron in Fig. 1.9, can be generated from nonzero phases in the gaugino
masses or trilinear terms. Searches for these dipole moments have placed bounds
on the imaginary parts of these terms and found that they are suppressed relative
to the real parts [38].
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In the MSSM, there are two complex Higgs doublets H, and H,. The neutral

components have a potential

V= (JuP +miy, ) [HP + (I +m3, ) [HY? s
— (bHOHY + c.c.) + ; (¢ +92) (1HOP - \H3\2)2 . '

At the UV boundary condition, the masses of these doublets are typically positive
and the minimum of the scalar potential is at the origin. m7; will tend to run
negative, because of a large positive contribution in the RG flow proportional to
the top Yukawa. If |p1|* + 77 becomes negative then electroweak symmetry will
break and generate vevs for H, and H,. The potential must be bounded from below,
so |u|* and b must be about the same size. The p term in Eq. (1.15) also affects the
mass of the Z boson. The minimization of the scalar potential allows the b term of
Eq. (1.13) and the y term to be traded for tan f3, the ratio of the vacuum expectation
values of H, and H,, the sign of 1, and the Z boson mass. In the limit of tan 5 2 5,

the Z boson mass is
~ —my — |ul? (1.19)

This formula highlights that iz needs to be of order the soft masses to engineer a
cancellation and generate the Z boson mass. However, since 1 is in the superpoten-
tial, there is no a priori connection between it and the soft SUSY breaking sector.
This is a statement of the “x problem” [41], an issue we will return to later.

The fine-tuned cancellation in the Z boson mass motivates the electroweak
fine-tuning measure Agw [42-54]. A model has low fine-tuning by this measure, if
the contributions to the mass are of order m?%/2, or high fine-tuning if they are not.
The Z boson mass is

m%, mi, + ¥d — (m?{u + 23) tan? 3

= — 2 1.20
2 tan? 3 — 1 a (120)

where EZ?Z are the loop corrections from the up or down quarks (explicit expressions
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can be found in [44]). The expression for Agy then takes the form

in which the C; are the terms in Eq (1.20), for example —m3; tan* §/(tan? 5 — 1).
As each of the C; are defined at the electroweak scale, each is determined purely
by the supersymmetric spectrum, independent of the high-scale dynamics and
renormalization group running effects that yield that spectrum. For this reason,
this fine-tuning assessment is often referred to as a determination of the degree
of “electroweak naturalness" of a given model, and can be used to discriminate
between different models. We return to this measure in Chapter 3.

At tree level, the mass of the SM-like eigenstate h is bounded from above by
my, < my|cos 2|, which is clearly less than the measured value of 125 GeV [55, 56].
There are however large radiative corrections involving the third generation, most
notably from the top quark and stop squarks. The correction takes the form

4 A X2 X2
Ami _ 3 my <1n mtthQ + t <1 o t )) ’ (1.22)

47'('2 U2 my mﬂmtg 12mt1mt2

where X; = A; — pcot 3 is the stop mixing parameter and m; is the ith stop mass
eigenstate. These corrections can bolster the Higgs mass, either through heavy
stops, the first term in parentheses, or through “maximal-mixing” X; ~ —2.5 of the
stops, the second term.

LHC searches have so far seen no direct evidence for supersymmetric particles.
Figure 1.10 summarizes the status of ATLAS searches through the end of the
v/s = 7 and 8 TeV runs with some preliminary 13 TeV results. Constraints on the
lightest stop eigenstate are dependent on the dominant decay mode, but bounds
are already about 700 GeV from searches for {; — ¢x9, Fig. 1.11 shows the current
experimental reach at /s = 7 and 8 TeV. When the spectrum is compressed, and
the mass difference between the stop and neutralino is small, these limits weaken
because the dominant decays are to Wb and a neutralino, or a charm quark and

a neutralino, more difficult channels with softer jets. Searches for gluino cascade



19

decays at /s = 13 TeV have placed a lower bound of almost 1.8 TeV on the gluino
mass with almost an TeV scale neutralino LSP [57]. Exclusions with 3.2 fb~! of
/s = 13 TeV data are shown in Fig. 1.12. These bounds are typically generated in
the context of a simplified model, with only a few new particles and interactions,
and are thus model-dependent, but they give a rough ballpark for a general SUSY
theory.
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Figure 1.11: Exclusion limits, in the ¢, ! plane, from the dedicated ATLAS searches
for stop pair production with 20 fb~! of data at /s = 8 TeV. The dashed and solid
lines show the expected and observed limits, respectively, including uncertainties
except that in the theoretical signal. Taken from [58].

1.4 Theories of SUSY Breaking

The parameters introduced in Eq. 1.13, in the absence of a theory of supersymmetry
breaking, were purely schematic. Specific theories will generate, from a tractable
number of parameters (< 105) , many, if not all, of the soft parameters and may
lead to a phenomenologically viable spectrum in the IR.

Supersymmetry is broken when the minimum of the scalar potential Eq (1.11)
is no longer at zero. The minimum will be lifted, and raised to a nonzero value, if

any of the F* or D" auxiliary fields develops a nonzero vacuum expectation value.



22

;20001—|||||||||||||||||||—':
& rATLAS Preliminary (s=13TeV, 3.2
O, 1800 g @, 0-lepton, ATLAS-CONF-2015-062
S g— G@W3’, 0-lepton, ATLAS-CONF-2015-062 |
122 1600 g— q@WE,, 1-lepton, ATLAS-CONF-2015-076 |
e g— qAWZZ’, > 7-10 jets, arXiv:1602.06194 ]
1400 g— qaWwZzy,, SS leptons, arXiv:1602.09058 ]
g— tT7°, SS leptons, arXiv:1602.09058 B
1200 g— tiX,, 2 3b jets, to appear -
g— bE%j’, >3b jets, ATLAS-CONF-2015-067 |

1000

600

\

400

I|III|II‘|IIIIIII|III|III|III|II

200

T'I|III|III|III|III|

1400 1600 1800
m(g) [GeV]

| | | |
1000 1200

Figure 1.12: Exclusion limits, in the § X! plane, from the dedicated ATLAS searches
for gluino decay with 3.2 fb~! of data at /s = 13 TeV. From the Atlas Supersymmetry
Working Group [59]

An immediate result that follows from considering SUSY breaking in the observ-
able sector at the renormalizable level is the well-known sum rule (the supertrace

sum rule) [60]

STr(m?) = 3 (—1)2(2s + 1)Tr(m?), (1.23)

s

= Tr(m2%) — 2Tr(mbmp) + 3Tr(m?) = 0, (1.24)

where in the final equality is true if none of the gauge symmetries are anomalous.
This conclusion is not phenomenologically viable as the non-observance of SUSY
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at the LHC has set significant lower bounds on superpartner masses, as discussed

previously and shown in Fig. 1.10.

Supersymmetry Mediation NISSM
preaiponiprt (Visible sector)

(Hidden sector) Mechanism

Figure 1.13: The schematic structure of hidden sector SUSY breaking.

A way around this difficulty is to move SUSY breaking to another, “hidden” sec-
tor decoupled from the “visible” MSSM fields at the renormalizable level, schemati-
cally illustrated in Fig. 1.13 [61-64]. In the general “hidden sector” paradigm, there
are fields that break SUSY in the hidden sector e.g. by acquiring a nonzero F' term,
and the SUSY breaking effects are transmitted to the observable sector through
suppressed interactions (i.e. nonrenormalizable, loop-suppressed, or both). It turns
out that the dominate features of the MSSM soft terms are largely independent
of the SUSY breaking sector, and instead mainly depend on the interactions that
mediate SUSY breaking effects to the hidden sector.

There are three dominant mediation mechanisms: gravity, gauge, and bulk or
anomaly mediation. In gravity mediation, effects that break supersymmetry are
mediated by gravitational interactions leading to soft masses proportional the M !
and tend to, in simple models, lead to universal soft terms. Gauge mediation in-
volves integrating out SUSY breaking fields with gauge quantum numbers, leading
to loop induced soft masses for the scalars and sfermions. In anomaly mediation,

gravity mediates the breaking of supersymmetry through loops.

Gravity, Moduli and Anomaly Mediation

One possible mediation mechanism is due to gravitational interactions, which are
suppressed by the Planck mass. In this framework, supersymmetry is gauged,
realizing supergravity (see Refs [25, 65] for reviews). Supergravity interactions
allow for the mediation of SUSY breaking effects in the hidden sector to be connected
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to the MSSM sector. These interactions are prescribed by the superpotential, Kdhler
potential K (giving the field metric), and the gauge kinetic function f (a field
dependent prefactor in the gauge interactions). In supergravity mediated scenarios,
one imagines that there is a hidden sector that communicates with the visible sector
through Planck suppressed operators. In many scenarios of interest (e.g. certain
classes of string models) the effective-theory, at leading order in the Planck mass, is

given by
W= Woane@ - 5 (77 XQQQ+ ' 7XQu0,) . (25)
K = (5;1 - ]\;P (nixX +n}) - qﬁ;?) QvQ, (1.26)
Jo= 912 <1 - ]%Z)X> : (1.27)

where (); is a visible sector field, X is a field with a SUSY breaking F' term vev, and
the ¢/, k, pX, y*X¥*, and n! are arbitrary couplings. If X is replaced with its F' term

vev F, then there will be gaugino masses, soft mass squares, a terms, and b terms of

F
M, = kﬁp’ (1.28)
2 i i i [P
(mQ); = (¢ +mng) 7 s (1.29)
P
az]k — Fp <yXUk! + n;prk + n%yplk + n%ypz]> , (130)
bii — i ( X P + ngnm) . (1.31)

For arbitrary ¢, and n’, the theory clearly results severe flavor problem. However,
in scenarios with flavor diagonal ¢} and n}, the soft terms do not in general yield
flavor-violating couplings at dangerous levels.

The so-called no-scale scenario has ¢! and n equal to zero. In this scenario,
scalar masses and a terms are induced through the renormalization group flow
[66-70]. If all the ¢, = n! = 0?, then this model is minimal supergravity (nSUGRA),



25

also called the constrained MSSM (cMSSM)), a five parameter model with universal
gaugino m, ;, scalar masses m,, and a terms A;. mSUGRA is already strongly
constrained by current LHC searches, Figure 1.14 shows bounds from ATLAS using
the \/s = 7 and 8 TeV data. In this slice of the (mg, m1/2) plane, the Higgs mass can
be accommodated with gluons above 1.5 TeV and squarks at about 3 TeV.

MSUGRA/CMSSM: tan(B) = 30, A_ = -2my, ju > 0

= 10007 T L LI T T T T T T T T T
> = SR T Al fimits at 95 CL. ' .
0] C Lsp \ el ]
O, C \ = = Expected (£10,, ) .
« 900 ATLAS &2 Observed (H1 oos) .
T = el - -1 Expected  (0+1)-lepton combination ]
IS ...\ ,S =8TeV, L=20fb Observed ) ]
= - \\ ---Expected  (O-lepton + 7-10 jets + ET*° |
800— \ — Observed T —
C (S ---Expected  0/1-lepton + 3 b-jets + E™'*° ]
L \ ~ T = —'— - —Observed T ]
- \ ---Expected Taus + jets + E™° B
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Figure 1.14: Exclusion limits at 95% CL for 8 TeV analyses in the (g, m,/2) plane
for the MSUGRA /CMSSM model with the remaining parameters set to tan 8 = 30,
Ay = —2myg, p > 0. Part of the model plane accommodates a lightest neutral scalar
Higgs boson mass of 125 GeV. This plot is taken from [71].

In the context of string models, another large class of supergravity models is
known as moduli mediation. In these models there are a number of moduli 7;
which serve as the hidden sector fields [72-75]. These are massless fields with vevs

that can parameterize a given string background. In these scenarios, we have (in
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Planck units)

R 17
K—Fky- 99 (1.32)
(T, + T3)"
K =—log (T; + 1), (1.33)
fo =T, (1.34)

where n; denotes modular weights and K contains the kinetic terms for the moduli
fields. In such scenarios, the SUSY breaking terms take the form

m? = Sy Fl (135)
T3 (T + ThY '
1 F,
M, = - — 1.36
Z;TNTL (1.3
3 . , Fr
a7k = — 1—n! —nd —pk)—m 1.37

The modular weights introduce a degree of non-universality into the soft masses.

Gravitational interactions can also mediate SUSY breaking to the observable
sector via loops, a scenario known as anomaly mediation. If this mechanism is
dominate over the tree level terms, one obtains gaugino masses, soft masses, and a

terms of the form

Bt F

Ma ) .
4r My (1.38)
1 0, F 2
mo=—7| > %) | , (1.39)
¢ 4 (i:Couplings i MP
ij F
CLJk — —6y¢jkﬁp7 (140)

where F'is the F' term vev of the SUSY breaking field in the hidden sector, the 3;a
are beta functions, and v, are anomalous dimensions. The dominant contribution
to the slepton masses, coming from the /5 functions for the SU(2), and U(1)y gauge
groups, is negative leading to tachyons. There are a number of solutions to the
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tachyonic slepton masses. There could be a new Higgs fields with large Yukawa
couplings [76], gauge mediation (deflected anomaly mediation) [77], or a universal
mass for the scalars [78]. In this thesis we will consider scenarios in which anomaly
is put together with other mediation mechanisms at comparable levels, providing
another remedy to the tachyonic slepton problem. These include adding moduli-
mediated supergravity effects (mirage mediation) [79, 80], or as we will investigate
later in this thesis, adding both gauge and moduli mediation (deflected mirage
mediation) [81, 82].

Gauge Mediation

In gauge mediation the setup is quite different from supergravity in that the inter-
actions between the sectors is mediated by renormalizable terms, but setup so that
they originate at loop level and hence evade the supertrace theorem [83-91]. See
[92] for a review. To achieve this, an additional sector of fields known as messenger
fields are introduced, These fields are charged under the SM (typically N vector-like
pairs of GUT multiplets e.g. of SU(5), to preserve gauge coupling unification). The
N pairs of messenger fields ®;, ®; couple directly to some hidden sector field X

with the superpotential coupling
Wx = X;9;, (1.41)

The hidden sector field X will develop a scalar and F' term vev, generating a mass
and F' term for the messenger fields. This structure is illustrated in Fig. 1.15. This
mass scale M = (X) may be anywhere from the GUT to TeV scales.

Supergmmian.y Direct Gauge MSSM
breaking origin Messengers \/ N\ U\

- . Visible sector
(Hidden sector) |Coupling Interactions ( )

Figure 1.15: The schematic structure of gauge mediated susy breaking.
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Figure 1.16: Feynman diagrams generating gaugino masses at one loop and scalar
masses at two loops, with the scalar and fermion messengers in the loop.

When the messenger fields integrate out at M, there will be one loop diagrams,
Fig. 1.16a, that generate gaugino masses. If there are no couplings between the
MSSM and messenger fields then there will be two loop diagrams that generate
soft masses, one of eight diagrams is shown in Fig. 1.16b. In the context of minimal
gauge mediation, these messengers are N pairs of 5 and 5 pairs of SU(5) [93]. In
the limit where F' < M?, the soft terms can be calculated either through Feynman
diagrams Ref [94] or by wave-function renormalization Ref. [95, 96] and are

a, . F
M,=—N—,
4T M
2 2
s N [ Qg F
mi, =2V 3 Culi) (5) |57
aijk:0,

where the C,(7) is the quadratic Casimir for the ath gauge group and the ith particle,
and o, = %. The a terms are generated at two loops and are suppressed. These
masses are flavor diagonal because the SM gauge interactions preserve flavor as
opposed to gravity which couples everything to everything else and hence there is
an a priori suppression of flavor changing processes.

An additional difficulty in gauge mediation is getting the Higgs mass sufficiently
heavy. In Eq. (1.22), either heavy stops or large mixing can buttress the Higgs mass.
The a terms are zero at tree level and will not be driven large through running,
leading to a relatively small mixing contribution. Hence the stops must be heavy,
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with masses upward of O(5 TeV) in minimal models of gauge mediation [97, 98].

1.5 Two Non-minimal Ways Forward

Minimal models are under siege. The LHC, with the discovery of the Higgs scalar
and the non-observation of superpartners, has begun to narrow the parameter
space through more accurate measurements of the Higgs mass and couplings,
and ever increasing lower bounds on superpartners. Dark matter limits have also
constrained the parameter space. One possibility that we explore in this thesis, is
to look at non-minimal models of supersymmetry breaking.

One possibility explored in deflected mirage mediation (DMM), is to have a
string-motivated mix of moduli, gauge, and anomaly mediation soft terms [81, 82].
In deflected mirage mediation, the gravity and anomaly mediation soft terms are
comparable to the gauge mediation contribution at some messenger scale. DMM
is a nine parameter model, with two steps of mediation and so has a rich space of
possible phenomenology like compressed or simplified spectra [99-103].

We will explore DMM from two directions. In the first, Chapter 2 we will look
from the top down at the phenomenology of DMM in light of the Higgs mass
measurement and superpartner searches LHC7 and LHCS, by doing a scan over
the parameter space, and looking at collider and dark matter constraints. We will
see that the DMM framework admits simplified and compressed spectra, with
novel signatures in future experiments. In the second, Chapter 3, we look at DMM
from the bottom up using the electroweak fine-tuning measure, Agy. In light of
the non-observation supersymmetry, we might expect that a phenomenologically
motivated measure may prove useful and we will use this criteria to reexamine the
DMM parameter space.

On a completely different line of reasoning, in Chapter 4 we will examine a
second non-minimal way froward, which is to consider a certain non-minimal class
of GMSB models known as flavored gauge mediation. In these models Yukawa
couplings are allowed between the messenger and matter fields [104-108]. These

messenger-matter couplings sacrifice the flavor independent structure of gauge
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mediation, as they introduce new flavor dependent contributions to the soft mass
squares at two loops, as well as A terms at one loop. Specifically, if these messenger-
matter contributions are negative and predominately affect the stop then we can
have light, mixed stops and still achieve the measured value of the Higgs mass in
gauge mediation.

Our specific approach is to model the interactions by positing a new horizontal
non-abelian discrete symmetry between our Higgs and messenger SU(2) doublet(s),
splitting the doublet and triplet members of the fiveplet. These doublets are placed
into multiplets H,, and H4, which directly couples to a hidden sector field A

W = MAHHa), (1.42)

where the parentheses denote contractions under the non-abelian symmetry [107].
When A acquires a vev, the MSSM Higgs doublets will acquire potentially large
p and b terms. In this framework, the interplay of a fine-tuned vacuum direction
of A and the group structure leads to mixing between the members of the Higgs
multiplets, and can lead to a small 1 and B, for an MSSM-like Higgs eigenstate,
and large masses and F' terms for the messenger-like eigenstate(s). These new

multiplets will have Yukawa couplings so the rotation to mass eigenstates yields

Wy = Y,QuH, + Y,;QdH, + Y.LeH,
+ Y, QuM;, + Y,Qd My + Y., LeMy;,

)

(1.43)

where the M, are the heavy messenger states. These new messenger Yukawa
couplings are non-trivially related to the MSSM Yukawa couplings though the non-
abelian symmetry, and so there will be correlations in the messenger-matter mixing
corrections. We will explore the model-building challenges, the phenomenology
of two example toy scenarios, and discuss the model-building directions in this

framework.
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2 THE 2015 STATUS OF DEFLECTED MIRAGE MEDIATION

2.1 Introduction

With the resumption of data taking at the CERN Large Hadron Collider (LHC), time
is running short for the theoretical community to examine the impact that searches
for superpartners has had on well-motivated models of supersymmetry breaking.
Of the models with some theoretical support, one of the most well studied is the so-
called mirage model [1, 2]. In this scenario, the dynamical supersymmetry breaking
triggered by strong coupling in a hidden sector is connected to the observable
sector in a manner that is suppressed, thus allowing loop-induced Weyl anomaly
contributions to soft supersymmetry breaking to be of comparable size to tree-level
contributions. Surprisingly, this is a common outcome of many well-motivated
string constructions [3-5]. The phenomenology of these models, in terms of LHC
observables, has been recently described in [6] for heterotic models, and in [7] for
type 1IB orientifold models. In this section we generalize these results to the case of
“deflected mirage mediation” [8, 9]. In this paradigm, a direct connection between a
hidden sector, in which supersymmetry is broken, and the observable MSSM sector
is contemplated, in which gauge-mediated contributions to soft supersymmetry
breaking are of the same magnitude as those from gravity-induced terms. As
such, deflected mirage mediation (DMM) is a natural generalization of the simple
mirage models, and produces a theory space with the greatest possible richness for
exploring current and future LHC supersymmetry searches. !

The /s = 7 TeV and /s = 8 TeV runs of the LHC resulted in the triumphant
discovery of the Higgs boson. However, as the LHC paused to upgrade to higher
energies and luminosities, the various searches for TeV-scale supersymmetry have
thus far been fruitless. Previous research in the area of mirage models has suggested
the following broad observations. Kdhler-stabilized heterotic models involve very
few free parameters, and thus robust predictions are possible. If the hidden sector

IThis section was published previously in Ref. [10].
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gaugino condensate involves Es or smaller-rank gauge groups, then the gluino is
generally well below 3 TeV in mass. As such, much of the parameter space that
remains after the /s = 8 TeV searches will be quickly probed in the first year or
two after the LHC resumes operations [6]. In contrast, the type IIB orientifold
models, of the type contemplated first by Kachru et al. (KKLT) [11] have a much
more constrained parameter space. Achieving the observed CP-even Higgs mass
of m;, ~ 125GeV tends to require far more massive gluinos and squarks. As
such, much of the nominally allowed parameter space resides in areas in which no
superpartners are accessible at the early runs at the LHC — and in many cases it is
doubtful that superpartners would ever be accessible at the LHC [7].

Given the above statements, it is of interest to ask whether the inclusion of some
amount of gauge mediation can affect these conclusions. Gross properties of the
DMM model were studied in [12, 13], with LHC implications and dark matter
detection studied in [14] and [15], respectively. All of these studies, however, were
performed prior to the supersymmetry searches at the LHC at /s = 8 TeV and dark
matter searches at the O(100 kg) target level. At that time, the primary conclusion
was that the LSP is likely to be heavy [O(1TeV)] and that gluinos were likely to be
much lighter than that predicted in the KKLT model without gauge mediation. It is
of singular importance to revisit these early conclusions in light of the Higgs mass
determination, and refine the predictions for the next run of the LHC, and larger
dark matter detection experiments.

We begin our discussion in Section 2.2 with an overview of the theoretical
structure that supports both mirage mediation and its deflected variant. We then
exhibit the soft supersymmetry breaking terms, and identify the parameter space
that defines the DMM model, in Section 2.3. This parameter space is quite a bit
larger than that of the mirage/KKLT model, and we proceed to identify general
teatures of this space, and correlations with physical observables, in Section 2.4.
This will allow us to identify representative benchmark examples to study in greater
detail in Section 2.5, where we focus on supersymmetry searches at the LHC. This
is followed by a discussion of dark matter direct detection at current and future
experiments in Section 2.6. We will find that the DMM paradigm spans cases
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that resemble the so-called “simplified models”, as well as compressed-spectrum
models often motivated from appeals to “naturalness” [16]. We estimate the reach
of the LHC at both /s = 8 TeV and 14 TeV and suggest cases in which the current
search strategies can be approved to address the specific challenges of the DMM

model framework.

2.2 Theoretical Framework

KKLT and Kihler Modulus Stabilization

In what follows we review Kdhler modulus stabilization in minimal N = 1 super-
gravity, where we have in mind type IIB string theory compactified on a Calabi-Yau
(CY) manifold in the presence of background fluxes. At the level of effective field
theory, the precise origin of the various components of the effective Lagrangian is
often irrelevant, so we will work in a simplified limit considered in [11], in which a
single Kdhler modulus 7" parameterizes the overall size of the compact space. It
will be the non-vanishing vacuum expectation value <FT> that will set the scale of
soft supersymmetry breaking in the absence of gauge mediation.

The Kéhler potential for the modulus T is taken to be K (T, T) = =3 In(T + 7).
For gauge theories with group G,, living on D7 branes which wrap four-cycles in
the CY manifold, the gauge coupling is determined by the Kdhler modulus 7" via
the (universal) gauge kinetic function f, = 7. Note that, with these assumptions,

<Ret>=1/¢2, (2.1)

where t = T'|y— is the lowest component of the superfield 7', and g, is the universal
gauge coupling at the string scale.

In the effective supergravity theory just below the string compactification scale,
the presence of the three-form fluxes is represented by a constant wy in the effec-
tive superpotential. It is presumed that these fluxes fix the value of the dilaton

and the complex structure moduli, leaving only the Kdhler moduli in the low-
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energy four-dimensional effective theory [17]. Combined with the effect of gaugino
condensation in the hidden sector the total effective superpotential is then

WO = wy + Ae_aT s (22)

where there is a single gaugino condensate, for simplicity, and the constant a is
related to the beta-function coefficient of the hidden sector gauge group, with a
normalization such that a = 87%/N for the group SU(N).

In N = 1 supergravity theories the scalar potential is determined by the auxiliary
fields F'V, associated with the chiral supermultiplet ZV, and the auxiliary field M
of the supergravity multiplet. The equations of motion for these auxiliary fields

are given by
FM = — KPP RMN (W + Ky W), M = =367, (2.3)

with Wiy = OW/0Z", K+ = 0K/ 0Z" and KMV being the inverse of the Kéhler
metric K, = 0°K/0ZM 07" . Note that the gravitino mass is determined via the
vacuum relation

(M) = =3 (e"PW) = —3mg,. (2.4)

Restoring the explicit Planck mass Mp, the scalar potential is then given by
V= Ky FYFY = 3m32, M3, (2.5)

where repeated indices are summed.

Minimizing the resulting scalar potential V (¢, t) generates a non-vanishing value
for <t + f> at which the auxiliary field F'” vanishes and the vacuum has an energy
density given by (V) = —3m3,Mp. The size of the VEV for Ret, as well as the
size of the gravitino mass mj/,, are determined by the size of the constant term wy

in (2.2), which must be tuned to a value wy ~ O(107!3) in Planck units to obtain an
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acceptable phenomenology. In particular one has [1]

(a Ret) =~ In(A/wy),

Wo
m3/2 ~ MPW . (26)
Combining these relations in (2.6) produces
(a Ret) ~ In(Mp/msg/s) . (2.7)

Much of the phenomenology that has come to be known as “mirage mediation” is
dependent only on the emergence of the parameteric relation in (2.7), and not on
the particulars of any constants that may appear in the nonperturbative stabilizing
superpotential, such as the one in (2.2).

To discuss supersymmetry breaking, it is necessary to first address the vacuum
energy problem, by adding some additional “uplift” sector which generates super-
symmetry breaking in the observable sector while producing a Minkowski vacuum.
Many such suggestions exist in the literature [18-22], and the precise choice will not
affect our results provided that (a) the Kdhler modulus dependence of the added
terms in the Lagrangian is dictated solely by consistency of supergravity under
Kéhler U(1) transformations, and (b) the vacuum expectation value ( Ret?) is not
perturbed greatly by the addition of the uplift sector [23]. If these conditions are
satisfied, then the auxiliary field for the Kdhler modulus no longer vanishes in the

“lifted” vaccum, but instead satisfies the approximate solution

T
M0;< a _>: 2Mmajy_ (2.8)
i+t a<t—|—t>

This quantity M, then serves as an order parameter of supersymmetry breaking in

the observable sector.
The derivation of these soft supersymmetry terms is made considerably more
transparent if one employs the chiral compensator technique for generating anomaly-

mediated contributions to supersymmetry breaking. If C represents the conformal
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compensator of the supergravity multiplet, and F'¢ is its corresponding auxiliary
component, then <FC / C> ~ ms/ and there is

FT 1 FC
<t+t_> 2<aRe tC>' @9)

When working out soft terms, it is convenient to write the above expression as an

equality by introducing the parameter o, [23] via

_ msj/o
Oy, = , (2.10)
M() In (Mp/mg/g)
and thus e Y o
<>:amm< P)< _>, (2.11)
O m3/2 T + T

where we have used the vacuum condition in (2.7).

The Additional Singlets

In many string motivated models, additional pairs of fields ¥, ¥ with SM gauge
quantum number are not uncommon. Such vector-like pairs often have super-
potential interactions with one or more SM singlets (here denoted by X) which
can potentially serve as supersymmetric mass terms. Here the KKLT formalism is
extended to include these fields acting as messengers, and shown that they couple
to a moduli field that gets a vev at the right scale to produce potentially large gauge
mediation-like deflection.

The superpotential is assumed to be of the form
W =Wy + Wi(X) + AX TV + Wssm(P), (2.12)

in which W} is given by (2.2), W;(X) denotes the singlet self-interaction super-
potential terms, and Wssm(®P) is the standard MSSM superpotential, involving
the observable sector fields ®,. The fields ¥, and ¥, are here after taken to be
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one or more pairs of SU(5) 5 and 5 multiplets. Different forms of the singlet self-
interaction W, (X') correspond to different ways of stabilizing the modulus X. The
Kéhler potential will be taken to be

K ==3I(T +T)+ Zx(T, T)XX + Z(T, T)®:;®; + O (2", | X)), (213)

in which Zx and Z; are the Kihler metrics of X and @, respectively. The Kéhler
metric for the messenger states ¥, and ¥; will not be relevant for our discussion,
but can be taken to be of the same form as the observable sector states. The Kéhler
metrics Zx(T,T) and Z;(T,T) will be assumed to be of the standard form

1 1
2x = (T +T)rx’ 4= (T +T)m’ 219
in which ny and n; are the modular weights of X and ®;, respectively.

Successful gauge mediation will require the dynamical generation of a vev for
both the lowest component (X) # 0 and the highest component <FX > # 0 of
the singlet chiral superfield. The simplest case is to have W;(X) = 0 and assume
that the coupling between X and ¥, U generates (X) # 0 at low energies, as
in the electroweak sector of the Standard Model. In this case an F-term vev of

approximately the right size is automatically generated [24]

FX o —eF02 XX D W o~ B2 XX Wy o~ —mg p X, (2.15)
such that X e

Alternatively, one can consider a very simple form for W; in Eq. (2.12), such as

Xn

Wi :)\nma

(2.17)

in which A is some cutoff scale. In principle, the exponent n can have positive or

negative values; a negative exponent would indicate that this term originates from
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nonperturbative dynamics. In the case where n > 3 (stabilization by higher order
terms), and the case where n < 0 (stabilziation by nonperturbative dynamics), the

resulting non-vanishing F-term vev is of the form [9]

FX 2 F¢
X n-10C"°

(2.18)

Since the modulus and anomaly contributions are already comparable, this result
indicates that all three contributions should be roughly equal for a very general

class of superpotentials.?

2.3 Soft Supersymmetry Breaking

To derive the observable sector soft terms, it is convenient to use the spurion
technique, in which the couplings of the effective supergravity Lagrangian are
regarded as functions in superspace, with the -dependent parts of these couplings
generated by the F-term vevs of the theory (for a review, see [26]). The MSSM soft
supersymmetry breaking Lagrangian includes terms of the form

. 1 L
Lot = —m2|®Y)? — 5MaAaAa + Aijpyip®' @ OF + hee.| (2.19)

in which m? are the soft scalar mass-squared parameters, M, are the gaugino masses,
and A;;j, are trilinear scalar interaction parameters. These terms are defined in the
field basis in which the kinetic terms are canonically normalized. The expressions

for the soft supersymmetry-breaking terms take the standard supergravity form

M, = F49,1og(Re f,), (2.20)
| W0,

e = — 4 2.21

Azjk F aA log <Y;Y;Yk) ; ( )

m? = —FAF"0,0510g Y , (2.22)

2This result is the same as that obtained in the case of deflected anomaly mediation [25]. Further
details of the calculation and the case of renormalizable W1 (X) can be found in [9].
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where f, is the field-dependent, gauge kinetic function for the gauge group G, 47
is the bare Yukawa coupling appearing in the superpotential, and the function Y; is

defined by
1

Y; = Tt (2.23)
From here, one merely needs to specify the dependence of the relevant quantities
on the fields X and 7', as well as the spurious conformal compensator, C'. The latter
follows standard computations familiar from the study of anomaly mediation [25,

27-29]. For the gauge kinetic function we take
fa(Mg) = T" (2.24)

where Mg is the boundary condition scale (taken as the energy scale at which
gi(Mg) = g3(Mg)), and I, = 0,1 depending on the type of D-branes from which
the gauge groups originate. Since we wish to maintain gauge coupling unification
at the GUT scale, we assume that [, = 1 for each of the SM gauge group factors.
For the unnormalized Yukawa couplings y),, there is no C' dependence due to
the supersymmetric nonrenormalization theorem. Since y?j . is also assumed to be
independent of 7" and X, the expression for trilinear terms (2.21) can be reduced to

Aij = A+ Aj + Ay, (2.25)

in which
A; = FA9,log Y, (2.26)

and Y; is given by (2.23).

Let Mpess be the mass of the messenger fields, with Mpyess = A (X). Recalling
that above the mass scale of the messengers the beta functions depend on not only
the MSSM fields, but also on the messenger pairs, the soft terms at the GUT scale

M ¢ and the messenger threshold effects at M s are as follows:
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Gaugino Masses. The gaugino mass parameters are given by

FT g2 FC
M,(p = Mg) = — 0_p —, 2.27
Ma(:u - Mn:ess) = Ma(/“b = Ml;tess) + AMGL’ (228)
in which the threshold corrections are
2 c X
g (Mmess) F F

AM, = N+ 2 [ — 4+ — | . .

“ 1672 ( C + X (2.29)

Here g is the unified gauge coupling at Mg, M,

mess

represents an energy scale just
above (just below) the messenger mass scale, and the beta functions b/, are related
to their MSSM counterparts by b, = b, + N, with (b3, b2,b;) = (—3,1,2) (in our
conventions, b, < 0 for asymptotically free theories), and N the number of messen-

ger fields U;, ¥;, wherei =1,..., N.

Trilinear terms. The trilinear terms are A;;, = A; + A; + A, with

FT Yi F¢

where ; is the anomalous dimension of ®;.
Soft scalar masses. The scalar mass-squared parameters are given by
FT [* ¢ [ FT FC i | FOP
2= Mg)=(1—n; | - _ -+t hel = i |
milp=Me) =(1=n) 7= —moE\7i70 M) T @ o
m7,2<lLL = Mr;ess) - ml2 (/‘L = MI?Ii‘l_eSS) + Am’LQ’ (2'31)
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where the threshold corrections are

4 X
a(MmeSS) ( Fi ‘I’ P + h.C. (232)

2 |pC|? pXfEpC
X ‘O X C ‘

g
Am? = 3 9, Ja(Mimess)
" 2N g

In the above, ¢, is the quadratic Casimir, and v;, ;, 0; (7, 7;, 0;) are listed in Appendix

A.
We now replace the F' terms with the parameterization given in [8, 9], as follows:

F¢ Mp FT Mp

— =y, In — = a,, In M, 2.33
C mg/QT—i—T ms/2 0 ( )
FX F¢ Mp

7 = ag? == O{gam 1Il K/2.2\4[)7 (2.34)

in which M, = FT /(T + T) sets the overall scale of the soft terms. The dimension-
less parameter o, is the o parameter of mirage mediation: it denotes the relative
importance of anomaly mediation with respect to gravity mediation. In the specific
scenario considered by KKLT, «,,, = 1. The dimensionless parameter o, denotes
the relative importance of the gauge-mediated terms with respect to the anomaly-
mediated terms. The values of a, depend on the details of the stabilization of X, as
described in Section 2.2.

With the parametrization given in Egs. (2.33) and (2.34), the soft terms at Mg

take the form

Mo = M) = Mo |14 20 47 o 1 M (2.35)
= = Q, In , .
a\ [ G 0 167T2 a m3/2
Ayl = Mg) = My | (1= ) — 2 1n 17 (2.36)
167T2 m3/2 ’
0! Mp A Mp\?

200 = Mg) = M? (1 —n;) — ——a,,1 - m 1 2.37

m; (i c) 0 [( ) 167r2a n7713/2 (1672)2 (oz nm3/2 - )

where the anomalous dimensions are given in Appendix A, and the threshold
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terms are given by

2
g (Mmess) MP
AM, (1t = Mpess) = —MoN Z2—~qy,,, (1 | , 2.38
Am2(pt = Mppess) = M2 32 v o (Mess) (1+a,)n 27 2 (2.39)
; = mess) — a (079 « n . .
m,; (U 0 s C (167?2)2 g M

The parameters of the model are the mass scales M, and Mpyess, as well as the
dimensionless quantities «,,, a,, the number of SU(5) messenger pairs N, the
modular weights n;, tan 3, and sign i (the model-dependent ;» and B, parameters
are replaced as usual by the Z boson mass, tan /3, and the sign of p).

In the mirage mediation scenario, one of the most distinctive features of the
soft terms is the unification of the gaugino masses at the mirage unification scale
Mmirage: -

Moirage = Mg (Ef) c (2.40)
In deflected mirage mediation, one finds a similar mirage unification phenomenon
for the gaugino masses. From the form of the soft terms of Egs. (2.35) and (2.38),

the new mirage unification scale for the gauginos (see also [8]) is

amp

mg/2 T2
Mmira e — M, ( ) y 241
g G MP ( )
in which p is given by
2Ng? M,
) 1+ Tg8 In 576 (242)
- amagNg?2 Mp :
1 - 1671'2 gO ln m3];2

The mirage unification scale of the gauginos is thus deflected from the mirage
mediation result. The size of the deflection is dependent on ay, N, and Mpess,
which govern the size of the messenger thresholds.

For the A terms and the soft scalar mass-squares, the mirage unification behavior
no longer happens in general in the presence of the messengers. The exception is

when the messenger scale is below the scale of mirage unification which would
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occur in the absence of the messenger thresholds, since the theory is then effectively
the same as mirage mediation below Mpess. In Egs. (2.41) and (2.42), the mirage
mediation result of Eq. (2.40) is obtained only if N = 0. This demonstrates that
the mirage mediation limit is not reached when gauge mediation is switched off
(ag = 0); it only occurs when the messengers are removed from the theory at all
scales (N = 0). The reason is that the messengers affect the MSSM beta functions
above the messenger scale, which in turn affects the boundary conditions for the

anomaly-mediated terms.

2.4 Constraints on DMM Parameter Space

In deflected mirage mediation there are two distinct contributions to soft super-
symmetry breaking, a KKLT-like contribution at the GUT or string scale, followed
by a deflection at some messenger scale My.ss. For the first contribution, there are
two independent mass scales, given by the (normalized) gravitino mass ms,, and
the modulus contribution M. Alternatively, one can work with either of the mass
scales and the derived parameter «,,. We use the latter, and will use M, as the
independent mass scale. The value of m3/, is computed by fitting to the expression
in (2.10), and the calculated value will then be input into the high scale soft term
expressions in (2.35), (2.36) and (2.37).

In addition, one must specify the modular weights for the chiral supermultiplets
that make up the MSSM field content. In this work we will allow only a limited
amount of nonuniversality in assigning these weights. In particular, we will always
assume that all matter multiplets arise from the same sector of the theory, so that
they carry a universal modular weight n,;, while the two Higgs doublets may
carry an independent modular weight which we will denote ny. We let both take
half-integer values between zero and one. Under these assumptions there are
then nine possible combinations of modular weights to consider, which we can
represent by the pair of weights (1), 7). A theory defined solely by the choice
of modular weights, tan 3, o,,, and M), represents a general mirage mediation

model. Nevertheless, we will often refer to it (somewhat inappropriately) as a
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“KKLT model,” to distinguish it more clearly from a deflected mirage mediation
model.

In DMM, there is an additional mass scale Mpyess, where N SU(5) 55 messengers
integrate out with a strength given by a derived parameter o,. The quantities «,, N,
and the KKLT parameters are input to the deflected contributions given by (2.38)
and (2.39), which may be sizeable. Thus, the parameter space we will consider
consists of a discrete choice of modular weights and three continuous parameters:
My, o, and tan 8. These quantities define a KKLI-like “base point”. The deflection
from this base point will be characterized by the three parameters oy, Mmess, and
N. These DMM parameters can be set by considering an explicit model, but here
we choose to let them vary continuously.

To fully explore the entirety of this parameter space would require a scan over
the five continuous parameters My, Mmess, m, &g and tan 5 and the three discrete
parameters n,;, ny, and N. A comprehensive scan would quickly become unreal-
istically computationally expensive, as the parameter space is large. Because the
DMM framework is an extension of the KKLT framework, we approach our scan
in the same fashion. For each set of modular weights we will randomly select the
three continuous parameters of the KKLT framework in the ranges M, € [1, 5] TeV,
tan 8 € [5,50] and o, € [0, 2]. We then build a three-dimensional scan in the DMM
parameter space around each base point, scanning a, € [—1, 1] in steps of 0.05,
log o [Mmess/GeV] € [5, 14] in unit steps, and N € [1, 5] in unit steps.

The range in ¢, is chosen as in [14] to reflect a range of possible moduli stabi-
lization mechanisms. The UV cutoff on the range in the messenger scale is chosen
to avoid possible GUT threshold contributions, while the lower bound is meant to
avoid large contributions to flavor-changing neutral current processes. The number
of messengers N is chosen between 0 (where the model is identical to KKLT), and
5, which is the maximum number of messengers before couplings tend to run to
nonperturbative values with an O(TeV) messenger scale. We note that for the N = 3
case, the strong coupling does not run between the GUT and messenger scales at
one loop order.

For each choice of KKLT input parameters (nas, ng, Moy, oy, tan 3), the soft terms
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are computed from (2.35), (2.36) and (2.37). The renormalization group (RG) equa-
tions are solved from the boundary condition scale to the electroweak scale using a
version of the package SOFTSUSY 3.3.9 [30] that has been modified to account for
the gauge mediation contributions [8, 9]. The modification introduces an interme-
diate messenger scale where the threshold corrections (2.38) and (2.39), determined
by the DMM parameters (N, «,, Mpess), are added to the running masses. The
software uses a modified set of renormalization group equations to include the
effect of messengers above the scale determined by My, at the two loop level.

At the electroweak scale, a combination of input parameters will be excluded
from the data set if the soft supersymmetry breaking scalar mass-squared parameter
is negative for one or more of the matter fields. At this stage, the radiatively
corrected Higgs potential is minimized and physical masses are calculated. We
again eliminate a combination of input parameters if no solution to the conditions
for electroweak symmetry breaking can be found, or if the solution fails to converge
adequately. Finally, we then ask that the lightest supersymmetric particle (LSP) for
each model point be a neutralino, though stau, gluino and stop LSPs are all possible
in various regions of parameter space. In total, 6.1 million points were generated
from 2700 KKLT base points, evenly distributed across the nine modular weight
combinations. After application of all phenomenological constraints, slightly less
than 390,000 DMM points survive, originating from just over 2500 KKLT base
points.

Having passed the minimal phenomenological requirements, the electroweak
scale spectrum is then passed to MicOMEGAS 2.2 [31] where the thermal relic
abundance Q,h? is computed for the stable neutralino. In addressing the issue of
cold dark matter, we take a conservative approach and impose only an upper bound
on the neutralino relic density. We use a cut on a 30 upper bound on the calculation
from MicOMEGAS of 0, h? < 0.128 taken from [32]. We further require the mass of
the lightest chargino to exceed the LEP bound (m, = > 103.5GeV) and that the value
of Br(B; — p ™) to be within 30 of the LHCb and CMS measurements [33-35].
Finally, we take into account the recent measurements of the Higgs scalar mass [36—
38] by requiring 123 GeV < m;, < 127GeV, which represents a rather generous
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Figure 2.1: Distribution of gluino masses (left) and LSP masses (right), in units
of GeV, for all modular weights in DMM and for the KKLT base points. The blue
histogram represents all DMM points with an acceptable minimum and a neu-
tralino LSP. Points in the green histogram also have an acceptable Higgs mass and
neutralino relic density taken from the blue. The red and orange outlines represent
the distributions for the KKLT base points where the red has an acceptable mini-
mum and a neutralino LSP, and the orange has an acceptable Higgs mass and relic
density, with the scale on the right side.

mass range for this parameter, given ongoing efforts to improve the reliability of
Higgs mass calculations [39-41].

We display the results of our scan in two subsections. In the first subsection, we
comment on some generic features of the DMM parameter space, using all of the
data generated by our scan. In the following subsection, we focus on specific KKLT
base points with reasonable low-energy phenomenology, and discuss modifications
to the spectra arising from the introduction of gauge-charged messenger fields.

Generic Properties

In Fig. 2.1, we see the effect of our constraints on the parameter space. The left
panel represents the distributions in the gluino mass, while the right panel gives
the distributions in the LSP mass. In both panels, the blue histogram represents
all points with an acceptable minimum and a neutralino LSP. Points in the green

histogram also have an acceptable Higgs mass and neutralino relic density. The
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red and orange outlines are the equivalent distributions for the KKLT base points.
Although statistics are low for both KKLT distributions, we can see that the gluino
masses of the base points are shifted to the right in relation to the solid DMM
distributions. For the base points the minimum mass is roughly 1.5 TeV, with a
peak roughly around 3 TeV, whereas for DMM, we have a peak closer to 2 TeV, with
the possibility of very low-mass gluinos. Many, but not all, of these low mass points
would have given a detectable signal at the past LHC run at /s = 8 TeV. The overall
shift in these distributions means that more of the parameter space for DMM will
be probed in the current LHC run, but there remains a long tail that extends beyond
the expected reach of the LHC, even after 3000 fb~! of data-taking. For the mass of
the lightest neutralino, the distribution of KKLT base points and DMM points are
not significantly different. When the current limits on the neutralino relic density
and Higgs mass are taken into account, we expect that the entirety of the neutralino
and gluino mass ranges should be accessible at a future 100 TeV collider [42, 43].
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Figure 2.2: Distribution of gluino mass (in GeV), broken down by modular weight
combinations. The left plot is broken down by n,; and the right is by ny. All points
have an acceptable electroweak (EW) vacuum, Higgs mass, and neutralino relic
density.

Figure 2.2 breaks down the allowed region (green histogram) in the left panel
of Fig. 2.1 by modular weight. In the left (right) panel, data is aggregated over
various ny (nyr) values, for particular ny, (ny) values held constant. The typical

value of the gluino mass correlates strongly with the matter modular weight, with
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the distribution moving to larger values with increasing n,;. The origin of this
behavior lies in the high scale boundary condition for the soft masses of the matter
fields (2.37), which decreases with increasing n,;. The relatively large Higgs mass
my, ~ 125 GeV requires a relatively heavy stop mass, and thus larger values of ny,
require a larger value of ), to compensate. The effect is enhanced by the fact that
larger modular weights n), reduce the size of the trilinear A-terms (2.36), thereby
reducing the left-right mixing in the stop sector. Conversely, as the values of ny
only affect the boundary conditions of the Higgs scalar masses, we do not expect
the overall mass scale to be dependent on this parameter, and indeed the three
distributions in the right panel of Figure 2.2 are qualitatively similar. A desire for a
lighter, and hopefully LHC accessible, spectrum motivates model-building efforts
in which MSSM fields are localized on stacks of D7-branes for which n; = 0.
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Figure 2.3: Distribution of gluino mass (in GeV), broken down by N (left) and
1ogo(Mmess/GeV) (right). All points have an acceptable EW vacuum, Higgs mass,
and neutralino relic density.

Figure 2.3 further studies the influence of the messenger sector on the predicted
gluino mass. The left panel of Fig. 2.3 breaks down the distribution by number
of messengers, while the right panel addresses the messenger scale. Points with
lighter gluino masses tend to have two or more messengers and low messenger
scales. For these points, the deflection contribution is comparable in size to the
running mass itself, allowing for a cancellation to occur, while the small messenger

scale prevents large corrections from RG effects. In contrast, for large gluino masses,
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the messenger scale tends to be on the high end, with oy ~ —1, so that the gluino
experiences the largest possible mass increase through RG evolution.
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Figure 2.4: Distribution of the LSP mass (in GeV), broken down by modular weights.
The left plot is broken down by n;; and the right is by ng. All points have an
acceptable EW vacuum, Higgs mass, and neutralino relic density.

In the right half of Fig. 2.1, we see that the majority of possible LSP masses
are O(1TeV) and likely accessible at the LHC. The sharp cutoff at 100 GeV is the
result of the LEP limit on the chargino mass. The KKLT distributions for the LSP
mass mirror those for DMM. Figure 2.4 breaks this plot down by modular weight
combination, similar to Fig. 2.2. There is a weak dependence on ny, with smaller
ny preferring smaller values of the LSP mass, but a strong dependence on n,,.
Larger values of n,; push us towards smaller LSP masses, where the neutralino
is almost exclusively Higgsino-like. For n); = 1, the up-type Higgs soft mass is
generally large at the GUT scale, and it must run to a negative value to achieve
proper electroweak symmetry breaking; in this parameter range, mj3; achieves
a small negative value, and the i term needs to be small enough to satisfy the
Z-mass constraint. For ny; = 0 or 1 there are points where the LSP has a bino or
winolike wave function. The winolike points tend to come from the negative gauge
contribution (2.38) pushing the value of M, below zero, where |M,| < |M], |p|. We
will come back to these winolike points in subsequent sections.

The distribution of relic density as a function of LSP mass, Fig. 2.5, shows
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Figure 2.5: Distribution of the neutralino relic density (2, h?, left panel, and LSP
mass (in GeV), right panel, aggregated for all modular weights. Both histograms
are broken down by wave-function composition of the LSP. All points have an
acceptable EW vacuum, Higgs mass, and neutralino relic density.

that winolike LSPs generally fail to saturate the Planck-preferred value of Q, h? ~
0.12, with a proper relic density coming from Higgsino and binolike points. The
distribution of LSP masses, in the right panel of Fig. 2.5, shows that the majority of
possible LSPs are Higgsino-like with an average mass of approximately 800 GeV.
Higgsino annihilation in the early universe becomes too inefficient to achieve Q, h? <
0.12 when the mass exceeds about 1 TeV, as is clear from the sharp cutoff in the
distribution. Meanwhile, most binolike points with an acceptable relic density
arise from coannihilation, primarily with stops, but also occasionally with gluinos.
Low mass winolike cases involve coannihilation with other low-mass gauginos [44,
45], while higher-mass winos involve standard thermal freeze-out. Compared to
KKLT, there is a relative paucity, about 5% of the the sample, of binolike LSPs in
Figure 2.5. As messengers are introduced, the values of the GUT-scale coupling
and beta-function coefficients increase, leading to heavier Majorana masses at the
GUT scale. At the messenger scale, the bino will experience the smallest deflection,
so a point with a binolike LSP needs some sort of conspiracy in the RG-flow to get
the bino lighter than the wino and Higgsino.

The winolike points, though relatively few in number, are worth exploring
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further as such an outcome does not occur in the KKLT scenario [7]. Wino-like
points tend to have large values for the parameter «,, which controls the size of the
correction in (2.38). When «, ~ 1, the wino mass M is pushed to values which are
below that for M; and Ms. There is some correlation with the modular weights as
well. These winolike points are common at small n,,, admitting the entire range in
oy, and vanish when n,; = 1, as the one-loop Higgs mass corrections are not large
enough. These points tend to have larger values of ny, though this is a weaker
effect, likely the result of needing a lighter Higgs soft mass to get electroweak
symmetry breaking to occur properly. There are points that yield an acceptable
low-energy spectrum for the entire range in M5, and for «,,, > 0.5. This relative
lack of points for small a, is seen globally in the DMM parameter space, because
small or vanishing «,, corresponds to the limit where the model looks like minimal

supergravity with a single mass parameter.
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Figure 2.6: Distribution of the mirage scale, Mmnirage, defined by equation (2.41). All
points have an acceptable EW vacuum, Higgs mass, and neutralino relic density.
The red distribution represents all cases with n;; = 1, the green those cases with
ny = 1/2, and the blue those cases with n); = 0. Not shown is a long tail of cases
with ny; = 0,1/2, extending to very small mirage scales (Mpirage ~ 107 GeV).
Note that these histograms overlap, with the darker shaded green and red colors
indicating the presence of cases with n); = 0 and n, = 1/2, respectively.
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Finally, Fig. 2.6 gives the distribution in the mirage scale, Myjrage, from equa-
tion (2.41), broken down by the value of the matter field modular weight n,.
Though the mirage scale is not itself directly measurable, it can be inferred from
a successful extraction of the gaugino mass hierarchy via measurements at the
LHC [46], followed by RG evolution to discover the scale of unification [47, 48]. It is
intriguing to note that such an exercise provides some information on the matter
modulus weight; for instance, points with large mirage scales are more often points
with nj, = 1. If instead one were to find that gaugino masses would unify at scales

below a TeV, then the matter modular weight is more likely n); = 0 or ny, = 1/2.

DMM Perturbations on KKLT Base Points

The previous subsection identified one particular qualitative difference between
the pure mirage mediation/KKLT framework, and the allowed possibilities for
deflected mirage mediation: the possibility of wino-like dark matter. In this section
we will pursue other qualitative distinctions that arise from the addition of gauge-
charged messenger fields. Previous work [7] performed an exhaustive search in the
KKLT framework, from which we will make our departures from KKLT into DMM.
This work scanned M, ,,, and tan  for each combination of modular weights
(nar, ng). From these results, we can choose a small number of benchmarks of the
most phenomenologically relevant points in this framework. The benchmark points
chosen are listed in Table 2.1, and are representative of the most phenomenologically
interesting points within the KKLT framework across a span of modular weight
combinations. We can then use these particular combinations of My, o, tan 3, and

the modular weights, then scan over oy, Mpyess, and N.
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For a given KKLT point, deflection can lead to large changes in the spectrum.
Table 2.1 gives the values for our benchmark KKLT points, and Table 2.2 shows
the effect of scanning over the DMM extension of the parameter 3space for these
points. That is, Table 2.2 gives the maximum and minimum value of each quantity,
over the three-dimensional scan in (V, oy, Mmess) described above. Consider, for
example, point 1 in Table 2.1. The KKLT parameter set predicts a 1400 GeV LSP
neutralino. However, the range of lightest neutralino masses for point 1 in Table 2.2
indicates that the deflection can reduce the neutralino mass down to ~ 250 GeV,
or (alternatively) push other superpartner masses to very low values. For all ten
benchmarks the minimum LSP mass found is generally quite lower than that
predicted by the KKLT base point.

The LSP for KKLT base point 1 is 99.8% binolike. The neutralino relic density is
acceptable as the result of coannihilation between this binolike state and the nearly
degenerate stop. From Table 2 we see that over the range of DMM variants of this
point, there is a transition from binolike to winolike and Higgsino-like LSPs. This
is evidenced by the minimum values obtained in the mass differences mgy — myo
and mg+ — mgo. As a consequence, coannihilation with light gauginos can produce
a greatly reduced neutralino relic density. The LSP for KKLT base point 2 is 99.7%
Higgsino-like, and again very close in mass to the lightest top squark. Much of the
DMM parameter space based on this point also yields a Higgsino-like LSP, but the
possibility of getting large mgo — myo for certain N and «, combinations suggests
that winolike LSPs are also possible. In such cases, the stop mass can be quite a
bit larger than for the KKLT point. Similar behavior is seen with base point 5 in
Tables 2.1 and 2.2.

We can visualize the content of these two tables by looking at Fig 2.7, which
depicts the minimum and maximum values of Table 2.2 for point 1 (left panel), and
point 2 (right panel), both involving the modular weight set (n;, ng) = (0,0). The
heavy dot represents the KKLT base point from Table 2.1. The magnitude of the
DMM corrections (2.38) and (2.39) increase as a, moves from negative to positive
values. In both cases we see the striking effects that the gauge messenger fields
can have on the resulting low-energy spectrum. Notable is the great reduction in
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Figure 2.7: Low-energy mass ranges for point 1 (left) and point 2 (right) for the
quantities in Table 2.2. The dots represent the values for the corresponding KKLT
base point with zero messengers, from Table 2.1.
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Figure 2.8: Low-energy mass ranges for point 5 (left) and point 8 (right) for the
quantities in Table 2.2. The dots represent the values for the corresponding KKLT
base point with zero messengers, from Table 2.1.

gluino mass that is possible, relative to the KKLT base point. This typically comes
in conjunction with a great compression of the spectrum, with the mass difference
mg — mgo often approaching zero in the extreme DMM limit.

As a general rule, the addition of deflected mirage mediation results in a more
compressed superpartner spectrum, though there are variations depending on the
KKLT base point. Figure 2.8 depicts the minimum and maximum values of Table 2.2
for point 5 (left panel), and point 8 (right panel). Consider first the DMM ensemble
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Figure 2.9: Allowed parameter space for DMM perturbations on point 2 of Table 2.1.
In both cases we assume (nyr, ngy) = (0,0), tan 8 = 9, and fix either M, = 2900 GeV
(left panel) or a,,, = 1.8 (right panel), as is the case for the KKLT base point 2 in
Table 2.1. The allowed region in the (o, ay) plane (left) and (M, oy) planes are
displayed for N = 3.

based on point 5. Here we see a degenerate system of electroweak gauginos which is
not significantly affected by the DMM deformation. For the base point in Table 2.1,
the other superpartners (particularly those carrying color) are not close to the LSP in
mass. The addition of gauge messengers, for positive «,, has the potential to drive
these masses down significantly, potentially yielding a rich diversity of particles
at, or just around, the TeV scale. Similar behavior is seen with the DMM ensemble
based on points 3, 4 and 7. Yet for base point 8, the KKLT point is already near the
low end of the ranges for gluino and stop masses. The DMM addition can only
increase these masses (and decrease the LSP mass), meaning that here the gauge
messengers generally reduce the compression in the spectrum. Naturally, these
effects have profound implications for superpartner searches at the LHC [49, 50],
which will be our focus in Section 2.5.

Before proceeding to the LHC implications of deflected mirage mediation, it
is instructive to consider how the inclusion of gauge messengers can affect the
space of viable KKLT base points themselves. We focus here on the particular
case of base point 2 from Table 2.1. Figure 2.9 shows the effect of adding N = 3
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messenger multiplets, over all messenger mass scales, to this point. In the left panel,
o, is allowed to vary away from the original value of a,,, = 1.8, while keeping
My = 2900 GeV fixed. In the right panel, 1/, is allowed to vary while «,, is held
fixed. Our KKLT base point is clearly part of the o, = 0 line in the left panel, but
the inclusion of o, # 0 allows other «,, values, including the possibility of very
light gluinos for o, — 1 near the KKLT limit of a,,, = 1.

In the left panel of Figure 2.9 we see three distinct regions, two points where
a,, ~ 0.5and a4 ~ —1, an area with «,,, ~ 1.8 and a, < —0.5, and finally a large
region with o, > 1 and oy > —0.5. The first region comes about due to points with
a binolike LSP and an intermediate messenger scale Myess ~ 10° GeV, driving the
gluino mass down and softening the running of the stop so that the Higgs mass for
these points is boosted by a highly mixed, and light, stop. The other region, below
ay < —0.5, are points with light Higgsino LSPs and mixed stops as well. The gap
around o, ~ —0.5 consists of points where the stop is either very light or the LSP.
Here the anomaly mediated contributions are large, leading to a light stop mass in
the UV, while the messenger-scale corrections are too small to drive the neutralino
mass below that of the stop. The upper region consists of points with either a wino
LSP or Higgsino LSP and heavy stops. As a, decreases, a,,, needs to increase to
compensate to make the stop heavy and thereby obtain the correct Higgs mass.

In the right panel of Figure 2.9, we see that varying o, allows for a large range
of overall mass scales 1 TeV < M, < 5 TeV. However, the resulting mass of the su-
perpartners is not simply correlated with this quantity, once the phenomenological
constraints are imposed on the parameter space. This is evidenced by the color in
the right panel of Figure 2.9, which gives the LSP mass in GeV. Larger values of M
tend to require a smaller value of the messenger scale, and larger values of «,, to
get the correct Higgs mass. Thus, for a fixed value of ¢, the points in the figure at
different M values tend to have differing messenger mass scales. For positive o,
the largest messenger scales are at the far right of the plot (large M,). For negative
oy this relationship is inverted. Above a, = 0.5, the LSP is exclusively winolike, as
the deflection is now large enough to push the wino mass to small values. This is
significant, as winolike LSPs were not found in the pure KKLT scenario studied
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in [6].

2.5 LHC Implications of Deflected Mirage Mediation

The discovery of the Higgs boson at the LHC in 2012 and ever-improving bounds on
the dark matter relic density from the Planck experiment have placed considerable
constraints on the form that any new model of physics might take. As the LHC
begins running at 13 TeV, and later 14 TeV, these constraints are expected to further
tighten. As we enter into this new era, we are particularly interested in how DMM
will fare in the coming years. For pure mirage mediation, embedded in the KKLT
framework for type IIB string theory, previous work [7] demonstrated that the heavy
mass spectra left KKLT undiscoverable at /s = 8 TeV, with rather dim discovery
prospects at /s = 14 TeV. Further, direct detection of dark matter was left nearly
impossible. However, with DMM we have seen that the addition of a small, fixed
number of vector-like messengers can affect the running of these masses at some
scale between the electroweak and the Planck. As was shown in the previous
section, this ultimately results in lighter superpartners which could be within the
reach of the LHC for detection in the near future. In the following section we will
determine those portions of the parameter space which have been ruled out by
direct searches at \/s = 8 TeV, and evaluate the extent to which DMM modifications
can enhance accessibility at /s = 14 TeV.

Benchmark Points

The DMM framework leaves us with a large number of possible input parameters
consistent with the constraints we have placed. While we are interested in the
detection prospects of the entirety of the remaining parameter space, we can gain
a sense of the reach that an experiment would have by considering the extrema
of the parameter space, and using these benchmarks to evaluate whether or not a
given subsection of the parameter space would be accessible for a given experiment.
In [7] it was found that for the KKLT framework, roughly a dozen benchmark points
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could be chosen to give a sense of the discoverability of the parameter space at
large. Here too we will consider a small number of benchmark points that are
representative of the DMM framework.

We will consider each of the benchmark points discussed in Table 2.1, around
which we performed a scan in the DMM parameter space. For each grid of DMM
points, we consider the following: the point with the lightest LSP, the point with the
lightest gluino, and the point with the lightest stop ;. We further isolate only the
points where N = 3, and again choose the same trio of points. We do not impose
a lower bound on the gluino mass in this exercise, and will often find cases with
gluino masses below the often-quoted bound of about 1200 GeV. In fact, as we shall
see below, many of these cases would indeed have been discovered at the previous
LHC run, while still others would have escaped detection due to compression
between the gluino mass and that of the LSP.

The points that we have chosen to present in detail represent a subset of the
entirety of the DMM parameter space, and are collected in Table 2.3. We choose
this set to gain a fuller understanding of the amount of DMM parameter space that
the LHC can probe, while exhibiting a large range in the input parameters, LSP
type, mass spectra, and mass scales we consider. For example, point 1.1 in Table 2.3
represents a case described in the previous section, near the lower range of the
vertical bars in the left panel of Fig. 2.7. The KKLT base point (1.0) has a primarily
binolike LSP, while the DMM perturbation produces a primarily winolike LSP, with
a significantly smaller mass. All superpartner masses are reduced by the gauge

mediation in this case, with a highly compressed spectrum emerging.
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The four perturbations on KKLT base point 2.0 all involve a relatively small
and positive «,, and at least three messenger fields, thus reducing the masses of
the gauginos (the LSP mass and gluino mass are given explicitly in Table 2.3). Yet
the effect on the stop mass depends crucially on the messenger mass scale, M mess.
Larger messenger scales means fewer decades in energy for the messenger-corrected
renormalization group equations to operate, and consequently lighter stops. This
is the complement to the discussion in the previous section regarding the right
panel of Fig. 2.9. As we will see in the following section, the discovery prospects
for points 2.1 - 2.4 are quite different, despite the roughly similar key masses.

The two perturbations on KKLT base point 3.0 show two very different types of
compressed spectra that can emerge at opposite ends of the o, parameter space.
Cases with large numbers of messengers, positive oy, and high messenger scale
tend to exhibit the largest amount of compression, while negative o, has less impact
on the gluino mass, while still compressing the stop and LSP masses. The stop
mass mg, and LSP mass myo are roughly similar for points 3.1 and 3.2, yet we will
see that the former point will be discovered within the first 40 fb~! at /s = 14 TeV,
while the latter will require as much as 240 fb~! for discovery.

We round out our benchmarks with a perturbation each on KKLT base points 5.0
and 7.0, and two for base point 6.0. This latter case is particularly interesting, in
that the KKLT base point is in the region identified in [7] as giving purely binolike
LSP neutralinos. Indeed, case 6.2 is such a point, with roughly the correct thermal
relic density. But the pertrubation in 6.1, with only slightly larger o, and identical
Mmess and N, gives a mixed wave-function LSP and much lighter gluino. As we will
discuss in the next section, both points 6.1 and 6.2 would have escaped detection
at the previous LHC run, but both are prime candidates for discovery in the first
5 fb~! in the upcoming run.

Relevant LHC Searches

In addressing, more specifically, the issue of detection at the LHC, we hope to
identify some commonalities among these points, and the larger set of 60 bench-
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marks from which they are chosen, that will guide our search strategies. In order
to simulate the LHC signature for each of these benchmark points, we take the
electroweak-scale SLHA file generated by SoftSUSY (as discussed previously), then
generate the full decay table with SUSY-HIT [51]. For several of the benchmark
points, the mass spectrum features a neutralino LSP with a stop NLSP only slightly
heavier. For these points, the decay #; — tx! is highly suppressed, as is the decay
t; — bWxY, which are the dominant decay channels when Am(;, X9) > m; and
Am(t1,XY) > mw + my, respectively. With such a small mass gap, the only decay
processes allowed are f; — cx{ and #; — bf fx). These processes require additional
calculations separate from the main SUSY-HIT routines [52]. Once these decay
tables are generated, we use MadGraph5_aMC@NLO 2.2.2 [53] to simulate produc-
tion of all pp — X X processes, where X represents any supersymmetric particle.
We then use MadEvent to generate 10,000 events for each parameter point, followed
by PYTHIA 6.4 to perform the showering and hadronization. Detector simulation
is performed in Delphes-3.1.2 using the default ATLAS detector card [54]. In total,
we generated events for 60 parameter points, including those of Table 2.3.

When considering the LHC implications of DMM, we consider the results
published by the ATLAS and CMS collaborations. Both have conducted many
searches for possible SUSY signatures in the /s = 8 TeV data they have collected.
To date, however, no signal above background expectations has been found by
either of the two collaborations. For the sake of simplicity, we will consider only the
ATLAS search results; the searches conducted by ATLAS tend to utilize geometric
cuts in their signal region definitions, which are better suited to simple computer
simulation. To date, ATLAS has published 32 searches using the full \/s = 8 TeV
data set, as well as a number of summary documents. By considering the properties
of the 60 DMM points generated, we can focus on a small number of these searches
to target the event topologies most likely to be produced.

For example, of the 60 benchmark points for which we performed simulations
at /s = 8 TeV, we find that lepton production is generally rare for the DMM points,
though it can be substantial for the associated KKLT base points. Before considering
lepton py and angular distribution, we find that across the benchmarks, events
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with leptons generally make up less than 10% of the total number of events; events
with two leptons or more are even rarer, typically making up no more than 5% of
the total number of events. Conversely, 51 of the 60 benchmark points have zero
reconstructed leptons for at least 80% of the events. At /s = 14 TeV, this property
persists. Only in two cases do signatures with leptons become the predominant
topology, and in only two others does it surpass 33% of the total event count. At
/s = 14 TeV, these points have a total SUSY production cross section of O(10~%) fb
and O(1072) fb, respectively. These cross sections are sufficiently low that, despite
their high lepton production rates, they will not result in a significant number of
leptons produced at the LHC during the 14 TeV run. With this in mind, we can
safely consider only searches that contain a lepton veto.

Jet multiplicities tend to be relatively low for these 60 benchmarks, with two-
thirds of the cases studied having a peak jet multiplicity of N < 5. A small
subset of the remainder have a broad distribution of jet multiplicities, peaking
at Nt = 7 — 8, with long tails that extend to very large multiplicities. But the
vast majority of our cases will be visible first in the low jet-multiplicity channels.
As most of the cases that are accessible at the 8 TeV run involve light stops, it is
not surprising that a large fraction of the events we simulated have one or more
b-tagged jets. Across the 60 cases studied, just under 40% of events contain at least
one b-tagged jet, with several of the benchmarks exhibiting twice that fraction of
events with b-tagged jets.

We summarize the gross LHC phenomenology of some of our benchmark points
in Table 2.4, which includes all ten KKLT base points from Table 2.1, as well as
the perturbations listed in Table 2.3. Displayed are the overall SUSY production
cross sections at both /s = 8 TeV and /s = 14 TeV, the percentage of events
containing at least one high-p lepton, the peak in the jet multiplicity distribution,
and the percentage of events containing at least one b-tagged jet. Given the broad
features of the benchmarks, we have chosen to pursue the general-purpose ATLAS
SUSY searches which involve low jet and lepton multiplicity. More specifically, we
will consider the general (low-multiplicity) jets plus missing transverse energy ()
search [55], the so-called “monojet” signatures of the stop search [56] for small



[ Benchmark [[ osrv (fb) [ o1atev (fb) [[ % Lepton | Peak Njets [ % B-Jets |
1.0 51x10°° 0.67 3.6% 3 27.8%
1.1 10.1 2.6 x 10° 0% 3 4.6%
2.0 1.8 x 1073 0.31 0% 2 23.0%
2.1 0.3 22.9 21.1% 8 85.3%
22 6.0 1.7 x 102 21.9% 8 87.5%
2.3 9.9 2.4 x 10? 0.3% 4 5.1%
24 5.6 1.8 x 102 10.5% 6 53.6%
3.0 1.3 x 1072 3.9 18.6% 6 54.5%
3.1 7.7 2.8 x 10? 0.4% 4 6.2%
3.2 0.7 35.8 6.7% 4 31.7%
4.0 3.8x10°° 2.1 14.9% 5 43.1%
5.0 6.7x 107 1.8 27.0% 5 42.5%
5.1 20.0 4.6 x 10? 0% 6 57.7%
6.0 1.2x 1072 0.32 12.8% 4 32.1%
6.1 2.0 x 102 2.6 x 10® 0% 4 19.1%
6.2 26.9 5.9 x 102 4.1% 5 36.3%
7.0 77 x 1077 3.1x 1072 41.3% 4 30.6%
7.1 14 86.1 0.1% 4 7.9%
8.0 3.5x10°° 7.8 x 1072 0.1% 3 9.7%
9.0 7.5 x 10715 49 x 107 26.6% 4 58.0%
10.0 2.4 x 10712 1.9 x 1074 76.7% 4 17.2%
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Table 2.4: This table contains the SUSY production cross sections at /s = 8 TeV and
Vs = 14 TeV, as well as the percentage of events containing at least one high-pr
lepton, the peak in the jet-multiplicity distribution, and the percentage of events
containing at least one b-tagged jet. Note that this is simply the number of jets
whose pr > 20 GeV, and does not include other quality requirements placed on
jets. Note that the highest lepton multiplicities occur for the KKLT base points,
whose cross-sections are well below the femptobarn scale.

Am(ty, X?), and the dedicated stop searches of [57] and [58], which require b-tagged
jets, for large Am(#;, (7). Though we expect leptonic signatures to be sub-dominant,
we nevertheless also simulate the signatures of the one-lepton search of [57], which
requires at least three b-tagged jets in the final state, as well as the single hard
lepton plus multijets searches of [58].

Each of the search strategies utilized by ATLAS divides the search into two
parts: object reconstruction and event selection. The object reconstruction sets
requirements for each object in an event, typically the jets, leptons, photons, and
missing energy. For the ATLAS searches conducted at 8 TeV, jets are reconstructed
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using the anti-kr algorithm with a radius parameter of 0.4. Jets are required to be
isolated from leptons by calculating AR = /An? + A¢?, and demanding AR > 0.2.
If AR < 0.2 between any jet candidate and any electron, the jet is discarded. For any
surviving jet candidates, if AR < 0.4 between a jet candidate and any leptons, the
lepton is discarded. For remaining jet and lepton candidates, further requirements
are placed on |n| and pr that vary from one search to another. Further isolation
requirements are placed on each of the jet and lepton candidates. Finally, the missing
transverse energy, F'r, is calculated to be the negative of the vector sum of the pr
of all reconstructed objects with |n| < 4.9, not belonging to other reconstructed
objects.

Low multiplicity jets plus missing transverse energy

Requirement Signal Region

equireme 1 [ Zjm| 25t [ 3) | 41 | 41 [ 4m| 4t | 5 | 61 | 6jm| Gt | 6Gjtr
By /VHT [GeV/?] 8 [ 15 - 10 -

Er/mes(N) - 03 - 04 ] 025 02 025 [ 0.15
meg(incl.) [TeV] 08 [12]16[22[ 07 [10 [13] 22 |12 09 [12] 15 ] 17
Observed Events 12315 [ 715 [ 33 | 7 [ 2169 [ 608 [ 24 [ O [121 [121 [ 39 | 5 6

Sgbs 1200 | 90 [ 38 [ 82 [ 270 | 91 [ 10 | 31 [ 35 [ 39 [ 25| 66 | 79

Table 2.5: Signal region definitions, observed number of events, and S for the
low-multiplicity jets plus £ search of [55]. The numbers in the first three rows
represent the minimum value for the kinematic quantity in the first column. Further
description of the signal characteristics is given in the text. All data corresponds to
20.3 fb~" of integrated luminosity.

The ATLAS low-multiplicity jets plus missing transverse energy search contains
a number of signal regions, each requiring between two and six jets. This is typical
in events with production of 4G, Gg and §g, where the decay § — ¢qx} produces two
jets, and the decay ¢ — ¢x! produces a single jet. It thus represents a very general
search that fits the gross phenomenology of a wide range of SUSY models.

The most recent iteration of this search was published in May of 2014 [55], and
extends the reach of possible SUSY production beyond previous searches. This

search defines 15 signal regions, 13 of which were studied in this work and are
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defined in Table 2.5.3 For each signal region, £ > 150 GeV is required, as is at least
one jet with pp > 130 GeV. A lepton veto is placed on all events containing a single
electron or muon with pr > 10 GeV. Between two and six jets are required for these
signal regions, with each additional jet requiring pr > 60 GeV. The first three jets
are required to be separated from the reconstructed F; direction with a minimum
Ag(Jet, Br) > 0.4, while any additional jets must be separated by A¢(Jet, £;) >
0.2. Signal regions are then defined using the ratio £;/v/Hr, Er/mez(N), and
Er/meg(incl.) where Hr is the sum of the pr of all jets with pr > 40 GeV, m ox(N)
the scalar sum of £ and the N hardest jets, and meg(incl.) is the scalar sum of ¥
and all jets with pr > 40 GeV. The signal regions are named by the number of jets,
and a criterion “loose”, “medium”, or “tight”, depending on the values of each of

these discriminants.

Monojet signatures for light stops

Requirement Msllgr‘lall\?ze g‘lorli/l 3
pr(Jet, 1) [GeV] 280 | 340 | 450
Fr[GeV] 220 | 340 | 450
Observed Events || 33054 | 8606 | 1776
Sgbs 1951 | 575 | 195

Table 2.6: Signal region definitions, observed number of events, and S§t* for the the
three monojet-like searches of [56]. The numbers in the first three rows represent the
minimum value for the kinematic quantity in the first column. Further description
of the signal characteristics is given in the text. All data corresponds to 20.3 fb~" of
integrated luminosity.

For some SUSY spectra, particularly those with small mass gaps between SU (3)-
charged superpartners and the LSP, production in association with a single hard jet

3Two of the signal regions involved attempting to identify hadronically-decaying W-bosons via
a particular jet-pairing algorithm, and will not be included in our study.
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is of particular interest. The most recent relevant search for such “monojet” topolo-
gies was published by ATLAS in July of 2014 [56] with an integrated luminosity of
20.3 fb~". This search was designed to target direct stop production via the two-
body decay t — cx!, as well as the 4-body decay ¢ — bf ! for compressed spectra.*
This is of particular interest for points which feature a heavy LSP, a stop NSLP, and
the remaining superpartners sufficiently heavy as to be effectively integrated out.
Each event is required to have a reconstructed primary vertex with at least five
associated tracks. Further, each event is required to have Fr > 150 GeV, and at least
one jet with py > 150 GeV and || < 2.8. To eliminate multiple jets, a maximum of
two additional jets are permitted with pr > 30 GeV; events with additional hard
jets are rejected. Each of these jets must have a minimum A®(Jet, £) > 0.4. Events
with reconstructed electrons or muons are also rejected. Three signal regions are
then defined by additional requirements on the pr of the hardest jet and the £;.
Signal M1 is defined to have pr(Jet, 1) > 280 GeV and E; > 220 GeV, M2 is de-
fined to have pr(Jet, 1) > 340 GeV and F > 340 GeV, and M3 is defined to have
pr(Jet,1) > 450 GeV and 1 > 450 GeV. The number of observed events for each
signal region is listed in Table 2.6.

B-tagged jets and missing transverse energy with a lepton veto

In this category we will discuss two separate ATLAS publications, each representing
a stop search via b-tagged jets. The first analysis focuses on stop production where
the stop decays via #; — t{} or & — bxi — bW ™YY, where the W is assumed
to decay hadronically [59]. In either case, the result will be an LSP, a b-tagged
jet and 2 non-b-tagged jets per ¢ produced. For all signal regions, a minimum of
Fr > 150 GeV is required, a minimum of six jets, two of which must be b-tagged,
and no reconstructed leptons (electrons or muons). The two highest p jets must
have an energy of at least 80 GeV, with remaining jets satisfying p; > 35 GeV, and
the three highest pr jets must be separated from the missing energy by at least
A¢ > m/5. A further requirement is placed on the b-tagged jet closest in angle to

*Additionally, there are two signal regions that require charm-tagged jets; we will not be
considering these, as Delphes does not incorporate charm-tagging.
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Requirement Signal Region
SRAT | SRA2 [ SRA3 | SRA4 [[ SRCI | SRC2 | SRC3
my;; [GeV] <225 50, 250 - - -
mi;,; [GeV] <225 50, 400 - - -
min[my(Jet;, Er)] [GeV] - > 50 - - -
my™ [GeV] > 175 > 185 > 200
m5 ™ [GeV] - > 205 | >290 | > 325
1 [GeV] > 150 | >250 [ >300 [ > 350 > 160 > 210
Observed Events 11 4 5 4 59 30 15
Sgps 6.6 5.7 6.7 6.5 157 | 124 8.0

Table 2.7: Signal region definitions, observed number of events, and S$&° for the two
classes of b-tagged jets plus £ searches of [59]. The numbers in the first six rows
represent the minimum, maximum, or allowed range of values for the kinematic
quantity in the first column. Further description of the signal characteristics is given
in the text. All data corresponds to 20.1 fb™" of integrated luminosity.

the missing energy. The transverse mass, defined as

™ = [ B (1~ cos Moo}, Er)] 243
must have a minimum of m%™" > 175 GeV.

The search is then divided into three subsections. We will consider only the
first (SRA) and third (SRC). For the first (SRA), the two jets with the highest b-tag
weight are selected, then of the remaining jets, the two closest in the  — ¢ plane are
combined to form a W candidate, which is then combined with the first b-tagged
jet to form a top candidate with mass my);;. A second W candidate is formed by
repeating the procedure with the remaining jets. Lastly, the value min[mr(Jet;, Fr)]
is calculated as the minimum m of each of the signal jets and the missing energy.
With all of these quantities, the signal regions are defined as in the first four columns
of Table 2.7.

The second subsection that we consider (SRC) focuses on the specific case when
one of the stops decays via #; — byi; Xi — W®x). Only five jets are now
required, and a minimum of A¢ > 0.27 between the two hardest b-tagged jets
is required. The my is further constrained: for SRC1, mglmi“ > 185 GeV while for
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SRC2 and SRC3, m5™" > 200 GeV. A further quantity, m5™, is computed similarly
to my™" in (2.43), but now with the b-tagged jet being that with the largest A¢
from F;. For SRC1, m&™ > 205 GeV, for SRC2, m%™ > 290 GeV, and for SRC3,

b,max

my > 325 GeV. These values are collected in the final three columns of Table 2.7.

. Signal Region
Requirement SR4jA [ SRA4B | SR—A%]‘C I s%ij [ SR7B [ SR7IC
ApT 0.5
ET/ mjf]f 0.2
m2 [GeV] 1300 | 1100 [ 1000 - - -
Fr/\/HY [GeVY/?] - - 16 - - -
mig [GeV] - - - 1000 [ 1000 | 1500
P [GeV] 250 350 400 200 350 250
Observed Events 2 3 1 21 3 1
S 5.2 6.5 39 13.9 6.1 42

Table 2.8: Signal region definitions, observed number of events, and S$* for the two
classes of b-tagged jets plus £ searches of [57]. The numbers in the first six rows
represent the minimum value for the kinematic quantity in the first column. Further
description of the signal characteristics is given in the text. All data corresponds to
20.1 fb~' of integrated luminosity.

The second analysis we include is a more general search that targets third
generation squark production and/or gluino production. Like the previous analysis,
it relies heavily on the presence of b-tagged jets and requires large ;.. For this study
we will focus on the channels which impose a veto on electrons with pr > 20 GeV
and muons with pr > 10 GeV. Events are separated into two categories. The first
category (4jA,B,C) requires at least four jets, all four of which having a minimum jet
pr > 50 GeV. The second category (7jA,B,C) requires at least seven jets, all seven
of which having a minimum jet p; > 30 GeV. All channels require the leading jet
to satisfy pr(Jet,1) > 90 GeV, and require the presence of at least three b-tagged
jets, all with pr > 30 GeV.

Additional global cuts for all signal regions are given in terms of Hy/, defined
as the scalar sum of the pr of the four hardest jets in the event, miﬁf, defined as the

47

scalar sum of £ and the p; of the four hardest jets in the event, A¢ ), defined as

the minimum azimuthal separation between any of the four leading jets and the
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direction of the missing transverse energy, and m/¢' defined as the scalar sum of
Fr and the sum of the p7 of all jets in the event with py > 30 GeV. These cuts are
given in Table 2.8, along with the observed number of events, and S22 for the six

signal regions.

Results and Case Studies

We begin this section by considering the reach of the already completed searches
at /s = 8 TeV, described in the previous subsection, on the parameter space of the
DMM framework. We then investigate a number of case studies motivated by the
points in Table 2.3, which are representative of the LHC phenomenology of the
model space as a whole.

As stated previously, none of the parameter combinations in Tables 2.3 and 2.4
would have given a significant excess over background at the previous LHC run.
This is despite some relatively large cross-sections at /s = 8 TeV (see Table 2.4).
In general, we can determine the likelihood that a given parameter point would
have produced a detectable signal above background by comparing the simulated
number of signal events at /s = 8 TeV versus the reported S$&° value, which gives
the 95% confidence-level upper bound on the number of signal events compatible
with the ATLAS observations. Thus, for example, our simulation of point 6.1 (the
benchmark point with the largest production cross-section) suggests an overall
production of 4060 events in all channels after 20.3 fb~! of data-taking, but the
compression between the gluino mass and LSP mass translates into only 282 events
in the 2jl channel, 34 events in the 2jt channel, and 39 events in the 4jl channel, all
of which are below the reported S values of 1200, 38 and 91 events, respectively
(see Table 2.5). We estimate the greatest excess would have been in the 2jt channel,
but the signal significance would be only 0.7¢ in this channel.

We find that while none of the KKLT base points would have been discovered
thus far, a fair fraction of the DMM parameter space involving stop or gluinos
with masses at or below 1 TeV would now be ruled out. In general, we find the
best channels at /s = 8 TeV are in the low-multiplicity jets plus £ search, with
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a reach of m; < 600 GeV for small mass gaps between the gluino and the LSP
Am(g,x?) < 50 GeV, and m; < 900 GeV for mass gaps of greater than 50-100 GeV.
We find the reach in the lightest stop mass to be about 100 GeV less for the two
different mass gaps between the stop and the LSP. However, DMM corrections
tend to move the masses of SU(3)-charged objects in a correlated way, tending
to compress both the gluino and the stop toward the lightest neutralino mass.
In extreme cases, a nearly degenerate trio of masses (myo, m;,, m;) would have
escaped detection, even at a mass scale of 500-600 GeV. Such outcomes are rare in
the DMM landscape, but not impossible (see point 3.1 of Table 2.3, to be discussed
in more detail below). In terms of theoretical parameters, the modular weight
combinations most likely to produce spectra detectable at /s = 8 TeV are the
(nar,ne) = (0, 0), (0, 0.5) and (0.5, 0) cases, with low messenger scale and o, > 0.

To discuss detection in the near future, we will use the signal definitions at
/s = 8 TeV described above as a first approximation to what will be done at 14 TeV.
Signal significance is estimated by calculating the background counts using the
pre-generated Snowmass 2013 published backgrounds at /s = 14 TeV [60], which
were generated in a manner identical to that in which our signal files were produced.
In general, we find that the loosest possible cuts tends to preferentially populate
the signal relative to background, as most of the parameter space within reach at
the LHC will feature a compressed spectrum allowing less phase space for hard
jets and leptons. We thus do not attempt to optimize beyond the /s = 8TeV criteria
by tightening the requirements on various distributions, though we will consider a
modified monojet, or “lopsided jet”, signature in what follows.

A summary of the results of our simulations at /s = 14 TeV is given in Table 2.9
for the DMM perturbations shown in Table 2.3. We show results for the quantity
Lmin, defined as the minimum amount of integrated luminosity needed to achieve
a 50 (S/v/B = 5) signal significance in that particular channel. The most effective
discovery channels are uniformly found to be from the low-multiplicity jets plus
E; search. The first two columns give the best signal region from Table 2.5 with
the corresponding L, value. The next two columns give the corresponding Lmin
from the best signal region of the monojet search in Table 2.6, as well as a monojet-
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Monojet Liin B-tagged jet Lmin
Over- Best ; mono-
2jl : B-ta B-tag B-tag
Benchmark all Chan- jet & . .
Loi el ©pt) | Mo SRA2 | 4B 7iC
1.1 80 2jt 159 303 - - -
21 94 6jt+ - - - 249 133
22 1.9 6jt+ 64 - 123 4 2
2.3 141 2j1 185 2909 - - -
24 22 5j 46 - 216 97 100
31 22 2jm 29 96 - - -
3.2 240 2jt 574 - - - -
5.1 2.9 5j 11 2466 55 5 7
6.1 1.7 3j 2.3 32 90 - 929
6.2 4.6 4j1 12 - 69 70 53
7.1 65 4j1 168 - - - -

Table 2.9: Minimum integrated luminosity Ly, (in fb~') to achieve a 50 signal
significance in a given channel, at /s = 14 TeV. In all cases, the strongest signal will
be in the low-multiplicity jets plus £ search. The overall Ly, therefore reflects the
strongest of the 13 channels in Table 2.5, given in the third column. The value of
Lmin to achieve the same signal significance in certain sub-dominant channels is also
given, for reference. Columns 4 and 5 represent monojet-like channels, while the
final three columns represent various signatures that involve b-tagged jets. Signal
region descriptions are given in the text. Note that none of the KKLT base points
(X.0) will yield a 5o excess after 3000 fb~! of integrated luminosity.

oriented perturbation on the 2jl channel introduced in [61] and to be discussed
below. Finally, the last three columns indicate the Ly, value for the best signal
regions involving multiple b-tagged jets. If a 50 excess is not expected within
3000 fb~" the entry is left empty. Note that none of the KKLT base points (X.0) will
yield a 50 excess after 3000 fb~! of integrated luminosity. We will now discuss the
details behind many of the numbers in Table 2.9 via a sequence of case studies.

Case Study 1: Signatures involving b-tagged jets; Points 2.2, 6.1 and 6.2

Let us begin our study of comparative LHC signatures of DMM parameter points
by considering the case of point 2.2 versus 6.1. These two points share common
gauge mediation parameters: N = 3, Apess = 10° GeV and o, positive, but relatively
small. Point 2.2 has a relatively large large mirage parameter, o, = 1.8, while that
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Figure 2.10: Effective mass and total jet multiplicity for points 2.2 and 6.1. Left
panel gives the effective mass distribution meg for points 2.2 and 6.1, while the
right panel gives the total jet multiplicity Nje for the same two points. Both plots
are normalized to 20 fb~! at /s = 14 TeV, but with the distributions for point 2.2
multiplied by a factor of ten to allow for greater readability.

of point 6.1 has «,,, = 0.7. Both involve universal scalar masses (to leading order) at
the unification scale, with modular weights (n,,,ny) equal to (0,0) and (1/2,1/2),
respectively.

Point 2.2, with vanishing modular weights, produces a heavier stop mass than
that of point 6.1 as indicated in Table 2.3: m; = 2582 GeV versus 1227 GeV. More
relevant to LHC phenomenology is the differences in the gaugino sector. Point 2.2
has a gluino mass of m; = 1061 GeV and LSP mass of mg = 147GeV, while
point 6.1 has a gluino mass of 713 GeV and LSP mass of 654 GeV. As a consequence,
at /s = 14 TeV, the cross-section for overall superpartner production for point 6.1
is 2.6 pb, versus 169 fb for point 2.2. The difference is entirely accounted for by the
gluino mass, as gluino pair production represents over 94% of the total production
cross-section in both cases. Despite the huge disparity in total production cross-
sections, the two points have nearly identical values of the overall L, value needed
for discovery (just under 2 fb™1).

It is not difficult to understand why this is. Despite the light gluino, point 6.1 has
a mass difference between the gluino and the LSP of roughly 60 GeV, while point 2.2
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has a spectrum not dramatically different from the so-called “simplified” models
that are often used as benchmarks in the interpretation of LHC search results.
Indeed, in the left panel of Fig. 2.10 we see the effective mass distribution at /s =
14 TeV. Despite the much larger signal size for point 6.1 (note that distributions
for point 2.2 are multiplied by a factor of ten for readability), the small mass gap
between the gluino and the LSP translates into an effective mass distribution heavily
weighted towards those bins below the cut value of 700-800 GeV which defines
the 2jl and 4jl signal regions. Table 2.9 indicates that within the first 2 fb™! at
Vs = 14 TeV both models would be “discovered” at the LHC, in the six-jet channel
for point 2.2, and in the three-jet channel for point 6.1. The large mass gap between
the gluino and LSP in the case of point 2.2 allows more phase space to generate jets
with pr > 40 GeV, as indicated by the jet multiplicity distributions shown in the
right panel of Figure 2.10.

B-tagged Jet Multiplicity N P; Fourth Hardest Jet

N N IPPPEES SUSY Signal for Point 6.1 3000, e SUSY Signal for Point 6.1
40000~ SUSY Signal for Point 2.2 (x10) E E:‘, SUSY Signal for Point 2.2 (x10)
35000 2500 1%
30000 |- 2000f
25000 [— C

F 1500(— | !
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Figure 2.11: Multiplicity of b-tagged jets and fourth jet pr for points 2.2 and 6.1.
Left panel gives the number of events with one or more b-tagged jets. The right
panel gives the pr(Jet, 4) of the fourth hardest jet in the event, a key discriminant in
the b-tagged searches described in Table 2.8. Both distributions are generated prior
to the imposition of any other signal region cuts, and are normalized to 20 fb~* of
data. The signal distribution for point 2.2 is multiplied by a factor of ten to allow
for greater readability.

It is instructive to consider sub-dominant channels, as these signals will pro-
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vide corroboration of new physics and a powerful descriminant between potential
models of this new physics. In the case of points 2.2 and 6.1 all of the signal regions
in the general class of jets plus missing transverse energy will show signals in the
first 30-40 fb~'. Thus we consider those signal regions that are defined as having
one or more b-tagged jets. Here we find the corroborating signals will arise nearly
immediately for point 2.2, while requiring approximately 100 fb~! for point 6.1,
despite the much larger overall production cross-section. The precise values of
L 1in for the particular signatures SRA2 of Table 2.7, and 4jB and 7jC of Table 2.8,
are given in the last three columns of Table 2.9.

As mentioned previously, both points are dominated by gluino pair production.
For point 2.2, the gluino decays to ¥ ,tt 40% of the time, and X7 bt 54% of the
time, thus assuring at least four genuine b-jets in the vast majority of signal events,
with up to four leptons possible from the W= bosons produced in the top decays.
The high probability of b-tagged jets and leptons in the final state is reflected in
Table 2.4. The smaller mass gap in the case of point 6.1 eliminates the possibility
of top pairs from the gluino decay, all but eliminating the prospect of high-pr
leptons in the final state.> Furthermore, the gluino decays into X9 ,bb only 14%
of the time, decaying to lighter flavors for the vast majority of events. Thus we
expect, on average, fewer b-tagged jets per event for point 6.1, which is only partially
mitigated by the much higher cross-section for this point relative to point 2.2. This
is displayed in the left panel of Figure 2.11, where the multiplicity of b-tagged jets
is given for both points. Of the b-jet searches in Table 2.7, the signal region SRA2
tends to be the most promising of the cases that require only two b-tagged jets.
Here we find comparable values of L nin >~ O(100 fbfl) in this channel, despite the
great disparity in production cross-sections.

This outcome is somewhat disappointing, given that point 6.1 still produces
ample events with at least one b-tagged jet. The signatures of Table 2.7 have the
advantage of only requiring two b jets, but they simultaneously require a minimum

of six jets overall, a property satisfied by less than a quarter of the event sample

5Thus we expect no signal in the most promising single-lepton channel for point 6.1, even after
3000 fb~! of integrated luminosity.
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for point 6.1. Given the low overall jet multiplicity, we might have hoped that the
four-jet channels of Table 2.7 would be particularly effective, but note that the signal
region definition calls for pr(Jet,4) > 50 GeV, while the small mass difference
Am(g, x}) implies that such sub-leading jets will generally have very low pr, often
only slightly above the threshold pr to be classified as a jet in the initial event
reconstruction (see the right panel of Figure 2.11). Furthermore, only a negligible
fraction of the events for point 6.1 have three b-tagged jets — a fraction roughly
consistent with the mis-tagging rate for assigning a b tag to a light quark jet in
Delphes. By contrast, point 2.2, with its substantial mass differences between the
gluino and the light electroweak gauginos, seems ideally suited to these general-
purpose b-jet searches, and should produce signals in the 4j and 7j channels of
Table 2.8 roughly simultaneous with the initial discovery in the 6jt+ channel.

Let us now extend this discussion to include point 6.2 from Table 2.3. Point 6.2
shares all KKLT base point parameters with point 6.1, and differs in the gauge
mediation sector only in the value of «,, which is slightly smaller. The spectrum of
point 6.2 therefore is, not surprisingly, rather similar to that of point 6.1, though the
gaugino sector is slightly different. Note that the LSP of point 6.2 is almost entirely
binolike, with a thermal relic density consistent with WMAP /Planck, while that of
point 6.1 is a mixed state that is mostly Higgsino-like with a relic density that is
smaller by an order of magnitude. The gluino mass for point 6.2 is mj; = 902 GeV,
and the cross-section for superpartner production is therefore intermediate between
points 2.5 and 6.1 (though now gluino pair production constitutes only 84% of the
total production cross-section, with associated production of a gluino with a light-
flavor squark representing 15% of the total). Gluinos decay via various three-body
decays involving top and bottom quarks, suggesting relatively high jet multiplicity
with many b-tagged jets in the final state.

We might, therefore, expect that this point would have an L, in the low-
multiplicity jets plus £; channel that is similar to the other two points. And
indeed, Table 2.9 shows that the best discovery channel is 4jl for this point, with
Loin = 4.6fb7 1. Ttis noteworthy that this point has the lowest L i, of the trio in
the sub-dominant b-jet channel SRA2 and the monojet channel M2. The branching
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fractions of the gluino and lightest stop are nearly identical for points 6.1 and 6.2,
but the increased signal in the three b-jet channels of Table 2.9 is entirely due to the
large mass gaps between the gluino and the light electroweak gauginos. We note
that all b-jet channels studied are equally effective in this case.

Case Study 2: “Optimized” monojet signatures; Points 3.1, 3.2 and 5.1

Of the previous trio of points, we might note a curious fact about the data presented
in Table 2.9: point 6.1 is the only one of the three that yields a 50 excess in the
most advantageous “monojet” channel, signal region M2 from Table 2.6. In fact, it
yields a signal in this channel well before the corroborating b-jet channels studied
in the previous subsection. This is particularly odd, in that gluino pair production
dominates the signal, with gluinos decaying universally via three-body decays
involving two quarks and an electroweak gaugino. In short, there is no reason to
anticipate this particular model would be a natural candidate for a monojet signal
at all. Clearly, then, these signatures are not adequately addressing the topologies
they were designed to attack (at least within our model framework). This begs an
obvious question — just how “monojetlike” are the events captured by the so-called
monojet signature M2? As it happens, this signal region is not really a monojet
search at all, but rather a skewed two- and three-jet search in which stringent
demands are placed on the leading jet; see the conditions outlined in Table 2.6.
Thus, point 6.1 produces a signal in this channel primarily because it produces no
leptons, has a long tail in the py distribution of the hardest jet, and (crucially) has a
jet multiplicity skewed towards small numbers of jets. In other words, the monojet
channel here simply captures the same sorts of events that appear in the two and
three-jet channels of Table 2.5.

To get a clearer picture of this phenomenon, let us now consider points 3.1, 3.2
and 5.1 from Table 2.3. Point 3.1 is the most compressed model in Table 2.3. The
heaviest squarks in this case have masses of roughly 1760 GeV, while the gluino
and lightest stop are nearly degenerate with the LSP at just above 1 TeV. Thus, the

entire spectrum is compressed and all cascade decays will involve soft outgoing
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Figure 2.12: Total jet multiplicity for points 3.1, 3.2 and 5.1. Distributions give the
total number of reconstructed jets, prior to any event selection cuts, normalized
to 20 fb~! of data. Red (dotted) distribution is for point 3.1, green (solid) distri-
bution is for point 3.2, and blue (dot-dashed) distribution is for point 5.1. The
signal distribution for point 3.2 is multiplied by a factor of ten to allow for greater
readability.

particles. We might therefore expect this point to be one for which the monojetlike
search strategies would be most effective.

Production is roughly evenly split between gluino pair production and (light-
flavored) squark production in association with a gluino. These light-flavored
squarks decay back to a light quark and a gluino 95-99% of the time, while the
gluino decays 100% of the time to a gluon and a LSP. So we can expect a small
number of very soft jets, with the potential that one jet will have larger p; from the
decay of a light squark (or from initial state radiation). Indeed, the peak in the jet-
multiplicity distribution for point 3.1 is at four jets (see Figure 2.12), with less than
1% of all events containing a high-pr, isolated lepton. But the best discovery channel
for this point is the two-jet channel with relatively mild kinematic requirements
(2jm), with an associated L, of 22 fb~!. In contrast, the best monojet-based search
is M2, with a comparatively large Ly, = 96 fb~". The failure of the monojet signal to
be competitive is mostly due to the veto placed on events with a fourth jet satisfying
pr(Jet,4) > 30GeV, which effectively vetoes all events with N > 3. This is a
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Figure 2.13: Transverse momentum of leading jet (left) and missing transverse
energy (right) for points 3.1, 3.2 and 5.1. Distributions are constructed prior to any
event selection cuts and normalized to 20 fb~! of data. Red (dotted) distributions
are for point 3.1, green (solid) distributions are for point 3.2, and blue (dot-dashed)
distributions are for point 5.1. The signal distributions for point 3.2 are multiplied
by a factor of ten to allow for greater readability.

sizeable fraction of the total event sample, as Figure 2.12 indicates.

It would seem, therefore, that there is potential for improvement in the choice
of cuts for monojetlike signatures, just as there were for b-jet searches in the pre-
vious case study. Here we consider an “optimized” two-jet signature, originally
introduced in the recent work by the authors [61] in the context of searching for
light stops in minimal supergravity models. This signature is a simple modifi-
cation of the 2jl signature of Table 2.5, in which the separation cuts between the
direction of the £ and that of the two hardest jets are significantly increased from
A¢(Jet, Br) > 0.4 to Ag(Jetl, Br) > 7/2 and A¢(Jet2, £) > 1 for the hardest and
second-hardest jet, respectively. This preferentially selects signal events with a
highly lopsided nature, more in keeping with the notion of soft cascade decay
products recoiling against a single hard jet from initial state radiation. For point 3.1
we find that this optimized 2jl signature far outperforms the traditional monojet

signature M2, becoming comparable in effectiveness to the discovery channel itself.
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A comparison of the distribution for pr(Jet, 1) with that of the [ for this point
(Figure 2.13) shows that a large portion of events will indeed be characterized by
pr(Jet,1) ~ Er, but that these events are in the lowest pr bins, often below the
cutoff of 340 GeV imposed on both quantities by signature M2.

These sorts of gains in Lmin depend on the details of the SUSY model, so gen-
eralizations are difficult to state unequivocally. For example, consider point 3.2,
which might appear to be an ideal candidate for the optimized, or ‘lopsided’, two
jet signature. The work in [61] was motivated by the decay {; — {Yc, and in the
case of point 3.2 we have only an 8 GeV mass difference between the lightest stop
and the LSP. Here the gluino mass is heavier (m; = 1901 GeV) and thus gluino pair
production accounts for a minuscule fraction of the total signal, which is instead
composed primarily of light-flavored squark pairs (51%) and (light-flavored) squark
production in association with a gluino (32%). Stop pairs account for only 9%
of the total SUSY production cross-section. Thus, the 2jl-optimized search is, in
fact, optimal for only a small sub-component of the total production cross-section.
The L, value of 574 fb~! for 2jl(opt) is actually slightly worse than the original
2jl signature, for which L, = 500 b 1. Again, this is because 91% of the events
for point 3.2 are not monojetlike in nature at all. This is despite the fact that a large
proportion of these events have pr(Jet, 1) ~ [, as can be seen from the distribu-
tions in Figure 2.13. We note that these tend to be the events in the lowest p; bins,
where the cuts of 340 GeV on both quantities from signature M2 would eliminate
most of the monojetlike subcomponent of the signal.

The improvement from “standard” monojet to “optimal” monojet is most dra-
matic for point 5.1, where the L, for the monojet signal reduces by two orders of
magnitude, making this channel extremely competitive with the five-jet “discovery”
channel. Again, the N, < 3 requirement effectively eliminates the “standard”
monojet signal, even though a high proportion of these events really do have a
lopsided kinematic profile. Conversely, the requirements on inclusive effective
mass and ' listed in Table 2.5 are relatively easy to satisfy (see the distribu-
tions in Figure 2.13). The greatest impact is on the more restrictive separation
requirements, A¢(Jetl, Br) > n/2 and A¢(Jet2, Br) > 1, which greatly enhance
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Figure 2.14: Separation in azimuthal angle between leading jets and £, for point 5.1.
The separation AP between the hardest jet (red, dotted), and second-hardest jet
(green, solid), in all events is shown. Both distributions are generated prior to the
imposition of any other signal region cuts, and are normalized to 20 fb~' of data.

signal-to-background. We plot these quantities for point 5.1 in Figure 2.14, where
the concentration of events near A¢(Jetl, £;) — n is apparent.

Table 2.9 summarizes the effectiveness of the traditional monojet channel M2 as
well as the lopsided two-jet channel we call 2jl(opt). The lopsided two-jet channel
is always superior in these cases, mostly due to the relaxation of the strict Nje; < 3
requirement, and (to a lesser extent) the replacement of specific requirements
on pr(Jet, 1) with a strict requirement on A¢(Jetl, ;) and A¢(Jet2, Fr). In cases
where the spectrum is indeed highly compressed, where the hardest jet arises
from a prompt decay of a squark on one side of the event, or from ISR, the 2jl(opt)
signature outperforms other two-jet signatures from Table 2.5. When the model in
question is not particularly monojetlike in the first case, this signature is slightly
less effective than those in Table 2.5.

Case Study 3: Stop-gluino orderings; 2.1 vs. 7.1

Our final case study is a comparison of points 2.1 and 7.1, in which we will study the
impact of the gluino-stop mass hierarchy on detection prospects at the upcoming
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run of the LHC. Both points involve a certain degree of universality among the
scalar masses, with point 2.1 having modular weights (ny, ng) = (0,0) and M, =
3200 GeV, while point 7.1 has modular weights (ny, ny) = (1/2,1/2) and M, =
2900 GeV. The values of o, are 1.45 and 1.85, respectively. In pure mirage mediation,
these values would imply a smaller mass gap between the gluino and neutralino
LSP for point 7.1, but the introduction of gauge messengers inverts this. Both points
involve three generations of messenger fields, with equal and opposite values of
ay (ag = 0.35 for point 2.1, and a; = —0.35 for point 7.1). Consequently, point 2.1
features the mass hierarchy m;, < mg, with Am(t,, mg) = 225 GeV, while point
7.1 exhibits m; < m;, with mass separation Am(g, myo) = 161 GeV.

Despite the different mass orderings of the lightest SU(3)-charged states, the
overall mass scales between the two points are roughly the same. This allows us to
address questions like the ultimate ‘reach’ of the LHC at /s = 14 TeV for this class
of models. The overall production cross-section for supersymmetry is correlated to
the gluino mass, and thus we find 0y, = 22.9 fb while 0{jsy = 86.1 fb, despite the
heavier LSP and stop. For both points, approximately 55% of the total cross-section
for superpartners is gluino pair production. For point 7.1 an additional 40% of the
total production cross-section involves associated production of a gluino with a
light-flavored squark, while the light stop of point 2.1 reduces gluino/light squark
production to 26% of total events, with 17% associated with stop pair production.

For point 2.1, with the more massive gluino, there is a universal decay § — tt,
with the subsequent decay of the stop to b 62% of the time, and 5((1)72t for the
remainder. As the three states i~ and %! , are highly degenerate, all three effectively
represent missing transverse energy. For these gluino pair-production events, we
therefore expect four bona fide b-jets and as many as four leptons in the final state
from leptonic decays of W-bosons. Alternatively, we can expect up to four b-tagged
jets and up to eight additional jets. If, instead, we consider associated production of
a gluino and a light squark, the fact that the light-flavored squarks decay universally
into a corresponding light quark and a gluino means the above analysis applies
in this production channel as well, with perhaps one additional high-pr jet in the
final state. Indeed, Table 2.4 confirms this reasoning, with the percentage of events
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with at least one lepton for point 2.1 being 21.1%, the percentage with at least one
b-tagged jet being 85.3%, and the peak in the jet multiplicity distribution being
Njet = 8. It is therefore not surprising that the most effective discovery channel
for this point is the six-jet (6jt+) channel, with an eventual confirmation in the
single-lepton channel occuring much later in the lifetime of the LHC. Specifically,
we find that the first leptonic signal will arise in the six-jets plus muon channel
of [58] after 1100 fb~! of integrated luminosity.

Point 2.1 would appear to be a prime candidate for searches involving b-tagged
jets. Given the high overall jet multiplicity for this point, it is not surprising that
the strongest signal (or lowest Lyin) occurs for the seven-jet channels of Table 2.8,
as demonstrated in Table 2.9. What is, perhaps, surprising is that there is no signal
expected, even after 3000 fb~*, for signature SRA2 involving at least six jets, two of
which carry b-tags. Here is a case of signatures that are very effectively tailored to
certain exclusive event categories — that is to say, signatures that do their respective
jobs very well. The b-jet based signatures of Table 2.8 are based on gluino pair
production, which is the dominant component of the production cross-section for
point 2.1. The SRA signatures of Table 2.7 target stop pair production, followed by
the decay #; — ty!. Stop pair production is only 17% of the total, and the lightest
stop decays to tx{ only 38% of the time, decaying to by the remaining 62% of the
time. Thus signature SRA2 captures only about 2.5% of the total events. We note
that the SRC channels on Table 2.7, which are designed to target the by; decays of
the stop, do give a signal significance roughly twice that for the SRA channels, with
SRC3 providing a five sigma excess in Ly, = 1650 fb~" of integrated luminosity.

The situation for point 7.1 is nearly identical with regard to light squark decays,
only now gluinos decay overwhelmingly into a gluon and one of the two lightest
neutralinos, which are highly degenerate in mass. As gg and §G processes represent
94% of the total SUSY production cross-section, we now expect zero leptons or
b-tagged jets in the events, and at most three high p; jets, with others arising from
soft decay products of {9 and/or initial and final state radiation. This is borne out
by Table 2.4 where we find zero events with a high-py, isolated lepton and very
few with a b-tagged jet (consistent with the mis-tagging rate built into the Delphes
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Figure 2.15: Inclusive effective mass (left) and A¢(Jetl, Fy) distribution (right)
for point 7.1 versus combined Standard Model background. Distributions are
for the signal (red, solid) prior to any event selection cuts, while the background
distributions (blue, dashed) have a pre-cut of £ > 150 GeV applied. Background
distributions represents the square root of the total counts in each bin, with the
total data set normalized to 20 fb~'. The signal has been augmented by a factor
of 10 for the left panel, and a factor of 100 for the right panel, to allow for an easier
comparison of the relative shapes of the distributions.

detector simulator). We find that the strongest signal for this point is in the four-jet
(4jl) channel, with an Ly, of 65 fb~*, though the dijet channel (2jt) is competitive
with an Ly, of 88 fb~!. In this case, the generic two-jet search performs much
better than our monojet-motivated “unbalanced” two-jet signature (2jl-opt), which
requires almost twice as much integrated luminosity to reach a five-sigma excess.
While these two signatures are very similar, the relative efficacy can be understood
in terms of competing cuts on m.g versus the jet separation variable A¢(Jetl, £r),
and their comparative effects on the signal versus the background sample. To
improve signal-to-background, the 2jt signal makes a cut on the inclusive effective
mass of meg > 1600 GeV, versus 800 GeV for the “unbalanced” two-jet signature
(2jl-opt). Alternatively, the latter makes a cut on Ag¢(Jetl, £;) > /2, versus 0.4
for the signatures in Table 2.6. These two quantities are plotted in the left and
right panels, respectively, of Figure 2.15. The signal distribution (red, solid line) is
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shown prior to any event selection cuts, while the background distribution (blue,
dashed line) has a pre-cut of £ > 150 GeV applied. Background distributions
represent the square root of the total counts in each bin, with the total data set
normalized to 20 fb~'. The signal has been augmented by a factor of 10 for the left
panel, and a factor of 100 for the right panel, to allow for an easier comparison of
the relative shapes of the distributions. Clearly, both the m.g cut and the A¢ cut
prefer the signal distribution, but the stringent effective mass cut does so much
more powerfully than the angular separation cut — at least when considered in
isolation. Thus, when the superpartner spectrum provides enough phase space to
use large meg and or Fr cuts to reduce the background, the classic multijet channels
will be preferred. The angular separation cut can be a useful tool for those cases
in which aggregate quantities such as me¢ are low, as in cases with a compressed
superpartner spectrum.

Many pairs such as points 2.1 and 7.1 were generated in the course of our
analysis, in which the relative masses of the gluino and light squarks are inverted,
but with the overall superpartner scale roughly the same. The aggregation of
such pairs allows us to make a very crude estimate of the reach (in the sense of
a five sigma excess of signal over background in at least one search channel) in
terms of the gluino mass and general squark mass for a broad array of DMM
parameter sets. For the case m; > m; we estimate a reach to be approximately
mg < 1800GeV in 100 fb~! of data, while for the case m;, > m; we estimate the
reach to be m;, < 1270 GeV in 100 fb~* of data.

2.6 Dark Matter Detection in Deflected Mirage
Mediation

Even with the discovery of the Higgs, and increasingly stringent measurements of
the dark matter relic density, model points with binolike, winolike and / or Higgsino-
like LSPs remain from every combination of modular weights. One may now ask

if any of these points, not yet excluded by searches for superpartners at the LHC,
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could be detected in the near future in dark matter direct detection experiments. We
focus on direct detection here, as indirect detection signals (gamma rays, positrons,
anti-protons, neutrino fluxes, etc.) tend to be well below estimated astrophysical
backgrounds once the signal is scaled by the predicted thermal relic density. That
is, winolike and Higgsino-like LSPs in the DMM scenario tend to have thermal relic
densities below that preferred by measurements of the CMB. Once any nonthermal
mechanism for populating these LSPs is posited, the constraints from indirect
detection become highly constraining [62-65].

To date, discovery prospects for neutralino dark matter (100GeV < m, <
1000 GeV) have been dominated by the liquid xenon direct detection experiments:
the Xenon100 Dark Matter Project in Gran Sasso, Italy [66], and the South Dakota-
based LUX experiment [67]. The former released data in 2012 for 224.6 live days of
exposure on a 34 kg target [68]. In 2013, the LUX experiment released a preliminary
result from 85.3 live days of exposure on a 118 kg target [69]. In the near future, LUX
will release data from approximately 300 days of exposure, while the extension of
Xenon100 to the one ton level, Xenon1T, will follow soon thereafter [70]. We can
therefore discuss the discovery prospects for dark matter in two stages. First we
determine what, if any, parameter space is already in conflict with existing results
from Xenon100 and LUX. We then project what part of the parameter space might
yield a signal in future results from LUX, XenonlT, or LZ, the next generation of the
LUX experiment [71].° In what follows we will consider a subset of 258,225 DMM
points, all of which satisfy m; > 1 TeV, which can reasonably be expected to have

passed the LHC supersymmetry searches at /s = 8 TeV.

Binolike LSPs

A nearly binolike LSP can be found for nearly all modular weight combinations.

For the purposes of discussing dark matter phenomenology, it is convenient to

*We focus exclusively on those experiments which are sensitive to the spin-independent part
of the scattering cross-section, as our investigations indicate that experiments sensitive to spin-
dependent cross-sections, such as the PICO-2L experiment [72], and its future upgrades, are always
less sensitive to any given parameter point than the large-scale spin-independent measurements.
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Figure 2.16: The left plot shows the distribution in neutralino-nucleon scattering
cross sections versus neutralino mass for the binolike segment of the DMM parame-
ter space. The lines represents the current and future limits set by the recent results
from Xenon100 and LUX, and future limits from LUX, Xenonl1T, and LZ under the
assumption that the relic density is saturated. The predicted thermal relic density is
indicated by the color code. The right plot gives the rate of nuclear recoils, rescaled
by the relic density, and integrated over the recoil energy range of 5-25 keV, after
one ton-year of exposure. Current limits from Xenon100 and current/future limits
from LUX are represented as straight lines where 10 events would be observed.
The color in the right figure indicates the gluino mass in GeV. Both plots aggregate
all the cases with a binolike LSP for all modular weight combinations.

aggregate these modular weight combinations and consider the bulk properties of
all binolike neutralino cases as one phenomenologically similar region. For this
combined region, the LSP is heavy, ranging from 590 to 2570 GeV. The left plot in
Figure 2.16 shows the familiar neutralino-nucleon cross section versus LSP mass for
all of the targeted scan regions with binolike LSPs. The lines represent the results
from various dark matter direct detection experiments under the assumption that
the relic density constraints are saturated. The color scheme in the left panel gives
the predicted thermal relic density for each point. Clearly, many of these points
would need to rely on some non-thermal production mechanism for this figure to
be valid.
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More realistic, perhaps, is the right panel in Figure 2.16, which gives the number
of expected events for an exposure of 300 days for 1000 kg of liquid Xenon (i.e.
one ton-year), within the recoil energy range of 5-25 keV. In this case, we have
renormalized the count rate to the expectation for the predicted relic density. That
is, we have scaled the prediction by the ratio (Q2A?)preq/0.12. In this panel, current
limits from Xenon100 and current/future limits from LUX are represented as
straight lines where ten events would be observed.

The 2013 LUX data for LSPs in the appropriate mass range, corresponding to
a fiducial volume of 118 kg and an exposure of 85 days [69] has already begun to
cut into the binolike parameter space, but only marginally so. While there are a
handful of points with very large cross sections, the bulk of the binolike parameter
space in the DMM scenario is currently outside the reach of these experiments. The
2015 run of LUX, Xenonl1T and LZ expect to improve the limiting cross section on
(WIMP)-nucleon scattering by orders of magnitude. For many of these points, more
than O(1) events per ton-year are expected, which could lead to significant signals
in future direct detection experiments. Note that upcoming LUX data should begin
to eliminate models with characteristic gluino masses up to O(3 TeV) (see color key
in right panel of Fig. 2.16).

However, for binolike LSPs in the DMM paradigm, that improvement is likely
to leave a significant portion of the parameter space unexplored, including many of
the points with a Planck-preferred relic density of 2, h* ~ 0.12. This data set also
includes points below the cross section for coherent neutrino scattering [73], the
blue line on Fig. 2.16. For all of the points below the neutrino floor, the LSP is nearly
degenerate with either the stop or the gluino giving us significant coannihilation
effect in the early Universe. Many of these points should still be accessible at the
LHC or a future 100 TeV collider.

Winolike and Higgsino-like LSPs

In contrast to pure mirage mediation, as in KKLT, a winolike LSP can be found
for many modular weight combinations in DMM. As was done in the previous
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Figure 2.17: The left plot shows the distribution in neutralino-nucleon scattering
cross-sections versus neutralino mass for the winolike segment of the DMM pa-
rameter space. The lines represents the current and future limits set by the recent
results from Xenon100 and LUX, and future limits from LUX, XenonlT, and LZ
under the assumption that the relic density is saturated. The predicted thermal
relic density is indicated by the color code. The right plot gives the rate of nuclear
recoils, rescaled by the relic density, and integrated over the recoil energy range of
5-25 keV, after one ton-year of exposure. The color in the right figure indicates the
gluino mass in GeV. Both plots aggregate all the cases with a winolike LSP for all
modular weight combinations.

subsection, we combine our analysis for all modular weights. The left plot in
Fig. 2.17 shows the neutralino-nucleon cross section versus LSP mass for all of the
targeted scan regions with winolike LSPs, analogously to Figure 2.16. The lines
again represent the results from various dark matter direct detection experiments
under the assumption that the relic density constraints are saturated. The right
panel gives the number of expected events for an exposure of 300 days for 1000 kg
of liquid Xenon (i.e. one ton-year), within the recoil energy range of 5-25 keV, scaled
by the ratio (2h?)prea/0.12. The winolike region extends from roughly the LEP
chargino limit of 103.5 GeV, to 2.5 TeV, spanning much of the region from 10~** to
107*® cm?. Note that the predicted thermal relic density is a strong function of the

LSP mass, saturating the Planck limit at approximately 2 TeV.
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Figure 2.18: The left plot shows the distribution in neutralino-nucleon scattering
cross-sections versus neutralino mass for the Higgsino-like segment of the DMM
parameter space. The lines represents the current and future limits set by the recent
results from Xenon100 and LUX, and future limits from LUX, XenonlT, and LZ
under the assumption that the relic density is saturated. The predicted thermal
relic density is indicated by the color code. The right plot gives the rate of nuclear
recoils, rescaled by the relic density, and integrated over the recoil energy range of
5-25 keV, after one ton-year of exposure. The color in the right figure indicates the
gluino mass in GeV. Both plots aggregate all the cases with a Higgsino-like LSP for
all modular weight combinations.

In the alternative case for which the neutralino is almost purely Higgsino-like, we
again aggregate all eight combinations of modular weights that admit a Higgsino-
like LSP into a single region. For this combination, the LSP can be as heavy as
2.4 TeV, which is slightly lighter than the maximum value in the bino- or winolike
case. However, LSPs as light as 100 GeV are also present. The neutralino-nucleon
scattering cross section is similarly spread over a wide range of values. The entirety
of the parameter space has a cross section of between 107*¢ and 10~** cm?.

As with the previous two figures, the left plot in Figure 2.18 shows the neutralino-
nucleon cross section versus LSP mass for all of the targeted scan regions with
Higgsino-like LSPs, analogously to Fig. 2.16. The lines again represent the results

from various dark matter direct detection experiments under the assumption that
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the relic density constraints are saturated. The right panel gives the number of
expected events for an exposure of 300 days for 1000 kg of liquid Xenon (i.e. one ton-
year), within the recoil energy range of 5-25 keV, scaled by the ratio (Qh?)preq/0.12.

While more of the winolike and Higgsino-like parameter space is being con-
strained by current experiments than in the binolike case, the bulk of the viable
points lie outside the reach of Xenon100 and LUX, (see the right panels of Figs. 2.17
and 2.18). The anticipated release of new LUX data will begin to probe models
with relatively light gluinos in the Higgsino-like LSP regime, thus largely overlap-
ping with anticipated early LHC results. In the more limited wino-like regime,
however, some model points within reach of LUX correspond to gluino masses
of 3 - 4 TeV, likely outside of the LHC reach even after 3000 fb~!. LUX claims a
future background expectation of approximately 1 event per ton-year at these recoil
energies [67]. It is therefore plausible to expect an even larger fraction of spectra
with a Higgsino-like LSP may be within reach in the near future. Note that all of the
DMM parameter space with a winolike or Higgsino-like LSP should give signals
well-above the background signal from coherent neutrino scattering. In fact, it is
conceivable that the entire parameter space with Higgsino-like LSPs in the DMM
model will be definitely probed by the LZ experiment in future years.

2.7 Conclusions

If there is any single paradigm for supersymmetry breaking that could claim to be
considered a consensus within the string phenomenology community, as of this
writing, it would undoubtedly be the mirage mediation scenario popularized in
the period following the celebrated paper detailing moduli-stabilization in certain
type IIB flux compactifications by Kachru et al. (KKLT) in 2003 [11]. The pattern of
soft terms, which was soon referred to as mixed modulus-anomaly mediation [23],
or more simply “mirage mediation” [74], is not unique to type IIB constructions. In
fact, the so-called mirage pattern of gaugino masses were first identified in heterotic
string constructions that achieved acceptable moduli phenomenology using the
technique of Kahler stabilization [29, 75-77]. In the years following the KKLT
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publication, ever more manifestations of the mirage pattern of guagino masses
were motivated, culminating in the original papers describing deflected mirage
mediation [8, 9].

Given the ubiquity of the mirage mediation paradigm, and its general acceptance
as a realistic outcome of moduli stabilization and supersymmetry breaking in a
variety of string theoretic contexts, it is absolutely natural to begin an in-depth
study of the implications of LHC data on string-motivated models on this subset of
theories. The first two papers on this series were conducted in the heterotic [6] and
original type IIB contexts [7], so a natural completion to this study is the present
work.

Deflected mirage mediation models offer the broadest possible paradigm for
investigating supersymmetry breaking of any ultraviolet-complete theory, in that
they allow for similar-sized contributions form gravity mediation, anomaly media-
tion and gauge mediation. The present work expands upon eatlier treatments of the
parameter space of DMM models [13-15] by updating the constraints implied by
collider-based superpartner searches, dark matter search constraints and, critically,
the measurement of the Higgs boson mass. The latter has profound implications
for all supersymmetric theories, and this is particularly acute for the models of the
KKLT/fluxed type IIB paradigm.

In the previous work [7], which studied the simplest mirage mediation models
motivated by flux compactifications of Type IIB string theory, it was found that the
relatively large CP-even Higgs mass of m;, ~ 125 GeV puts very strong constraints
on the allowed parameter space. Some combinations of modular weights for the
matter and Higgs sectors are very hard to reconcile with all current experimental
constraints, while other can persist only for very special ranges of parameters like
oy, My and tan 3. Overall, points in the parameter space that would give a sufficient
Higgs boson mass would tend to imply superpartners that are so massive as to
avoid detection at the LHC, even after 3000 fb~' of integrated luminosity. This
is also in evidence in the current work, in the form of the KKLT “base points” of
Table 2.1, none of which are estimated to generate a discovery at the LHC.

Yet the inclusion of a sector which mediates supersymmetry breaking via gauge
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interactions radically alters this prediction, allowing for much lower superpart-
ner masses — particularly for the gluinos and quarks — while still satisfying the
requirement that m; ~ 125GeV. In fact, it is possible to achieve gluino and
squark masses so low that a discovery would have been made in the previous
LHC runs at /s = 8 TeV. Roughly speaking, we find a reach of m; < 600 GeV for
Am(g,x}) < 50GeV, and m; < 900GeV for more sizable mass gaps. Moreover,
DMM corrections tend to alter the masses of SU(3)-charged objects in a correlated
way, tending to compress both the gluino and the stop toward the lightest neu-
tralino mass. The modular weight combinations most likely to produce spectra
detectable at /s = 8 GeV are the (ny,ny) = (0, 0), (0, 0.5) and (0.5, 0) cases, with
low messenger scale and a, > 0 — precisely the most interesting cases from the
point of view of string model building. This gives hope that the next round of LHC
data taking will probe deeply into this rich parameter space.

At the end of 2015, ATLAS release a handful of studies searching for super-
symmetry in 3.2 fb~! at center-of-mass energies of /s = 13 TeV [78-84]. Of these
searches, the cases with low-multiplicity jets plus missing transverse energy, both
with a lepton veto [78] and with a single lepton [81], are the most sensitive to
low-mass points such as those presented in Table 2.9. Based on the reported limits
translated into the mg — myo plane, we estimate that point 2.2 from Table 2.9 would
have been discovered in both of these channels. Other potential early discovery
cases, such as points 5.1, 6.1, and 6.2, would lie within the one-sigma band about
the reported observed limit. As our simulations suppose a center-of-mass energy
at 14 TeV, a direct comparison with the reported observations is not possible.

We have estimated the reach of the LHC at /s = 14 TeV center-of-mass energies
within the DMM parameter space by sampling parameter combinations that give
the lowest possible values of key superpartner masses. For the case m; > m;, we
estimate a reach to be approximately m; < 1800 GeV in 100 fb~" of data, while for
the case m;, > m; we estimate the reach to be m;, < 1270 GeV in 100 fb~* of data.
Much of the o, > 0 parameter space will be probed, including those regions around
the theoretically motivated area of a,,, ~ 1. The most likely discovery channel will
be in the low-multiplicity jets plus missing transverse energy channel, with lepton
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vetoes, but corroborating signals should be expected in various channels utilizing
b-tagged jets, or those channels which emphasize a lopsided two or three-jet event,
which will resemble the classic “monojet” signature. In fact, the presence of these
corroborating signals will be precisely the indication that a compressed spectrum
is present.

The search strategies we employ were defined for applicability at /s = 8 TeV.
Surely, the kinematic cuts can be adjusted to more fully optimize the signal to
background. Some suggestions were identified in the course of discussing the
strengths and weakness of various b-jet-based signatures, and various monojetlike
signatures, through various case studies involving the DMM points of Table 2.3.
One can undoubtedly do even better, and we encourage our experimental and
theoretical colleagues to consider such top-down motivated models for honing
signal definitions in the forthcoming LHC run. There has been much interest of
late in two opposite extremes: the study of so-called simplified models, which posit
a very simple superpartner spectrum with large mass gaps generating energetic
decay products, and compressed-spectrum models which are motivated from the
bottom-up in terms of some abstract sense of “naturalness”. The former are popular
with the experimental community, while the latter seem to be enjoying popularity
with model-builders. The DMM paradigm allows a unified, ultraviolet-complete
and string-motivated framework that spans both extremes. We therefore hope
that studies such as this one will serve as motivation to continue to refine search

strategies to maximize the impact of the coming LHC data.
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3 ELECTROWEAK NATURALNESS AND DEFLECTED MIRAGE

MEDIATION

3.1 Introduction

Theories with TeV-scale supersymmetry, such as the minimal supersymmetric
standard model (MSSM) and its extensions, have long been considered to be leading
candidates for new physics that can elucidate the origin of electroweak symmetry
breaking and address the gauge hierarchy problem associated with the Standard
Model Higgs boson. With the null result to date of searches for superpartners, and
with the very recent turn-on of the Large Hadron Collider (LHC) which will probe
TeV-scale energies at an unprecedented level, the issue of theoretical “naturalness”
is a key question for this class of theories. !

Of course, the question of how “fine-tuned" a specific model is depends on
the criteria used to gauge it. One general method, which has become a standard
approach, is to evaluate the sensitivity to observables such as the Z boson mass
myz to changes in the input parameters at a high scale, for example by the Barbieri-
Giudice fine-tuning measure [2—4],

d1lnm?

O0lna;

Apg = max; , (3.1)

in which the a; represent the parameters at the theory. This measure quantifies the
extent to which electroweak to TeVscale observables are sensitive to variations in
the high scale parameters and as such is a gauge of the naturalness of the theory.
However, it has recently been emphasized (see, e.g., [5]) that to address the
specific question associated with naturalness in light of the nonobservation of
supersymmetry at the LHC, which is how the observed value of m; emerges when
the superpartners must generically have masses that far exceed this value, fine-

tuning measures other than Ag; may yield valuable information. One specific

1 This section was published previously in Ref. [1].
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fine-tuning measure of this type is known as the electroweak fine-tuning measure
Agw, [5-17], which assesses the extent to which cancellations occur in the prediction
of the Z boson mass as a function of the model parameters. In practical terms, fine-
tuning by this measure is a reflection of the degree to which the model parameters
that enter in the expression for m  are of order m  themselves at the electroweak
scale (low fine-tuning) or are much larger (high fine-tuning). It has been emphasized
previously that the naturalness measure A~! can serve as a Bayesian prior and as a
likelihood estimate [18, 19].

More precisely, in the MSSM, the Z boson mass is given at one loop by the

following well-known relation:

B s o
2 tan? 8 — 1 ’ )

in which the EZ:Z are the one-loop corrections for down-type and up-type quarks,
respectively (explicit expressions can be found in Ref. [7]). The expression for Agy

then takes the form
Agpw = max;|Cy|/(m%/2), (3.3)

in which the C; are the terms in Eq (3.2), for example —m3; tan®3/(tan® 3 — 1).
As each of the C; are defined at the electroweak scale, each is determined purely
by the supersymmetric spectrum, independent of the high-scale dynamics and
renormalization group running effects that yield that spectrum. For this reason,
this fine-tuning assessment is often referred to as a determination of the degree of
“electroweak naturalness" of a given model.

In studies of electroweak naturalness for various models of the MSSM soft terms,
it has been noted that several general conditions at the electroweak scale result
in low values of Agw and hence a small degree of fine-tuning. These conditions
include (i) |¢| ~ 100 GeV, which results in light Higgsino-like neutralinos; (ii)
my (mz) ~ —m%/2,as easily seen from Eq. (3.2); and (iii) large A;, which is needed
to raise the Higgs mass without requiring heavy stops. These conditions are not
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easily met within certain classes of models but can be achieved in others. In the
19-parameter phenomenological MSSM (pMSSM) [20], it is to be expected that
there are regions of parameter space that meet these criteria and hence yield low
values for Agw, which was shown explicitly in a recent study [16]. Similarly, this
can also be achieved in the 19-parameter supergravity mode (SUGRA19) [9].

However, in models with fewer free parameters, clearly these conditions are
more difficult to achieve. For example, minimal gauge mediation has difficulty
because the A-terms are generated at two loops, and m3; tends to run large and
negative. Models of mirage mediation (the mixed moduli-anomaly mediation
scenario [21-24] based on the Kachru-Kallosh-Linde-Trivedi (KKLT) construction
[25]), also have difficulties, tending to have either large values of 1, for similar
reasons as minimal gauge mediation, or small values of ; and fail constraints
on B meson decays [14] (see Refs. [26-28] for studies of the phenomenology of
mirage mediation). However, the variation on minimal supergravity known as
NUHM2 [29], a nonuniversal Higgs model that has six free parameters, can satisfy
all of these criteria, yielding results for Agw as low as ~ 5 — 10 [8, 14, 16]. The
low fine-tuning allowed in this scenario is quite striking given that the NUHM2
is only a six-parameter model. As such, it has been dubbed “radiative natural
supersymmetry" (RNS), wherein the MSSM and electroweak symmetry breaking
arise naturally as the low energy limit of an underlying supersymmetric grand
unified theory, and its phenomenological implications at the LHC and for dark
matter physics have been thoroughly explored [5, 7, 10-13, 15, 17].

The purpose of this section is to explore the question of electroweak naturalness
within a class of supersymmetric models known as deflected mirage mediation
(DMM) models. This framework is a natural extension of mirage mediation to
include additional contributions from gauge mediation [30, 31]. In deflected mirage
mediation, the gauge-mediated contributions to the soft supersymmetry breaking
parameters can be comparable to the gravity-mediated and anomaly-mediated
contributions at the GUT scale, which in turn produces distinct phenomenology
and a rich theory space for exploring current and future LHC supersymmetry
searches, including examples of both simplified and compressed supersymmetric
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spectra [32-34]. It is worth noting that the question of fine-tuning using high-
scale fine-tuning measures such as Agg within the DMM framework has been
explored [33], particularly in light of the Higgs mass measurement at the LHC
[35-37], though there is no prior fine-tuning study of DMM using the electroweak
naturalness criterion.

As will be discussed in more detail shortly, the deflected mirage mediation
framework, in its most general form, has a rich parameter space that can include
regions that are outside the realm of the pMSSM (e.g., that predicts nonuniversal
scalar masses for the first and second generations). However, for phenomenological
reasons, it is useful to consider only the subspace of DMM theory space that falls
within the pMSSM guidelines. Hence, we consider this restricted DMM parameter
region within this section. This will allow for a straightforward comparison with
the pMSSM. We will demonstrate that within DMM models of this type, there are
regions of parameter space with Agw as low as ~ 3.7; i.e., it is roughly equivalent to
the best-case scenarios in SUGRA19 and slightly better than the best-case scenarios
in the NUHM2/RNS scenario. (Here, we note that direct comparisons with the
PMSSM scan done in Ref. [15] are difficult as they likely have not sampled enough
of the space to capture the low fine-tuned regions that SUGRA19, NUMH2, and
DMM explore, which are all embeddable at low energy in the pMSSM.)

This section of the thesis is organized as follows. In the next section, we quickly
review the soft terms in DMM and discuss the parameter space for the subspace of
DMM models of interest. In Sec. III, we investigate the question of electroweak nat-
uralness for this class of models, and show that there is a region of parameter space
with extremely low values of the fine-tuning measure Agy. We then summarize

and conclude in Sec. IV.

3.2 Overview of Deflected Mirage Mediation Models

Deflected mirage mediation models are characterized by three classes of contri-
butions to the soft supersymmetry breaking parameters. As is the case in mirage
models, there is a KKLT-like contribution to the soft masses that consists of tree-level
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supergravity contributions associated with a modulus field, as well as comparable
anomaly mediation terms at a high scale, which is taken for simplicity to be the
GUT scale M. Deflected mirage mediation scenarios also include gauge-mediated
contributions, which take the form of a deflection of the soft terms at some messen-
ger scale Mpess. The messenger fields associated with the gauge mediation terms
are typically taken to be N vectorlike pairs of fundamental representations of SU(5).
In these scenarios, the MSSM matter and Higgs fields are also each characterized
by a modular weight label n; that appears in the respective Kdhler potential terms
for each of these fields. (To be more rigorous, the Kdhler potential for the MSSM
matter fields is taken to be diagonal in family space. For the matter and Higgs
fields, it generically takes the form K ~ }; K;®;®;, with K; = (T +T) ™.
More explicitly, the high-scale soft terms at M take the form

2 M
M, (= Mg) = My l1 + N o n P] , (3.4)

1672 ¢ " mg/2

Vi Mp
. — = —_— : - 1 .
Ai(p = Mg) = My [(1 n;) T2 Cm 10 m3/21 : (3.5)
0, M AL Mp\?
2 = = 2 - L) T L 1 r - : 1 :
= M) = [(1 " 1672 " nm3/2 (16m2)2 (am nm3/2> - GO

in which mj/, is the gravitino mass (ms/, generically exceeds M, by about a loop
factor in magnitude, and thus is typically of order 10 — 100 TeV). Note that the
physical trilinear terms are A;;;y;;x, in which A;;, = A, + A; + Ay.

In the above expressions, b, = b, + N, in which b, are the one-loop beta func-
tions for the gauge couplings [b, 23 = (33/5, 1, —3) in the MSSM]. The anomalous
dimensions 7, = ~; are given by v; = 23, g2cq(®;) — (1/2) i, [Yirm|?, in which
the y;;. are the normalized MSSM Yukawa couplings and the ¢, are the quadratic
Casimirs. The #;’s are given by §; = 23, 93b.¢a(P:) — i |Yitm|*byitm, in which by,
is the beta function of the Yukawa coupling v;;,,. The quantities #; = 6; are given
by 0; = 43, 92¢a(Qi) — Yijk [Yijel*(3 — ni — nj — ny). (see Appendix A for explicit

expressions)
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The threshold contributions due to gauge mediation at Mp.ss take the form

2
g (Mmess) MP
AM, (1t = M) = —MyN2e2mess) g ] , 3.7
(1 ) oNT e @ (14 ay) nm3/2 (3.7)
4 Miess) Mp1?
Am2 (= Myess) = M2372 aNM a In 2| 3.8
m; (:u ) 0 za: C (1677'2)2 o ( +ag) nm3/2 ( )

Note that the trilinear terms do not receive threshold contributions at one-loop
order, and hence these contributions are negligible.

From Egs. (3.4) to (3.8), we see that the model parameters for a general DMM
scenario thus include (i) an overall mass scale M, associated with the tree-level su-
pergravity mediation; (ii) a dimensionless parameter «,,, which denotes the relative
importance of anomaly mediation with respect to the tree-level gravity mediation
(the KKLT scenario predicts «,, = 1); (iii) the number of messenger pairs N; (iv)
the messenger scale Mpess; (V) the dimensionless parameter o, which denotes the
relative importance of gauge mediation with respect to anomaly mediation; (vi)
the modular weights n,; (vii) the ratio of electroweak Higgs vacuum expectation
values; and (viii) the sign of .. Here, the standard procedure has been followed in
which the model-dependent Higgs parameters i« and b = By are replaced by tan 3,
mz, and the sign of f.

In a general DMM model of this type, the soft scalar mass-squared parameters
have generation-dependent labels given by the possibility of family-dependent
n; values, as well as the presence of Yukawa couplings in the ¢; and +; quantities.
While the contributions to the anomalous dimensions, etc. are typically negligible
for all practical purposes for the first and second generations due to the hierarchical
Standard Model fermion masses, a general assignment of the modular weights
n; can yield a sizable nonuniversal contribution. For simplicity as well as phe-
nomenological reasons, we thus will always restrict ourselves to a subspace of
DMM parameter space in which the matter fields all carry a universal modular
weight n);. In addition, we will assume that the two electroweak Higgs fields
also carry an independent modular weight ny, which introduces an amount of

no-universality.
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The DMM scenarios studied here thus have nine independent parameters (two
masses, six dimensionless parameters, and one sign): the mass scales M, and Mpess,
the dimensionless quantities «,, and a,, the number of SU(5) messenger pairs
N, the modular weights n); and ny, tan 3, and sign . We note that with this
assumption regarding the modular weights these scenarios represent a subset of
the full 19-parameter pMSSM.

3.3 Electroweak Naturalness in DMM Models

In our analysis of electroweak naturalness in this class of DMM models, we use
a subset of the data set as studied in Chapter 2 (Ref. [34]). This data set was
determined as follows: for a randomly chosen mirage mediation point in the region
M, € [1,5] TeV, tan 5 € [5,50], and «,, € [0, 2], we build a three-dimensional scan
in the DMM parameter, scanning «, € [—1, 1] in steps of 0.05, log, [Mmess/GeV] €
[5, 14] in unit steps, and N € [1, 5] in unit steps. The modular weights n,; and ny
for the matter and Higgs fields, respectively, are allowed to vary independently
between 0 and 1 in half-integer steps. The renormalization group (RG) equations
were solved using a version of the package SOFTSUSY 3.3.9 [38] that has been
modified to account for the gauge mediation contributions [30, 31, 34].

The phenomenological constraints applied to these model points are as follows.
At the electroweak scale, points with negative mass squares or that do not result in
electroweak symmetry breaking or that do not have a neutralino LSP are excluded.
The surviving points are then cut according to an upper bound on the relic density,
Q,h? < 0.128, taken from Ref. [39], as calculated by MicrOMEGAs 2.2 [40], and
a (conservative) Higgs mass bound 123GeV < m;, < 127GeV [35-37]. Finally,
we apply constraints from B, — ptp~ and b — sy, with the values of Br(B; —
pt ™) taken within (1.5 — 4.3) x 107! [41-43] and a value of Br(b — sv) within
(3.03 — 4.08) x 107 [44]. These cuts follow the ranges used in the previous work on
Agw [14, 16] to facilitate comparisons with these studies. In total, we use a 2 million
point subset and after application of all phenomenological constraints, leading to
slightly more than 200,000 viable DMM model points.
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Figure 3.1: Agw as a function of the LSP mass for the full data set without a cut on
the gluino mass, and shaded by the gluino mass in TeV.

We now turn to the determination of Agy for these model points. Figure 3.1
shows the results for Agw from the entire scan described previously and used in Ref.
[34]. The results of the figure do not change if we require m; > 1.3 TeV, consistent
with current generic bounds from the LHC [45], because the cut on Br(b — sv)
removes some of the low mass gluinos. We use this bound on the gluino henceforth.

In Fig. 3.1 and the left panel of Fig. 3.2, we see that there is a large region that
is less than 1% fine-tuned. The minimum fine-tuning is of order 27%, Agw =~ 3.7.
These are smaller than the minimum values for the NUHM2 model of Agw ~ 7 [8,
16] or ~ 10 [14], slightly larger than the values found in SUGRA19 [9]. Furthermore,
we see that if we want less than 1% EWFT, then gluino masses less than about 8
TeV are allowed in DMM.

The right panel of Fig. 3.2, shows the relic density as a function of the LSP mass.
The points with the smallest fine-tuning typically have O(150 GeV) LSPs and do

not fulfill the relic density constraint, and another nonthermal species such as an
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Figure 3.2: A plot of Agw as a function of the LSP mass for points with Agw < 100,
(left) shaded by the gluino mass in TeV, and (right) shaded by the relic density.

axion is needed [17]. This does not need to be the case if there are coannihilations
between a heavier Higgsino-like LSP and the right-handed sleptons. An example
of this sort of spectra is shown in the right panel of Fig. 3.3, in which less than
0.5% fine-tuning can be achieved in a corner of parameter space with large M,
and «,,, and both modular weights equal to 1. Removing the upper bound on
the amount of fine-tuning admits spectra where the proper relic density can be
achieved through coannihilation with a stop or gluino as well. Over much of the
Higgsino-like parameter space, the difference between x3 — x! is typically < 10 GeV
and often less than < 5 GeV, leading to very soft and likely hard to detect signals at
LHC13 [10].

The region with Agw less than ~ 100 is made up of points with mass spectra
similar to the two example spectra shown in Fig. 3.3. These two points share a light,
highly mixed stop and very light pure Higgsino LSP, but they also share a near
degeneracy among the next heaviest particles after the Higgsino-like neutralinos
and charginos. In the left panel, we have a near degenerate gluino and stop, and
in the right a near degenerate stau, smuon, and selectron. As mentioned earlier,
coannihillation with the stau allows the spectrum to generate a value of the dark

matter relic density near the measured value from the Planck experiment [39]. The
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Figure 3.3: Examples of the Higgs and superpartner spectra for two representative
points with small(ish) values of Agw. The left panel is a point with Agyw < 4 and
a low value of the relic density (2,h* = 2.4 x 107?), for which M, = 2600 GeV,
am = 1.21, tan 8 = 22, (npr,ny) = (0.5,0), ay = 0.1, Myess = 107 GeV, and N = 2.
The right panel is a point with Agw < 120 and a large value of the relic density
(Q,h?* = 0.113), for which M, = 4800 GeV, a,, = 1.36, tan 8 = 38, (nar,ny) = (1,1),
ay = —0.4, Myjess = 10'* GeV, and N = 1.

left-hand spectra in Fig. 3.3 are similar to the spectra found in points with low
fine-tuning in the NUHM2 model. In this model, and similarly in the SUGRA19
model, the least tuned points tend to have a ~ 1 TeV, highly mixed stop and a
plethora of particles above ~ 1.5 TeV, including a ~ 2 TeV gluino. Unlike NUMH?2,
DMM does not have universal gaugino masses and so M; and M, can and tend to
be much larger.

If we further use a tighter bound of 3.3% fine-tuning, we can compare the bounds
in the NUHM2 model from Ref. [16]. In most respects, the two models agree. In
DMM, the gluino mass is capped at about 5 TeV, larger than the upper bound in Ref.
[16]. Similarly, the bounds on M; and M, of 900 and 1700 GeV, respectively, from
Ref. [16] are instead 4.35 and 4.15 TeV in DMM. Nonuniversal gaugino masses, like
those in DMM Eq (3.4), relax the limits in mSUGRA-like models. Other bounds,
like those on the lightest stop, are similar to NUHM2 and below the upper bounds
from the pMSSM or SUGRA19 from Refs. [9, 16]. The results indicate that as we
increase the number of degrees of freedom the bounds on particle masses, other
than the lightest stop, and parameters, other than 1 and m#; , weaken but are still
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within the range of future colliders and Higgs factorylike experiments [46].

Wino- and binolike LSPs are typically more fine-tuned than Higgsino-like points.
The minimum point with a winolike LSP has Agw ~ 60 and the minimum binolike
point in the sample has Agw ~ 176. These are both more fine-tuned than the
values explored in the natural supersymmetry phenomenological study in the
NUHM2 model of Ref. [15] because they allow for other hierarchies in the soft
terms other than the M; > M, > Msin DMM at the GUT scale. The messenger-scale
contribution E. (3.8) preserves the same hierarchy in gaugino masses, although
the hierarchy in terms of the absolute value of the gaugino masses may change.
This allows for winolike LSPs while there were none in mirage mediation. For
winolike points, the deflection must be large, N > 3 and «, ~ 1, and at a low scale.
The deflection to the Higgs masses for these points are large, positive, and leads
to large values of mfgu at Msysy, requiring a larger value of ;. or the corrections
to compensate, either solution leads to larger fine-tuning. If we were to allow a
lower messenger scale or larger a,, we would likely admit wino-like DMM points
with smaller fine-tuning. Running may also modify this hierarchy, opening up the
possibility of regions with binolike LSPs. Light, pure-bino dark matter tends to be
overproduced, setting a lower bound on M; and g, leading to increased fine-tuning
in the binolike sample.

An investigation of the Higgs mass as a function of the stop mass and the stop
mixing parameter X;, as shown in Fig 3.4, demonstrates that points with low fine-
tuning are typically those that are near maximally mixed | X;/?;| ~ 2.5 and have
TeV-scale stops [47, 48]. In the left panel, we see that in the X, /m; versus Agyw plane.
a lighter Higgs will typically allow points with lower fine-tuning. The notch in the
lower left corner of both distributions corresponds to a region that is excluded by
the constraint on Br(b — s7).

In Fig. 3.5, we see that there are two distinctive regimes for the ;; parameter. In
one regime, m%,u is negative at Msysy, and in the other, quu is positive and runs
to negative values below Msysy. For Higgsino-like points, the latter set forms a
tight band, while the former has a spread. For the same value of ;, points where

mfgu is already negative are less fine-tuned than points where it is positive, but the
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mass. The notches in the lower left corners correspond to regions that are excluded
by Br(b — sv) and Br(Bs — utpu™).

positive points reach lower overall values of ;s and of Agw. The gap between the two
branches comes from the dearth of points where m% ~ 0 at values of ;1 > 1 TeV,
above which electroweak symmetry breaking is difficult to achieve. For bino-like
points, all have negative m7, , with lower fine-tuning occuring for points with larger
values of the up-type Higgs mass. Wino-like points arise from all values of m} ,
with positive values typically having a smaller ;1 parameter and lower fine-tuning.

If we break the sample down by modular weights as shown in Fig. 3.6, we see
that the majority of points with extremely low fine-tuning have ngy = 0. ng = 0
implies that the tree-level supergravity contribution to the Higgs soft mass-squared
parameters is maximized [see Eq. (3.6)], leading to small masses at the GUT scale,
since the anomaly contribution has the opposite sign. In mirage mediation models,
my;, will typically run to large and negative, leading to large values of Agy. In
DMM,, the addition of the messenger fields deflects the soft masses upward, leading
typically to shallower values at Msysy compared to mirage mediation. This is the
radiatively natural scenario explored in Ref. [7, 10-13, 15, 17]. Since the corrections
can be large, there are regions in DMM, where for Agw 2 7, ng = 1/2 can lead to
low fine-tuning as well.
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Figure 3.5: A plot of Agw vs. the ;1 parameter, colored by the gluino mass. The two
tails correspond to points in which m# is positive (top) and negative (bottom) at
Msusy.

Our results show that in DMM all values of n;; studied can result in low elec-
troweak fine-tuning, as opposed to the case of mirage models, which single out
ny = 1[14]. That being said, the best results in DMM tend to occur for n), = 1
or 1/2. These DMM points tend to have soft mass-squared parameters that are
negative at the GUT scale but are positive at Msysy through RG evolution and the
positive messenger-scale deflection due to the gauge mediation terms. The addition
of messengers in DMM leads to larger values for the gauge couplings at the GUT
scale, causing the anomaly mediation contribution to become increasingly large and
negative, and so it may require a nonzero tree-level gravity contribution, n, # 1, to
moderate the soft mass-squared parameters to get light, O(1 TeV) stops. In mirage
models, the GUT-scale value of the couplings is smaller, leading to a small positive
anomaly mediation contribution at the GUT scale, which then runs to give us light
stops. If ny, # 1in these models, the addition of moduli would lead to a heavy stop
and the model would be fine-tuned.
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Figure 3.6: Agw vs the stop mass, with the values of the matter modular weight n,
indicated on the left and of the Higgs modular weight ny on the right, for points
with AEW < 100.

Breaking the results down by other parameters reveals a few other trends in
the fine-tuning results. DMM points with low fine-tuning tend to have one or two
messengers which integrate out at a possibly high scale with potentially any value
of o,. Large values of N also tend to deflect m3; too much to run to a shallow
minimum over much of the parameter space, giving large fine-tuning. Furthermore,
M, must be greater than roughly 1.5 TeV, to get mixed stops to bolster the Higgs
mass, which leads to gluino masses between 2 and 4 TeV that are accessible at the
LHC.

3.4 Conclusions

In this section, we have shown that that deflected mirage mediation, a nine-parameter
scenario in which gravity, anomaly, and gauge mediation all can contribute compa-
rably to the soft supersymmetry breaking parameters of the MSSM, admits spectra
with low electroweak fine-tuning. A comparison of the electroweak fine-tuning
ranges in DMM with many standard models for the soft terms of the MSSM is
shown in Fig. 3.7. Here, we note that an upper bound was not determined in Ref.
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Figure 3.7: A comparison of our results with the fine-tuning ranges found in many
SUSY models as taken from Ref. [9, 14, 16]. The line for the pMSSM denotes the
lower bound determined in Ref. [16]; the arrows denote that the fine-tuning ranges
may go below as well as above this line if a more comprehensive scan is performed.
The DMM points are further broken down by the modular weights n,; and ny for
the matter and Higgs fields; these points are denoted by d(nas, ng). The dashed
line represents Agw < 30, which is considered not fine-tuned.

[16] for the pMSSM. Hence, here we quote the lowest Ay presented (the line) and
use the arrows to denote that the range of fine-tuning likely goes far up and down,
past models that can be embedded in the pMSSM like mGMSB, and at least as low
as models like DMM. Given the large parameter space of the pMSSM, we suspect
that a more thorough scan of this scenario would lead to points that are at least as,
or less, fine-tuned than DMM or SUGRA19.

The results show that DMM does better in general than these standard scenar-
ios, and is comparable to high-scale models with many more parameters such as
SUGRA19. We saw that in DMM models with low numbers of messengers can lead
to values with low fine-tuning. The other parameters that enter into the deflection,
ag and Mpess, do not have any preferred values. For the parameters that enter into
the GUT-scale masses, we notice o, > 1, with some points near «a,,, = 2, M > 1500
GeV, and with any value of tan 5. Similarly ny = 1, almost exclusively leads to
high fine-tuning, but other combinations of modular weights lead to acceptable
values of Agy. Hence, we see that in DMM models the combination of gravity
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mediation, anomaly mediation, and gauge mediation opens up new avenues with
lower fine-tuning and should motivate us to look at models beyond the minimal

set, where correlations between parameters can lead to unexpected results.
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4 NON-ABELIAN DISCRETE SYMMETRIES IN MODELS OF

FLAVORED GAUGE MEDIATION

4,1 Introduction

It is now well understood that minimal gauge mediation [1] is particularly con-
strained by the LHC Higgs measurements [2—4]. These models predict family-
universal scalar masses and vanishing soft triscalar mass parameters (A terms) at
the messenger scale, requiring a significant amount of renormalization group (RG)
evolution to generate the needed structure. Even with this structure, it is generally
the case that the Higgs mass bound requires a very heavy superpartner spectrum
that is largely inaccessible at the LHC. Therefore, it is desirable to go beyond mini-
mal gauge mediation and consider models in which the messengers have nontrivial
Yukawa couplings to the SM sector, as first discussed in [1, 5, 6] and more recently
considered in light of the Higgs data in [7-18]. The soft terms in these models now
include two-loop contributions to the scalar masses and one-loop contributions to
the A terms that depend on the messenger Yukawa couplings (and depending on
the model, there can also be one-loop contributions to the scalar masses). Hence,
while the flavor-blind structure of minimal gauge mediation is sacrificed in these
scenarios, what is gained is a much greater ease in accommodating the Higgs mass
constraints, and thus in constructing viable models of the MSSM parameter space.

An issue then is to handle the flavor violation that results from the new con-
tributions to the soft supersymmetry breaking parameters. In many (though not
all) cases considered in the literature, the models are constructed such that new
contributions are consistent with minimal flavor violation (MFV), and thus are safe
from large flavor-violating effects beyond the SM. Furthermore, in cases in which
there is not precise alignment of this type, viable models can also be constructed
in which the messenger Yukawas can share the same parametric suppression as
the SM Yukawas. In such models, which are known as “flavored gauge mediation"

(FGM) [7], this feature of the messenger Yukawas can also result in acceptably small
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flavor violation [7, 12, 16, 17].

These models use one or more U (1) symmetries to control the couplings between
their messenger and matter fields. The choice of U(1) charges is model dependent,
allowing a hierarchy of couplings through a Froggatt-Nielsen mechanism [19], and
explicitly forbidding couplings between the hidden sector and Higgs fields.

One novel model-building direction, as proposed by Perez, Ramond, and Zhang
[13] (hereafter referred to as “PRZ"), is to consider scenarios in which the SU(2)
doublet messenger fields and the electroweak Higgs doublets H, 4 transform as a
multiplet under a non-Abelian family symmetry Gr. In these scenarios, the fields
that break the family symmetry may also break supersymmetry, resulting in soft
supersymmetry breaking terms with a nontrivial flavor dependence that originates
both from the details of the family symmetry breaking and the mixing of the Higgs
and messenger fields. PRZ constructed a toy two-generation model in which the
SM fermions and the Higgs-messenger multiplets are doublets under an S3 family
symmetry which not only generates a hierarchy in the SM Yukawas, it also predicts
an inverted hierarchy for the messenger Yukawas [13]. PRZ’s work is striking in that
it dispels the standard folklore that the unification of family symmetry breaking
and supersymmetry breaking inevitably leads to excessive flavor violation. As
noted in [13], PRZ’s approach also suggests new flavor model-building directions
in which the Higgs fields transform nontrivially under the family symmetry group,
replacing the ad hoc charges of a U(1) model with the constraints imposed by a
non-abelian discrete symmetry.

Here we extend the PRZ framework and look at models with three generations.
We will see that in this context, the Higgs mass and a viable particle spectrum can
be accommodated within models with three pairs of Higgs doublets, two of which
become the heavy messengers of gauge mediation. Along the way we will look at
the 11/ B,, problem and the constraints it leads to on the messenger-Higgs structure,
discuss different Yukawa couplings and the problems of the top quark coupling,
and note how this structure affects the resulting phenomenology.

The models we construct here will not be complete, in that they are not fully
realizable models of the fermion masses and mixings as well as the soft breaking
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terms. Instead, they will be toy models, which represent the first steps in building
three family models of this type. We will not attempt to build a GUT embedding, to
explain doublet-triplet splitting, or accurately model the triplet messengers, which
we will later put in by hand. More precisely, we will also not attempt to model the
entirety of the flavor structure of the Standard Model, preferring to focus on the
phenomenology of the soft supersymmetry breaking terms in such scenarios with
a non-abelian family symmetry that connects the Higgs and the messenger fields.

The structure of this section of the thesis is as follows. In the succeeding section,
we will review the framework prosed by PRZ and discuss the 11/ B,, problem in this
context. We will then examine the Higgs sector in models with S;. We will then
discuss two model building directions motivated by the interplay of the Higgs-
messenger group and the Yukawa couplings: (i) the Higgs-messengers are coupled
at the non-renormalizable level to the matter sector; (ii) the Higgs-messengers are
directly coupled to the matter sector so the top Yukawa comes from a renormalizable
operator. In each case we will discuss how it fits into the FGM framework and
phenomenology.

4.2 Theoretical Framework

General Considerations.

Here we introduce the general properties of these models. Let G be a finite non-
abelian family symmetry group, under which the MSSM quarks and leptons are
charged. Under Gr, the MSSM electroweak Higgs superfields H, 4 and a pair(s) of
SU(2)w doublet messenger superfields M, 4; are part of non-Abelian multiplets

H..q of G, as follows:

%ul Hu %dl Hd
Ho=|He| =R, | Mu , Hy=| Ha =Ry | Max ) (4.1)
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in which R, /4 are rotation matrices that are obtained upon diagonalizing the Hig-
gs/doublet messenger sector of the theory.

In addition to the MSSM and messenger superfields, the field content may
include a number of flavon supermultiplets. The flavon fields are SM singlets
charged under G, and two different types may be needed. First, there may be a set
of fields that we will collectively call { ¢} which are charged under G, which develop
scalar component vacuum expectation values (vevs) and are used to generate
fermion masses and mixings above the SUSY breaking scale. In addition, we include
a set of flavons {A} that will obtain supersymmetry-breaking F-component vevs,
as well as scalar vevs, through some hidden sector dynamics that will remain
unspecified.

Let us schematically introduce the superpotential,

WY = yu(QﬂHu) + yd(QaHd) + ye(LéHd)a (42)

where vy, yq4, and y. are arbitrary order one factors and the parentheses denote
contractions of the flavor symmetry. Once SUSY is broken and any flavons get vevs,
we can diagonalize the Higgs sector and rotate into mass eigenstates for our matter
or Higgs fields. Thus, the effective Yukawa couplings of the MSSM fields to the
MSSM Higgs fields H,, 4 and to the heavy messenger doublets M, 4;, take the form

Wy = YUQEHU + }/anHd +Y.LeH,

i (4.3)
+ }/;/UQHMZU + Yd/szMdz + YZiLmEMdi'

The MSSM Yukawa couplings can be diagonalized by rotations of the quark and

lepton superfields and the new superpotential is

WY = YuDQmﬂmHu + YdDQmade + }/;DLméde
+ )/i/ QmﬂmMzu + }/d/ZQmEdez + }/ZiLmEdeia

U

(4.4)

where the subscript m denotes mass eigenstates for our matter fields, and the

superscript D denotes that the couplings are diagonal. The messenger Yukawa
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couplings are not necessarily diagonal in the same basis as the MSSM Yukawas
and may generate nonzero off-diagonal entries in the scalar mass squares and A
terms from the messenger-matter mixing corrections. The non-abelian nature of
G'r relates the matter and messenger Yukawa couplings and forces these couplings
to be modeled simultaneously.

A minimal Higgs-messenger sector and the 1/ B, problem.

To proceed, it is necessary to specify the details of the Higgs-messenger sector. The
structure of this sector will determine the form of the rotation matrices R, 4 that
enter into Egs. (4.1) and (4.4), as well determine the Higgs masses. Here we will first
do this by introducing a minimal Higgs-messenger sector, following the general
example of PRZ, and then point out that a 11/ B,, problem arises, which will require
an extension of this minimal sector. More precisely, this minimal sector consists of
a field A that is a doublet with respect to Gp; this field will break supersymmetry
as well as Gp. The Higgs-messenger interactions in the superpotential then take
the form

in which ) is a dimensionless coupling, m is a supersymmetric mass parameter
(i.e., a u term), and the parentheses will denote Gy contractions. In this argument
we will assume that Gr = S, in line with what is used in PRZ. S; is the symmetric
group of 6 elements with two one-dimensional representations and one doublet
representation (more details, including the Clebsch-Gordon coefficients for the
tensor products of group representations, are given in Appendix B).

Through some hidden sector dynamics A acquires a vacuum expectation value

for its scalar and F-components, which is parametrized as follows:

OA) = v ( Sin @ ) S+ PF ( sin g ) . (4.6)

cos @ cosé
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Here ¢ and ¢ characterize the vacuum directions of the scalar and F' components,
respectively, and in which it is assumed that F' < v?. After symmetry breaking,
the effective superpotential takes the following form:

WH:%f(USID¢ " )’Hd+927—[5(Fsmg 0 )Hd 4.7)

m  vCos @ 0 Fcosé

= HoMHy + 0°H, FH, (4.8)

where H,/; have been taken to be doublets of S;. As discussed in PRZ, when

[M, F] # 0, the resulting fermion soft mass-squared terms have contributions at one-

loop due to the Yukawa interactions between the Higgs and matter fields, while
M6

contributions are at two-loop order (see also [1, 5] for discussions of the cancellation

when [M, F] = 0, these one-loop terms are suppressed O (F 4) and the leading

of the one-loop contributions in this case), which is phenomenologically preferable.
Thus, we will focus on the case of the vanishing commutator, which from Eq. (4.8)
yields the condition

0 mF(cos§ — sin§) ) —0. 4.9)

M, F] = ( —mF(cos€ — sin &) 0

Thus there are three solutions; (i) m = 0, (ii) F' = 0, and (iii) £ = 7/4 with m # 0
and F' # 0. In the first case, there are no off-diagonal entries and so no mixing
between the Higgs-messenger states, and so we ignore this case. In the second,
supersymmetry is not broken, and we ignore this case as well. Finally, when ¢ = 7 /4
with m # 0 and F' # 0, F must be proportional to the identity to satisfy Eq. (4.9). M
is not constrained by this requirement.

Proceeding with an analysis of the Higgs sector for Eq. (4.8) with { = 7/4,
we see immediately that this scenario suffers from a severe 11/ B,, problem. More
precisely, I is proportional to the identity, and the symmetric structure of M results
in R, = R4 for H, 4 as given in Eq. (4.1). The diagonalization of the Higgs sector
into the electroweak Higgs fields and the messenger fields thus clearly results in
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equivalent b = B, ~ O(F') terms for each set of fields. Recalling that F' >> mgs ~
(1/(1672))F /v, it is clear that since y can be much smaller than /F (for example, in
PRZ there is an effective seesaw structure for the i term [13]), generally we have
B, > pand B, > mgf.

The 1/ B,, problem of this framework is not surprising given the well-known fact
that gauge-mediated models generically suffer from a 11/ B,, problem (see e.g. [1]
for an overview). However, we wish to point out that the problem is particularly
acute for scenarios of this type in which the Higgs and doublet messenger fields
are related by nontrivial family symmetry transformations. To see this more clearly,
recall that it has long been realized that a direct superpotential coupling of the
supersymmetry breaking field to the electroweak Higgs doublets H,, 4 is particularly
dangerous. Following the usual notation that the supersymmetry-breaking field is
denoted by X (here X collectively denotes the components of A), the superpotential
coupling

Wu=\XH,Hy, (4.10)
generates a tree-level value for both ;. and B
w=MX), b= Bu = \Fx), (4.11)
and hence
B = (Fx)/{X) ~ 16m*msog, (4.12)

and so it is desirable in general to eliminate the coupling of Eq. (4.10). In this
scenario, however, H, ; are embedded together with the doublet messengers M, 4;.
Hence the need to have a superpotential coupling between X and #, 4 to generate
the soft supersymmetry breaking terms means that the superpotential coupling of
X to the Higgs fields as in Eq. (4.10) is automatically also present, resulting in a
severe [/ B,, problem.

Methods to alleviate this problem are not obvious. Most approaches to resolving
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the 11/ B, problem of gauge mediation without fine-tuning begin by forbidding
the coupling of Eq. (4.10) and generating 1 and B, from alternative operators (see
e.g. [20]); however, this is precisely what we cannot do because couplings of the
form Eq. (4.10) are unavoidable. Even with fine-tuning, we recall from Eq. (4.9) that
merely setting the F' term component of A that couples to the eventual electroweak
Higgs doublets to zero is not possible in this minimal Higgs sector, as doing so
would then result in [M], F] # 0, and thus unwanted one-loop contributions to the
soft scalar mass-squared parameters would be reintroduced.

Therefore, to construct a working (toy) model, we need to enlarge the minimal
Higgs-messenger sector to include additional fields and to avoid B, = O (%)
Options include:

¢ Add additional singlets that do not develop [ terms and attempt to address
the 11/ B, problem via a next-to-minimal supersymmetric standard model
(NMSSM)-like approach in which at least one singlet field is tied with elec-
troweak symmetry breaking (See Ref. [1, 21]).

* Another is to simply introduce another supersymmetry breaking flavon field
A’ such that the large B, term of the Higgs fields can be fine-tuned to accept-
able values. We would need another field A’ (like A) to couple to #H,, 4 in the
superpotential and obtain both scalar and F-component vevs, and we will
also assume that A and A" have different G quantum numbers. [ can then
have enough degrees of freedom such that a hierarchy of eigenvalues can be
engineered while still maintaining [M, F] = 0.

* One final way is to enlarge the Higgs sector while keeping a single SUSY
breaking flavon. In this solution, the additional degrees of freedom gained
through using more Higgs fields opens up a direction where the mass and F
term matrices can simultaneously have one small eigenvalue through tuning
the direction of (AA).

We explore the this final option in the next section, because it shares the the
most similarities with the setup explored in PRZ, and leave the other options for
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future work.

4.3 An Extended Higgs and SUSY breaking sector

In PRZ, they introduced S; doublets of up and down type Higgs and a SUSY
breaking S; doublet A. We extend our Higgs sector by adding an up- and down-
type Higgs doublet, which are S3 singlets. The superpotential couplings are

Wi D MAHy2Haz) + N(AHu1 Haz) + N (AHu2Har), (4.13)
D mHIMH, + ? FHIFH,, (4.14)

where HT = (Hu21, Huz2, Hu1) with a similar embedding for H,, the bold subscript
denotes the S; representation of a field, and

sin ¢ 0 €' cos ¢ sin& 0 €' cos&
M = 0 cosp esing|, F= 0 cosé  €siné |, (415
€"cos¢p €"sing 0 €"cosé €'siné 0
in which ¢ = M/Xand ¢’ = \’/\. Without bare mass terms, the commutation

condition [M, F| = 0 only has solutions when ¢’ = ¢’ = 0 or ¢ = £ . In the latter, the
singlets are uncoupled and do not mix with the S; doublets; and in the former, our
two matrices are identical and the eigenvalues will be proportional. The ratio of
the smallest eigenvalues B, will be then proportional the F'/m, exactly the 11/ B,
problem.

One way to modify this relationship is to introduce bare mass terms for the
messenger-Higgs multiplets and induce some amount of misalignment between
our two matrices. If we introduce bare terms km(H,oHaz) + £'m(HuaHar ), filling
in the zeros in Eq. (4.14), the commutation condition is satistfied only when either:

2. k=r,¢ =€ =1,and ¢ = £ + arcsin (k(cos —sin§)),
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3. k=+r,€¢ =1/",and ¢ = £ + arcsin (k(cos§ — sin §)).

In the first case, our Higgs eigenstates are uncoupled and there is no mixing.
The second is a special case of the third where the mass and F term matrices are
symmetric. We choose here to focus on the cases where M and F are symmetric. In
the case of interest, when k = +/, ¢ = € = 1, and ¢ = £ + arcsin (k(cos§ — sin¢)),

the mass matrices are

sing Kk  cos¢ siné 0 cosé
Wy o>mHI | k  cos¢ sing |Ha+PFHE| 0 cos¢ siné | Ha, (4.16)
cos¢ sing K cosé¢ siné 0

with eigenvalues, which are masses and F' terms, given by

m:K—i—cosq§+singb, ﬁ:cosf%—sinf,
m F

Moz = j:\/l + K2 — Kksin ¢ — cos ¢(k + sin @), f;/g = +4/1 — cos&sin&.

We have two parameters « and { which determine our system, giving us the residual

(4.17)

freedom to tune the model. If { ~ —7 + 1, where 7 is small, the eigenvalues become

o 3k + V2 — 4kK?,

m

(4.18)
ma/3 § 9 f2/3 . §
_:E(\/2—3/€—\/§/€77), = =4+ 5

[
I
3
S

and R, /q are

uoe(3-VE) G (-va-3)
Rua=| 7 §(-v3-3) §(3-v3) [+0Om). (419)

and |x| < % so that the masses are real. By placing A in a doublet and working in

the —7 direction, the mass matrix preserves a residual Z; symmetry which forces
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two degenerate eigenvalues.
This structure has also realized a way to accommodate the 11/ B,, problem. We
see that

V21 F

h 3k+n 2 —drZm’

o~ (3K + V2 — 4K2)m, B, (4.20)
There are two limits of interest. If x is O(0.5), we would have B ~ n£, however the
p term is O(m) and too large. If & ~ 0, pis O(km) and B, o 2L This latter case
allows i and B, to be separately fine-tuned. Although, this is not a solution to a p
problem since ; must be tuned to be much less than m, it is still progress compared
to minimal gauge mediation or models with an operator like Eq. (4.10).

We could also reassign one or more of our singlets to the 1’ representation.
If we reassign both singlets, it is equivalent to introducing a sign in Eq. (4.14).
Reassigning a single singlet will not lead to a symmetric mass matrix. We may
also promote the bare mass term to a flavon in a larger representation. This will
perturb the eigenvalues and eigenvectors, but the messenger-Higgs spectrum will
fundamentally look like the previous case.

4.4 A Nonrenormalizable Model

In most flavor models with a family symmetry, the Higgs is inert with respect to
the family symmetry. However, in the models we are looking at, the Higgs must
have flavor structure, necessarily complicating the model. One may be motivated
to get around charging the Higgs under the same horizontal symmetry as matter
by breaking G into something like Gr = G; ® G;, in which Gy is a “traditional”
family symmetry group and G, is the (non-Abelian) Higgs-messenger group. By
“traditional," what we mean is that the MSSM quarks and leptons are charged under
Gy, while the Higgs fields and the messengers are inert. The messenger-Higgs group
G, is another non-abelian group that governs the Higgs and messenger fields. This
framework closely parallels the approach of PRZ [13], with the main difference that
PRZ takes S to be the full family symmetry group while we would take it to be the



140

Higgs-messenger group. As a result, one of the primary differences between these
approaches is the nature of the superpotential Yukawa couplings of the MSSM
matter fields. While such couplings are renormalizable operators at leading order
in PRZ’s approach, in the most minimal version of this scenario they must originate

from higher-dimensional operators, for example:
1 oo 1 oo - 1o,
WS KQmYuUm(Qﬁ/HU) + KQmYddm(¢Hd) + XLmYeem(ﬁbHdL (4.21)

where the matter fields are in mass eigenstates, Y,,/4/. are diagonal matrices of
Yukawa couplings, the parentheses denote contractions under G, ¢ is at least one
flavon charged G, and under possibly charged under G;, A is a (presumably high)
scale, and we have suppressed other indices for notational simplicity.

One model-building issue that immediately arises is that, as seen in Eq. (4.21),
all quark and charged lepton masses result from nonrenormalizable operators.
Obtaining a sufficiently large top quark mass thus would require field variations
(¢) ~ A, which signify that a tower of higher-dimensional operators can result in
competitive contributions. ! Since v,/A must be of order one, higher dimension
operators like Q*Y, u(¢?*H,)/A? will be similar in size to the leading term unless
they are sufficiently suppressed.

One way to generate this suppression is to introduce a global U(1) or Z,,. As an
example, let the charges for a field f under a new U(1) be ¢;. Wanting the Higgs
sector of Eq (4.14) and the Yukawa couplings of Eq. (4.21), the charges have to
satisfy

4o + qn, = 1,
a6 +aqu, =1, (4.22)
aa + Gu, + @y =0,

where we have chosen to define our symmetry such that terms like QQu have net

IThis problem is avoided altogether if there is an additional up-type Higgs field that is a singlet
under G and that only couples to the top sector at the renormalizable level. Of course, in practice an
additional Higgs pair would then need to be introduced to avoid anomalies. These new Higgs fields
will mix with the Higgs-messenger fields of Eq. (4.1), and depending on the details of the Higgs
potential, can in principle result in another pair of light Higgs in the effective TeV-scale theory.
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charge -1. For example, if g3, = qu, = n, ¢, = 1 — n and ga = —2n, there will still
be operators like X Qu(¢H., ) (AH,H,), which filters SUSY breaking effects into our
matter fields. This operator must be verboten or A must be large.

We could also use R-symmetry. Since each of the terms in the superpoten-
tial would need to have R-charge 2, terms like 3;Qu(¢H,)(AH,Hq) would not
be allowed. Depending on the choice of charge and field content other higher
order operators may be forbidden as well. In this process we have seen that dan-
gerous operators will often arise when trying to work at the nonrenormalizable
level. Assuming these operators are suppressed, we now move to analyzing the

phenomenology of these models.

An example

For the nonrenormalizable Yukawa couplings of Eq. (4.21), let (¢) = v4é, where é is
a normalized vector in the ¢ vacuum direction. The Higgs fields can be expanded

in terms of this direction
WD Qh Yl 3 b + S Q Yad Y et + LY 3 e, (423)

and rotated into mass eigenstates

W D % TTnYuﬁm (Z eiRuin Hy + Z éiRuijMuj) + Down Quarks and Leptons.
7 ij

(4.24)

The sums are equivalent up to a multiplicative factor, so if we define Y, = %Yu i €iRuit,

W o QLY (Hu +> )\ujMuj) + Down Quarks and Leptons, (4.25)

J
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where the \,; = % = O(1). If we use a Higgs sector like Eq. (4.14), and if the
mass matrix is symmetric, then these order one numbers will be the same for each
family. The structure of the Higgs messenger-sector did not influence the couplings
because the vacuum direction of ¢ is not modeled and so we can only schematically
parameterize the couplings.

This setup is very similar to that explored in Refs. [7-9, 11, 12, 14, 15]. In these
references, they introduce a single third generation messenger coupling which can
generate large A terms for the third generation and a sizable mass splitting for
the left- and right-handed scalars though the two loop messenger-matter mixing
corrections, leading to a large one loop contribution to the Higgs mass. Their goal
was to generate light stops through the interplay of the guage-Yukawa terms in
the messenger corrections. For a single messenger Higgs, the corrections look
schematically like

om? o ay® — bg*y? (4.26)

where a and b are coefficients. If the gauge contribution were larger, the correction
would be negative, splitting the third generation from the first two generations.

If we work with the symmetric Higgs sector as given in Eq. (4.16), we can accom-
modate different values for u and B,,. In this setup, there are two heavy messenger
doublets and so there will be additional messenger-matter mixing corrections from
the couplings of the two messenger Higgs states. These corrections are shown in
general in Appendix C. These corrections are positive, lessening the splitting for the
third generation. If we assume only third family Yukawa couplings, the corrections
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are

ding = ; (0m2 + om3) ,

A%y?0? 13 16
~2 t 2 2 2 2 2 2 2
omg = 198 (ybd + 6y; (14 07) — 159130 - 393> ,
~ 2 b 2 2 2 2 2 2 2 2
5m¢2: 12871_4 (yto- +6yb(1+0)+yT(2+U)_Bgl_3g2_ 393)7
1
S = iamg,

2 9
— (3y302 + 3y§(2 + 02) + gyT(l + 202) — 59% — 3gg) ,

1287r42 (4.27)
Omiy, = =8 1oe 1% (3% + p)o”,
iy, = —3= P (u + 3+ )
A = —lé;?yt(y? +3y; )0’
Ay = =150 By; + )07,
A =— 16/;2 3ylo?,

where 02 = \? + \3. We see that the corrections all scale with o and for most values
of o these will be negative, leading to a slightly lighter third generation.

We also need to introduce two pairs of SU(3) triplets with mass M3 and with
F term vev Fj to the theory to preserve anomaly cancellation, gauge coupling,
unification, and generate a nonzero gluino mass.

We now analyze the low energy mass spectrum of this model, using SoftSUSY
3.6.2 [22]. We set the mass of the heavy Higgs eigenstate m, equal to the triplet
mass M3 and also f, = Fj to simplify calculations. Figure 4.1 shows an example
spectra for this sort of model with two messenger Higgs equally coupled to matter
fields with m, = Mz = 102 GeV, A = £ = 6 x 10° GeV, and tan 8 = 10, sign(u)=1
and o2 = 1. The lightest stop eigenstate is typically lighter than the other colored
particles because the A terms are large and the third generation starts split from
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Figure 4.1: A plot of the spectrum for a third family model with M, = M3 = 102
GeV, A = 6 x 10° GeV, and tan 3 = 10, sign(p)=1 and o2 = 1.

the first two generations. However, the stops are still heavy and the Higgs mass
bolstered by the loop correction and not from mixing, preventing an overall lighter
spectrum. Throughout much of the parameter space only the binolike y? and
right-handed sleptons are likely LHC accessible.

Figures 4.2 and 4.3 shows the effect of increasing and decreasing the various
input parameters from the point shown in Fig. 4.1. Increasing (decreasing) A moves
the entire spectrum up (down). Changing the mass scale ), has a small effect,
but leads to lighter and more-mixed stops because ;. needs to be larger, to get
the Z mass, and A4, is driven more negative lowering the mass of the Higgs. At
fixed o2 the spectrum gets lighter with increasing M, however at fixed M the o*
dependance is complex. For small 0% the messenger-matter mixing corrections are
small decreasing in size until about 0® = 1/2 and then increasing, until they change
sign in the upper left hand corner of Fig. 4.3. When the corrections are largest and

there is time to run, the upper left corner, the stops tend to be lighter and mixed.
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Figure 4.2: A plot of the Higgs, solid contours, and NLSP mass, dashed con-
tours, on top of a distribution of the stop mass as a function of log;,(A/GeV) and
log,(M/GeV) with 62 = 1 and tan 8 = 10.

4.5 A Renormalizable Model

Preliminaries

Another way around the problem of the large field range in the nonrenormalizable
model is to introduce a renormalizable top quark Yukawa coupling. In this case, the
Higgs-messenger multiplets directly talk to matter fields, leveraging the strength
of the non-abelian discrete symmetry. Table 4.1 shows the superfield content in
a model with &;. Additional symmetries may need to be introduced to prevent
additional messenger-matter couplings like QQT which could lead to FCNCs. The
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Figure 4.3: A plot of the Higgs, solid contours on top of a distribution of the stop
mass as a function of log,,(M/GeV) and o2 with A = 5 x 10° GeV and tan 3 = 10.

Higgs sector is given by Eq. (4.16), with eigenvalues

m
L PN TN LS

F
m (4.28)
%:i\/g @::I:§
m 2’ F 2’
where x, 7 < 1. The rotation from mass to flavor is
BRI 2619 (12
Rua=| & &(-v3n+n-2v3-6) L(-2v3—(V3+1)n+6) |, (429
1
v AT REE
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where H, is the MSSM-like eigenstates and the M/,; are the messengers.

‘Hu2 Hur  Haz Hdl‘@2 Q1 Uy U dy Jl‘A
S| 2 1 2 1]2 1 2 1 2 1]2

Table 4.1: Charges for an S; model where the Higgs-messenger fields and quarks
are broken into doublets and singlets of S;.

We again introduce two pairs of SU(3) triplets with mass M3 and with F term
vev Fj to the theory to preserve anomaly cancellation, gauge coupling, unification,
and generate a nonzero gluino mass.

If matter fields are charged under G then there will be renormalizable couplings
with the messenger-Higgs multiplets. One choice of field content is shown in Table
4.1. The up quark Yukawa couplings are generically

Wy = yu[(Qzl_LzHuz) + B1(Q2u1Huz) + B2(Q2u2Hur)

+ Ba(QuiizMu2) + Ba(Qutia Han )| (4.30)
HuZl /BIHul 62%1&2
= yuQT BrHu Huze  BoHuz1 | U, (4.31)

B3Hu22 63Hu21 64Hu1

where Q = (Q2,Q1)", with @ similarly embedded, and the §3; are coefficients.
Different UV completions may set some or all of the coefficients in front of the
operators equal and we look at these cases in the following sections. We can modify
the texture of the Yukawa couplings by change the representations of our fields,
but this is equivalent to introducing signs in our coefficients.

The down quarks and charged leptons may have similar operators, which can
be suppressed by a Frogatt-Nielsen mechanism. We also note however that we
must forbid physics that would generate the Weinberg operator LH L H until after
the messengers integrate out, or there would be one loop contributions to neutrino

masses.
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One simple possibility is that all the coefficients in Eq. (4.31) are equal. In this case

we have

Hu2r Hur Huzo
WY:yuQT Hur Huze Huzi | s
Hu22 %u21 Hul

and we can now rotate to Higgs mass eigenstates using Eq. (4.29)

11 1
Wy:\y/%QTlllﬂHu
111

+3.Q7 | L (—ﬁ -3) 4 (6-2v3) e UM
1

+5.Q" | §(3-v3) §(-v3-3) 7 wMua,

(4.32)

(4.33)

where 7, the ratio of b to F, has been set to zero as its effect will be small. The

MSSM-like Higgs Yukawa couplings are diagonalized by the matrix

1 1 1

Y6 V2 VB

U= 2 1
- \/g 0 7
1 1 1

V6 Vi VB

(4.34)

This looks the familiar tribimaximal mixing matrix, up to permutations of rows and

columns, because the mass matrix preserves a Klein symmetry generated by the S
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and U generators of S, (see Appendix B for details of Ss). These new couplings are

00 0 (vV3-3) (V3+3) 0
—5.Q% 0 0 o %Hﬁ%@ﬁ (V3+3) (3=v3) 0|amMn
00 3 0 0 0

(Vi+d) (-vA) « "

+%Qg (3=v3) (=v3=3) 0| @nMe
0 0 0

We notice that this structure generates one non-zero Yukawa coupling, for the top
quark, and messenger Yukawa couplings only for the first two generations. This
effective seesaw structure is the result of the flavor symmetry.

The top does not couple to the messengers and so there will not be corrections to
the stop masses from messenger-matter mixing. We can calculate the corrections to
the soft masses as a function of the Yukawa couplings following [12]. There will be
additional corrections because we have two heavy messenger Higgs doublets, these
are discussed in Appendix C. The contributions here are all diagonal and at this
order and there are no dangerous FCNCs. Let v, = /3y, with similar definitions

for y, and 3, and the corrections are

5m2Q = ; <5m% + 5m3—) ,

2 2
2 Yy 2 2 2 2 2 :
omz = 1987415 (90yt + 15y, — 1397 — 4595 — 8093) Diag [1,1,0],
A2 ?/2
2 _ Yo 2 2 2 -2 2 2\ M
oM = Toei it (9093 + 1597 + 1592 — Tg} — 45g3 — 80g3 ) Diag|[1,1,0], 436)
1
om3 = 557712,
2 2
Sm2 = 7 (2042 + 152 — 1593 — 947 ) Diag|[1,1,0]
€7 12874 5 T B

5m§{u = 5m§1u =A,=A;=A.=0.

We see that the corrections influence only the first two generations. They are also

very likely to be negative for the squarks, pushing the first and second generation
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below the third.

This S3 model is governed by a handful of free parameters: the mass of the two
heavy doublets and triplets ms and mj, the ratio of A = F'//M for the doublets and
triplets, the small parameters 1 and x which gives values to ;. and b are replaced as
usual by tan /3, sign(y), and the Z boson mass. Finally we have the third generation
Yukawa couplings. In total we have seven parameters. However, the Yukawa
couplings are set at the UV boundary condition by SoftSUSY leaving us a three

parameter model with one sign.
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Figure 4.4: A plot of the spectrum for the S; model with M, = M; = 10" GeV,
A =6 x 10°, and tan 8 = 10, with sign(u)=1.

Figure 4.4 is a plot of the spectrum for the S; model with M, = M; = 102 GeV,
A =6 x 10°, and tan 8 = 10, and sign(u)=1. The SM Higgs mass in this model is
bolstered by heavy stops, because the A terms are zero. The seesaw structure in the
Yukawa couplings is the result of the non-abelian discrete symmetry and prevents
generating large messenger and MSSM Yukawas simultaneously, as evidenced by
the A terms, proportional to Y, Y,, vanishing. The lightest SU(3) charged particle
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Changing M Changing A

M[GeV]| 10 | 10° 107 1012
A [GeV] | 6 x 10° 6x10° |4x10° 8x10°
tan 3 10 10 10

h[GeV] | 1252 | 1248 1256 | 1236 1263
A°[TeV] | 5.77 | 517 620 | 3.98 7.52
G [TeV] 743 | 745 741 | 5.12 9.68
W[TeV] | 1.65 | 165 165 | 1.09 2.20
O[TeV] | 3.06 | 3.08 3.05 | 205 4.07
W [TeV] | 431 | 385 451 | 3.02 5.54
f1[TeV] | 644 | 6.86 6.14 | 4.40 8.42
i[TeV] | 762 | 786 754 | 524  10.02
ap[TeV] | 586 | 562 611 | 4.07 7.59
ar [TeV] | 742 | 735 754 | 5.10 9.69
b [TeV] | 752 | 773 739 | 517 9.82
by [TeV] | 765 | 786 754 | 5.23 10.02
dp [TeV] | 752 | 770 740 | 5.17 9.82
dp[TeV] | 742 | 735 754 | 5.10 9.69
71 [TeV] | 1.56 1.2 224 | 1.03 2.09
7 [TeV] | 3.88 | 349 431 | 261 5.13
ér[TeV] | 135 | 0.86 213 | 0.89 1.82
ér[TeV] | 3.84 | 344 428 | 259 5.07

Table 4.2: The effect of changing our input parameters in the renormalizable model
from the example point with M, = Mz = 10'* GeV, A = 6 x 10°, and tan 8 = 10,
with sign(x)=1 and shown in Fig. 4.4.

are the right-handed squarks because the corrections deflect the soft mass squares
down.

Table 4.2 and Fig. 4.5 show the effect of varying our input parameters. Changing
M leaves the colored particles untouched, but moves the leptons up or down.
Changing F' moves the entire spectrum up or down. In either case, we see that
the NLSP will likely be a long lived right-handed slepton. The corrections from
messenger matter mixing pushes the smuon and selecton below the stau and
because the spectra are split, there are large corrections from the running at large M
from the STr(m?) term in the 3 function, as illustrated in Fig. 4.5. These models can
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Figure 4.5: A plot of the Higgs, solid contours, and NLSP slectron mass, dashed
contours, on top of a distribution of the stop mass as a function of log;,(A/GeV)
and log,,(M/GeV).

be constrained by searches for charged tracks at LHC13 [23]. The lightest neutralino
is always binolike and generally near the sleptons.

One interesting aspect of Figs. 4.1 and 4.4 is the mass of colored particles at
about 7 TeV. The messenger matter mixing corrections will split the first and second
from the third generation in the UV and this difference is somewhat ameliorated
as we run towards an IR fixed point. In Ref. [13], they called this IR fixed point
“focusing,” and found it at low scales because they used a larger messenger scale
top coupling than is used here.

Having shown that a model based on S; with a renormalizable top can produce
realistic spectra, we can notice some deficiencies. The stop is almost always heavy,

because the A terms are zero at the high energy boundary condition. We would
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also like to generate two different Yukawa couplings for the first two generations
and generate O(\¢) perturbations to the CKM. We can do the former and the latter
by loosing the requirement that the couplings in Eq. (4.31) are all identical. A small
symmetric perturbation will lead to nonzero Yukawas and a perturbation that is
not symmetric will lead to nontrivial rotations. We explore the former and latter in

the next subsection.

Perturbations
Nonzero light Yukawa couplings

In the previous section, Eq. (4.31) was assumed to have uniform couplings. In this
section we look at the effect of adding a symmetric perturbation. Let 3, = 35 =1,
By =Ps=1++37in Eq. (4.31), where 7 is a small parameter and the factor of V3

and sign are chosen for convenience. The Yukawa couplings are

Hou21 (1+ \/57)7'@1 Hou22
Wy = 4,Q" (1+vV37)Houa Hozo Houz21 u. (4.37)
Houzo Huz1 (1+ \/§7)Hu1

Running through the same procedure as in the previous section leads to Yukawa
couplings for the mass eigenstates of

V3 V3

0
0 0 0
(4.38)
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The rotation to mass eigenstates is

(4.39)

V2 V6

Shs-shk

The messenger couplings are linear combinations of those we saw in the previous
section, and so the bulk of the corrections to the soft masses will be the same.
However, there will now be O(v) A terms for the first two generations and O(1?)
corrections to the third generation soft masses, third generation A terms, and Higgs

mass squares.

Left handed rotations

Small perturbations away from Eq. (4.32) can also generate nontrivial left- and
right-handed rotations. If we let 33 = 3, = (1 + v/37) in Eq. (4.31), with  small,
the Yukawa couplings to the up quarks are

Huzl 7-[ul Hu22
Wy = yuQT Hua Hou22 Houz21 u, (4-40)
(1+ V3 Huze (14 V3 Huzt 1+ V3 Hu
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and we can now rotate to Higgs and matter fields to mass eigenstates using Eq.
(4.29) and we have

0 0
Yu ~T
==Q 00
V3"
00

()
+4.Q5 [ £ (v3-3)

1(3-v3)+2v(3vB3+5) 1 (—v3-3)+1iv(5-3Vv3) 0
+yuQ£ i(f 3*3)*%(\/§+1)’y i(\/gfg)*%(\/gfl)’y 0 umMUQa
-/ V3+2y 2 — 3y 0
where the left-handed rotations are
5 1 1 3 1 1
oo i d
_ 2 1 2
U=| 32+2 0 L1 [ +0(H). (4.42)

2 1

The right-handed rotations are still the tribimaximal mixing matrix, because Y/ Y,
inherits the Klein symmetry seen in Eq. (4.32), whereas Y, Y/ does not.
Calculating the corrections generates O(y) off-diagonal entries in the left-handed
sfermion mass matrices and no corrections to the off-diagonal entries for the right-
handed sfermions. This lack of correction to the right-handed soft masses is inher-

ited from the enhanced symmetry of Y[ Y,

1
YV, o |1 (4.43)
1

—_ = =
—_ = =

compared to Y, Y!. A terms are generated for the (13) and (23) entries and are

suppressed by a factor of .
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A case of mixed perturbations

We can combine the previous two types of perturbations. If we let 3, = 5 = 34 =
(1 ++/37) in Eq. (4.31), with v small, the Yukawa couplings to the up quarks are

Houz21 (1+ \/g’Y)Hul Hou22
Wy = yuQT (1+ \/g’Y)Hul Houzo Huz1 u. (4.44)
1+ V37 Huze (1+V37)Huzi (1+ V3 Hua

These Yukawa couplings follow a similar path as the previous two examples. In
terms of the mass eigenstates, the couplings are

% 0 0
00 F+v3
é(87+3\/§) v+ v
T V3 V3 -~
+ . @, - Y+ 3—\7@ Wy M1 (4.45)
ol el 2y
V2 3v2 3
3 V3
v+ -
+ yuQ?n ? ? _3:}//5 ﬂmMu%
ol _ 5 0
3v2 3v2
with the left-handed rotations
1 1 1 1 2
V2% G s
U=| —s2vV2-% —% -3 | 0067 (4.46)
2 _ 2y 0 4L
3 9 9 V3

The off-diagonal corrections to the soft masses will

lon

e O(v) and corrections to the
third generation will be O(+?).
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Discussion

We have seen that the structure of Eq. (4.32) can be perturbed by introducing
symmetric perturbations Eq. (4.38), asymmetric perturbations Eq. (4.42), and both
Eq. (4.45). In all these cases bounds on flavor observables might be troubling. Here,
we run these models using the flavored routines in SoftSUSY [22] for different
values of v, with the same perturbation for every family. We look at two values of
7,7 = 0.1 and 7 = 0.25, which are chosen to show the effect of a small perturbation
and one that is slightly larger O(sin 6..), where 0. is the Cabibbo angle.

Table 4.3 shows the effects of these perturbations. In all these cases, the mass of
the uncolored particles is roughly unchanged. For a perturbation like Eq. (4.38),
which induces Yukawa couplings for the first two generations, increasing the size of
the perturbation shifts the entire spectrum up. There is some splitting between the
lightest two up-type eigenstates this is typically on the order of 100 GeV. If we have
nontrivial left-handed rotations, this splitting becomes negligible, and the spectrum
looks otherwise unperturbed. Finally, if we mix the two sorts of perturbations, the
splitting between the lightest two states is smaller for v = 0.1 and larger for v = 0.25
than for the case with just a symmetric perturbation, but otherwise similar. In these
cases, we see that perturbing the Yukawa structure, does not fundamentally affect
the sparticle spectrum.

One potential problem is the presence of dangerous flavor changing neutral
currents. One way to quantify this assertion is to work in terms of the mass insertion

approximation [24-27]. In this approximation, we define

(53]')]M]V[ X mig, (447)
q
where A3, = m; — m;,, mj is the averaged squark mass squared, M labels the

chirality, and the constants of proportionality are combinations of mixing angles
and phases of the super-CKM matrix and most O(1) numbers. The constraints on
these insertions are tightest between the first two generations of squarks | (6%, ) aras| <

0.07 T?gv and | (%) mar| < 0.1 1’?;_’\, [17, 28, 29]. In these models, the mass differences

1
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between the up squarks is at most 10% and since the squarks in these models are
typically ~ 5 TeV, the bounds loosen because they scale with squark mass. In
general, FCNCs are not problematic for the small perturbations we are working
with.

Nonzero y. | Nontrivial CKM Mixed

M [GeV] | 10% 1012 1012 1012
A[GeV] | 6 x 10° 6 x 10° 6 x 10° 6 x 106
tan 3 10 10 10 10
v 0.1 025 | 0.1 0.25 0.1 025

h[GeV] | 1252 | 1257 1255 | 125.7 126.6 126.0 126.6
A°[TeV] | 5.78 580 592 | 578 5.78 579 5.80
g [TeV] 7.43 743 745 | 743 7.43 743 743
X [TeV] 1.65 1.65 1.65 | 1.65 1.65 1.65 1.65
O [TeV] 3.06 3.06 3.07 | 3.06 3.06 3.06 3.06
X [TeV] 4.31 436 454 | 432 4.33 433 4.36
uy [TeV] 5.86 585 6.16 | 5.87 5.86 584 5.83

[TeV] 5.86 595 6.27 | 5.87 5.86 589 595

[TeV] 6.43 643 648 | 643 6.43 643 645
d; [TeV] 741 741 752 | 7.37 7.37 738 7.28

[TeV] 7.42 746 752 | 7.46 7.47 746  7.52
ds [TeV] 7.52 751 753 | 7.52 7.52 752 7.53
é [TeV] 1.48 148 1.62 | 148 1.48 148 149
és [TeV] 1.48 149 1.65 | 148 1.48 148 1.50
és [TeV] 1.56 1.58 1.73 | 1.56 1.56 1.56 1.57

Table 4.3: The effect of perturbing the structure of Eq. (4.35) by introducing sym-
metric, asymmetric, or both sorts of perturbations. The first column is the point
with My = M3 = 10'? GeV, A = 6 x 10°, and tan 8 = 10, with sign(x)=1 and shown
in Fig. 4.4, there is a slight < 5% difference in the values of this column compared to
Fg. 4.2 because we are using different SoftSUSY routines, which incorporate flavor.

We can of course mix and match different perturbations in the up, down, and
charged lepton sectors. In any combination, the structure of the off-diagonal entries
will be the same as the most perturbed sector, so if the down quarks are like Eq. (4.44)
and the up quark couplings are like Eq. (4.32), the up quarks will inherit the same
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structure of off-diagonal entries as the down quark sector. These off-diagonal
entries as we have seen will be small and will not lead to excessive flavor violation.

However, the Yukawa structures we examined here do not lead to sufficiently
hierarchical structures in the CKM. All the off-diagonal entries will be at the same
order in the small parameters and so we cannot generate O(\) entries without
generating other large elements. For example, if both the up and down quarks only
have the left-handed perturbations Eq. (4.42), the CKM is proportional to

1 Yu—Yd Yu—Vd
Uckm X | Yo — Y4 1 Yo — Vd | (4.48)
Yu—Yd Yu— Vd 1

where v, and v, are the small parameters in the up and down sector, respectively.
Mixing perturbations, like using Eq. (4.46) in the up quarks and Eq. (4.42) in the

down quarks, results in large off-diagonal entries,

V3 4vu+3
— Vd - 76\/5%1 1
Uckm o< 1 —% ?%1 , (4.49)

LBVBu+m3) 1 K (3VBy+ 4B

and so is verboten.

4.6 Conclusions

We have seen that a horizontal symmetry coupling the SU(2) messengers of gauge
mediation to the Higgs doublets of the MSSM, can lead to toy models that can
yield acceptable Higgs masses and phenomenology. Within S; with three pairs of
Higgs doublets, two become the heavy messengers and the remaining pair become
the MSSM-like Higgs doublets. The MSSM-like and matter Yukawa couplings are
nontrivially related, allowing one to model both sets of couplings simultaneously.
These couplings generate additional messenger-matter mixing contributions and so

there will be nontrivial correlation in the masses. ;1 and B,, may also be separately



160

tuned to small values.

We also saw that viable models can be constructed when the messenger-Higgs
multiplet is coupled at nonrenormalizable or renormalizable levels. In the nonrenor-
malizable case, the model is quite a bit like FGM; however, additional messengers
push us towards a heavier spectrum. In the renormalizable case, we saw differ-
ent spectra with long-lived sleptons and relatively light right-handed up-type
squarks. These renormalizable models can be perturbed to generate nontrivial mix-
ing without FCNC constraints, but with some difficulty getting CKM-like structure
signifying in general the difficulty of needing to fully address the SM fermion mass
puzzle in this approach.

There are a number of open questions and ways forward within this framework.
Within a complete flavor model for the quarks, we could look at how promoting
the Higgs fields to a messenger-Higgs group will affect the spectrum. This will
result in off-diagonal entries with nontrivial CP phases in the sparticle mass squares
and A terms. We could also develop a renormalizable flavor model with Cabibbo
sized entries in the CKM matrix and first and second generation Yukawa couplings.
Finally we may also be motivated to look at larger groups like S, or A(96), or
non-minimal matter content like in the 4HDM. Any of these directions will utilize
the rich structure of non-abelian discrete symmetry to connect the messengers
and Higgs fields, and thus yield concrete predictions of messenger-MSSM Yukawa
couplings that must be put up against experimental limits.
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5 CONCLUSION

We have explored the phenomenology of two non-minimal models of supersym-
metry breaking. We have seen that for DMM, the large parameter space opens up
previously forbidden avenues with low fine-tuning and new collider phenomenol-
ogy, and that it can serve as a UV-completion for simplified or compressed spectra.
We have also developed tools for looking at models flavored gauge mediation
with a non-abelian discrete symmetry. We have seen that these models force us to
model the messenger and MSSM Yukawa couplings simultaneously. These models
point the way towards new flavor models incorporating both supersymmetry and
flavor symmetry breaking, with predictive and nontrivial correlations within the
supersymmetric spectrum.
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A ANOMALOUS DIMENSIONS

At one loop, the anomalous dimensions are given by

1
Vi = 2292%((1)@) - 5 Z |yilm’27 (Al)
a Ilm

in which ¢, is the quadratic Casimir, and y;;,,, are the normalized Yukawa couplings.

Here we will consider only the Yukawa couplings of the third generation v, v,, and
y-. For the MSSM fields Q, U¢, D¢, L, E¢, H, and H,;, the anomalous dimensions

are

Q.

YU,i

VD,

YLi =

YE,;i =

TH, =

r-)/

:§£+zﬁ+;ﬂl(ﬁ+%m&

:§£+E ~2wda

:§£+é = s

2£+% o (A.2)
29? 297033,
2g§+—§) - 3y},

3

3
H, = =05+ —g1 — 3yp — y2,

2 10

respectively. Above Mpess, the beta function of the gauge couplings changes because

of the messenger fields. However, ; does not change according to Eq. (A.1), and

hence v, =

7. The 4;’s are given by the expression

—22936 Ca(®;) Zlyzzm! Byiim (A3)
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in which b, is the beta function for the Yukawa coupling y;;,,,. The ;s are given

by

. 8 3 1

Y01 = 5bsgs + —bogs + —-bigi — (Yrbe + yiby)dsa,
3 2 30

. 8 8

Yui = gbsgg + Bblgf — 2y b,0;3,

) 8 2

VD, = §b39§ + Tblgil — 2y by0i3,

i 3 3

YLi = *5293 + *519% - yszdi?n (A4)
2 10
6

YEi = 7blgil - 23/72-67'51'37

. 3 3

YH, = 55293 + Toblgil - 3?41:25%,

. 3 3

Y, = 55293 + Toblgi‘ — 3yiby — y2bs,

where by = 6y + yif — 793 — 393 — 1597, b = 7 + 6 + v — 95 — 393 — 3597,

and b, = 3y; + 4y? — 393 — 247. 5, is obtained by replacing b, with t, = b, + N in
Eq. (A4).
Finally, 6;, which appears in the mixed modulus-anomaly term in the soft scalar

mass-squared parameters, is given by

0; =4 g2ca(Qi) = D ikl *(3 — ns — nj — ny,). (A.5)

i?j7k
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For the MSSM fields, they take the form

16 1
0g; = —g5 + 395 + ng —2(y; (3 — nm, —ng — nw) + Y3 (3 — nm, — ng — np))dis,

3
Ovi = 1369§ + 1?9% — 47 (3 — ny, — ng — ny)dis,
Op; = 1369§ + ﬁég% — 442 (3 —ng, — ng — np)dis,
OL: =395 + ig% — 2y2(3 — np, — ny — np)dis,
0p; = 1529% —4y2(3 — ng, — np, — ng)dis,

3
(9Hu = 39; + gg% — 6y,52(3 — Ny, —Ng — nU),

3
On, = 395 + —gi — 6y2(3 — ny, —ng —np) — 2y>(3 —ny, — ny, — ng).
(A.6)
As in the case of v;, 6} is the same as 6.



167

B PROPERTIES OF TWO SMALL NON-ABELIAN DISCRETE GROUPS

Ss is the permutation group with three objects, and the smallest non-abelian group,

with presentation
(S,T|S* =T =1,(ST)* =1). (B.1)

It has two singlets 1 and 1’ and a doublet 2. The irreducible representations are

1:5=1T=1,
1:8=-1,T=1,
(B.2)
1
2:5= 0 1= w 0
10 0 w?
where w = ¢*". The Kronecker products are
101 =1,
1'22=2, (B.3)
202=101 ¢ 2.
and Clebsch-Gordan coefficients are
2 ® (@1 _ (351041) ’
(6] 1009
Q —TyQ
x1/®(1 :( ! 1), (B.4)
(6] T1/09
« 16 Q
( 1) ® ( "= (@182 + a2B1); @ (@12 — a2B1)y @ ( 252) :

o1
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S, is the permutation group of four objects, with presentation
(S, T,U|S* =T =U?= (ST)* = (SU)* = (SU)* = (STU)* = 1) (B.5)

It has two singlets 1 and 1/, a doublet 2, and two triplets 3 and 3'. The irreducible

representations are

1,1':S=1,T=1,U = +1,

1 1
S O R (R s
“ (B.6)
0
w .

-1 2 2 1 0 1 00
3,3/:5':; 2 -1 2 ,T(O 20 U=F10 0 1
2 2 -1 0 0 w 010
The Kronecker products are

121 =1,

1'®2=2,

123 =3

1'®3=73

1’23 =3

202=191¢2 (B.7)

203=393

203 =3@3

33=1¢9203¢3
33 =1¢e293s73
323 =102034373.



The Clebsch-Gordan coefficients are

a1 1001
(6%) X102

e () =

Bs

a3

o

o B1 B 282 + a18s + asp
| @ |6 =(ufi+afs+azf)y @ ~(sBs + a1fz + az)
3 3

o

Ty1rQ

—z102 )’
101
102 ,
ri103 3
ri101
1002 ;
103 3/

Ty1rQ
Ty1rQ2 5
Ty/03 3/

10

ayey )

r1ag ) o

(afa 4+ bB1), ® (1P — a2f1)y, @ (Z?g?)

a1f3 + a2f
o161 + a2

a1 — azf3
alﬁ:s - Oé251

a1f1 — azf

(04152 + a203

a1 /81
(az) & (62) = (uf1 + a2fs + a3fa); ® (
3 s/ 3

200181 — o283 — a3 P2
)
3/

o283 — o332
a1 — a1
azfr — o fB3

20181 — a2f3 — azfe
20303 — a2 f1 — o1 e
20282 — 183 — azf

o181 — o

12 + a3
o183 + e |
3

a1f1 + 2B

o1fB2 — o3
a1fi3 — a1 ,
3/

afB2 + a1 B3 + azfh
o33 + o1 B2 + af

20383 — 21 — a1 B2
200282 — o1 B3 — a3

23 — azfa
o182 — o251 .
3/

azf — a1f3
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(B.8)
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C CORRECTIONS TO THE SOFT TERMS FROM

MESSENGERS-MATTER COUPLINGS

Reported here are the multiple messenger Higgs corrections, when the messenger
Higgs have Yukawa couplings to matter fields, following Evans and Shih [1]. In
the limit where there are only one messenger pairs, each messenger will have
a suppressed one loop contribution as well as the two loop contributions from
messenger-matter mixing as reported in Ref. [2]. We reproduce those corrections

here
2 ARV 162 2132 INnAT INATNINT
drmgemg = | (8Tr (Vu'Vi) — 05 — 395 — 207 ) YaYu! +3Yy, 1Yy,
1ty ARV 162 272//1L INATNAINT
+ (T 3y, v + vTY)) — 595 =392 — 7297 ) YaY' + 3YaY 'YaYy
+ Y YV YT+ YY)yl oy Y vyl 2y vy (C1)

=2y, Y Yoyl + 3V VI T (VYY) + 3Ya Y T (VoY)

A2
—2YaY, YY) + Yoy Te (3Y,] Yy + YY) + Yay, " Tr (3Y,TYa + ¥/Y5) ] 56T
~2 ARV 162 2 132 ARV ARVAVAR VI
Sumggeris = |2 (3T (VIIV) = 363 — 303 — o0t ) YUY+ 6vIVIYITYY
v YL YV 4 oy Yy L + 2yt vty — aviviyity, (C2)
A2
ty 7yt It ty7 Ty rt
=2V, VY 'Y, + 6V YL Tr (VYY) + 6Y) YT (YViTYL) } SEerT
~ 2 1ty ARV 162 2 72 ARV ARVIAVIAR VA
S1mggsmg = |2 (Tr (3Y, Y7 + YTy — 595 =892 — 7207 ) Y'Y+ 6Y, ViV 'Yy
SIS 2 8 SRV S O A0 SINED) Ak Th Wi SARD) i) 40 GAL VD) 4 WA TR 7 (C3)
2
+ 2V, Y Tr (3Y,] Vi + VYY) + 2 YiTr (3, Ya + V/TY7) ] 251:74,
&1 Higgs M7, = [ (Tr (3Y;'yy + YY) — 3¢5 — ggf) Yyt
+3Y/ Y'Y Y 4 oV Y Y YT — oy, Y Y Y (C4)
A2
InT Ty’ Ty’ 1t 1t A
+ YV T (Y vy + VYY) + VoY T (3Y) T Ya + YY) ] 6T



81 piggs e = {2 (Tr (3Y,"Yi + YY) — 395 — %g?) Yy,

+ 6V Y+ 2V Y VI — oY VIV Y,

2
+2Y/1Y, Tr (3, Yy + YY) + 2V, Y/ T (3Y, v + Y/TY5) } 25%74,
T
A2
51 g, = { 3Tr (Y VIV Yo + YIYIV] YL+ 2v [y YY) } 25671
s

01 Higgs T 71, = { = 3Tr (Y VaYa'Ya + V] Yoy, TYa + 2y Ve, yy)

! ! ! ! A2
= 3Tr (Y YV, + 2v] v, v, YY) } ot
and the A terms are
A=A ((Y’Y’T T Y’Y’T) Y, + 2V, Y’TY’)
u 1671'2 U u d-d u Uty Tu)o
. A
Aj= 1 RAGEIHARTERIATAR
A

* IAVAA ARVl
A=—ros (VY + 2v /Y)Y
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(C.5)

(C.6)

(C.7)

(C.8)

When there are more messenger-Higgs pairs there are corrections from cou-

plings between the pairs of messengers. One term like this generated per pair of

Higgs fields, for example in a three Higgs model there will be corrections from 1

coupling to 2 and 3 and from 2 coupling to 3. These corrections are

Samiggsmoy = |3V Yo Tr (YiLYi1) 4+ 3V Yo Tr (V1Y) + 2 (Vi Y Vi Yol + Vi Yy V)

(Yo VoYYl + Vi YV Vi) + (Y YAYRY, ] + Vi Y Ve vi)
+ Yu YT (3Y Vi) + YY) 4 Yao Yy i Tr (3Y,] Yo, + YY)
+2 (Y Y YV + YRV Ya Yyl ) + (YaYaYe Yl + YeYiYa Y,

A2

+ (Yd/1Y1:1;YzZ2YdII + Yd,2Y:{Yu/1Y£) 25671

(C.9)
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82 Higgsms = [6Y;§Y;2Tr (Yi2Yol) + 6V, 1Yo Tr (Yia Vb ) + 4 (VY VYo, + VA VLY v

(C.10)
2
2 (YAY LYY + YAV YY) + 2 (YAYLY A Y + Y YL YY) Tﬁw :
5 2 ARV ! 1t ! It 1ty / T / 1t
2higgsty = |2V 1 Y Tr (3Y Yyl + YLYT) + 2V Ve Tr (3YL Yl + Y4 YY)
+4 (YdIIYdllydl;rYdl2 + Yé;YéYﬁYél) +2 (Yﬂyd/2Ydl;rYdll + Y;;Yéle/IYég) (C11)
A2
+2 (Yd'IYJQYi:;Yd/l + Yd/;YthﬂYé) 5674
Sarggm’, = {Y;w;;n (3YilVih + YY) + YLYTe (Y[ + YIYL)
A2 (C.12)
+ 2 (VAYYAYS + YaYIYAYL) + (VAYAYAY] + YaYIY4YY) } 256"
8 Higgs M2 = {QYS’I Y Tr (3YgY,! + YLY]) + 2 Y Tr (3Y4 Y ) + YY)
A2 (C.13)
+a (YA, + YAVLYIYG) + 2 (VveRyIvh + YIVLYIYES) } 567"

The MSSM-like Higgs will not get a correction from having multiple messengers
outside of copies of the single messenger result. The A terms are also unmodified.

The corrections, in the third family limit with real Yukawa couplings, are

A2
02 iggsT) = Tog7 (6UF Y™ + 6u5'5™ + Uy vl + v + ui'ui?),
A2
02 iggsT = To—g (1201 + Ui + uiw”),
2
02 iggstg = Toa 7 (120505 + 208 0sylul + Uyl + °ui”), (C.14)
5 2 A2 4/2//2 3//////
ZHiggSmL - 1287T4( yT y'r _I_ y'ry’rybyb)7
P 2_A24/2//2 RITRTRTATA
ZnggSmé - 647T4( y'r y'r + yTyTybyb)

Let us check if these results are consistent. If we work with a simplified super-

potential with only leptons and messengers, where our messenger Yukawas are
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degenerate and diagonal, the superpotential is
W =Y.LeHy+ Y/LeMay + Y.LeMgy + (M + 0> F)M,; My, (C.15)

We introduce two new linear combinations of messengers

Q= \}5 (Mu/dl + Mu/d?) ; Ouja = \/1§ <_Mu/d1 + Mu/d2) ) (C.16)

and so the superpotential becomes
W =Y.LeH, + V2Y!Led, + (M + 0°F) (9,04 + ©,04) . (C.17)

The rotation has decoupled the O fields, leaving us with messenger-matter mixing
through @, and so the single messenger case with an additional factor of /2. We
can look at the structure of the single messenger corrections dm?3 for instance, and
notice that the terms that are quadratic our messenger Yukawas will not contribute
to the correction from two sets of messengers, but terms quartic in messenger

couplings will. These quartic terms are

AQ

om2(/2Y’
mi(v2 ) 2 S5

B(vaY))t +Tr (3(vVaY))? + (V2Y))?) (vVaY))?.

_>

Sror (6" + 2Tr (3V? + Y2) V.*| + (C.18)

A2
25674

(64 +2Tr (3Y,2 + Y2) v?].

The second term agrees with (C.12) taken in the same limit.
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