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Chapter 1

Introduction

The Standard Model (SM) of particle physics is known as the theory describing our world below
the electroweak (EW) scale. The SM can explain most results of experiments and observations
so far. In particular, the discovery of the Higgs boson [1,2] means that all of the particles in
the SM are confirmed, and then the SM is now established.

Although there is no room to doubt it, the SM can not explain all the observations so far
altogether and there are too many free parameters left in the SM to consider it as the final
theory. Furthermore, these parameters sometimes have hierarchical structures or are required
to be fine-tuned to explain observations. For instance, there is no suitable candidate for dark
matters which are necessary to explain cosmological observations. The hierarchical structure
of the Yukawa matrices is one of the unsolved issues of the SM.

The Higgs sector of the SM contains many puzzles. The shape of the Higgs potential
is crucial to trigger the spontaneous EW symmetry breaking, but it is merely put by hand.
Hence, we can not explain how the EW symmetry breaking occurs and we can not predict the
Higgs boson mass at all. Furthermore, there is an instability of the Higgs boson mass under
radiative corrections. The radiative correction for the Higgs boson mass diverges quadratically,
then its value depends on a cutoff scale quadratically. Hence, the required accuracy for the
cancellation between the bare mass and the counter term is extremely high if the SM describes
the nature up to some scale such as the Planck scale ~ 10'® GeV far from the EW scale. This
fine-tuning problem is often called the gauge hierarchy problem. For these reasons, it is natural
that the SM is considered as a low energy effective theory of some new physics which appears
not far from the EW scale.

Supersymmetry is known as the well-motivated physics beyond the SM. A benefit to intro-
duce the supersymmetry is that it provides an elegant solution for the gauge hierarchy problem.
The supersymmetry requires the pairwise existence of a boson and a fermion, and quadratic
divergences are canceled among loop corrections mediated by bosons and fermions. Thus the
Higgs boson mass can be stabilized under radiative corrections.

The Minimal Supersymmetric Standard Model (MSSM) [3,4] has been studied intensively
because of the following reasons. The values of gauge coupling constants are unified at a high
scale when they are extrapolated by renormalization group (RG). This fact accommodates
the MSSM to unified theories like Grand Unification Theories (GUT) or superstring theory.



Parameters of the Higgs potential in the SM are put by hand, hence we can not predict the
Higgs boson mass and how the spontaneous EW symmetry breaking occurs. In the MSSM,
quartic couplings in the Higgs potential are related to the gauge couplings, and the Higgs boson
mass is better controlled than the SM one. Besides, it is known that the mass squared of the
Higgs boson goes to negative through the RG evolution in a wide parameter space even if its
value is positive at the unification scale ~ 10'% GeV, where the three gauge coupling constants
are unified. The so-called R-parity is assumed in the MSSM to prohibit too rapid proton decay
induced by the baryon and lepton number violating operators which can not be prohibited
by the gauge symmetries. The lightest supersymmetric particle (LSP) becomes stable as a
consequence of the R-parity, accordingly the LSP can be a good candidate for dark matters.

The Large Hadron Collider (LHC) experiment started and its results severely constrain the
parameter space of the MSSM. The LHC experiment discovered the SM Higgs boson and its
mass is measured at 125 GeV [5]. The tree-level Higgs boson mass in the MSSM can not be
greater than the Z-boson mass, 91.2 GeV. Hence, large radiative corrections are necessary. The
top squarks, which are superpartners of the top quarks, give the largest radiative correction.
They have to be heavier than O(TeV) in order to lift up the SM-like Higgs boson mass in
the MSSM. Furthermore, experimental lower bounds for sparticle masses have been tightened,
since no signals expected from sparticles have been found so far.

The LHC results seem to suggest heavy sparticles, but they are not favored from the natu-
ralness point of view. One of the important guidelines to consider new physics is naturalness,
that is, all observables are given without fine-tunings of model parameters. One strong moti-
vation to introduce supersymmetry was that it protects scalar masses from the instability due
to quadratic divergences, and thus the Higgs boson mass can be realized without fine-tunings.
Even in the MSSM, there exists a potential fine-tuning problem to realize the EW scale, the
so-called little hierarchy problem. The value of Z-boson mass my, or equivalently vacuum
expectation value (VEV) of Higgs boson, relates to the parameters of the MSSM as,

2 2
mQZ: |de mHu| _m%{u _m%[d _2|M|2 (11)

V1 —sin?2p3

Here, tan 8 = v, /vy, where v,, vy are VEVs of up-type and down-type Higgs bosons, respec-
tively. The parameters mp,, my, are soft scalar masses for up- and down-type Higgs bosons,
and p is the so-called p-parameter corresponding to a higgsino mass. This relation shows how
the EW scale is obtained from the parameters of the MSSM. A fine-tuning is required, if a
typical scale of the MSSM is far above the EW scale as the LHC results seem to suggest.
For example, if the top squark mass is larger than sub-TeV, the required degree of tuning
is 0(0.01%). This fine-tuning problem, called the little hierarchy problem, is caused by a
hierarchy between the EW scale and the scale of the MSSM.

One way to accommodate the LHC result, especially the 125 GeV Higgs boson mass, to
the naturalness argument is to consider non-universal gaugino masses (NUGM) [6,7]. Once
a certain ratio among gaugino masses are realized, the Higgs boson mass is enhanced while
keeping the degree of tuning being relaxed. Some other solutions have been proposed since
the Higgs boson discovery, but they requires a certain relation among soft scalar masses. The
soft scalar masses are less controllable than gaugino masses, since values of gaugino masses at
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low scale is determined by gaugino masses itself at 1-loop level, while the soft scalar masses
depend on all the other supersymmetry breaking parameters even at 1-loop level. Besides,
the gauge kinetic functions and superpotentials tend to be protected by holomorphy, while the
Kéahler potential does not, which indicates that the soft scalar masses that are often produced
through the Kéahler potential is presumably unstable under radiative corrections. Also from
a phenomenological point of view, the NUGM scenario even enhances the Higgs boson mass
instead of merely reducing the fine-tuning.

The supersymmetry must be broken in realistic supersymmetric models, because supersym-
metry forces a boson and a fermion in the same supermultiplet to have the same mass. However
it is clearly incompatible with the observations. The supersymmetry must not be broken ex-
plicitly to prevent quadratic divergences but it should be broken spontaneously. Besides, the
supertrace theorem tells us that any MSSM particle cannot break supersymmetry so large that
sparticles masses are consistent with the past as well as recent experimental results. Therefore,
the supersymmetry is considered to be broken outside the MSSM, and it is mediated to the
MSSM by some mechanisms.

The mediation mechanism of supersymmetry breaking is an important ingredient of su-
persymmetric models both from phenomenological and theoretical aspects. Phenomenolog-
ically, it fixes relative values of all the dimensionful parameters in the MSSM except the
p-parameter. Once we identify the supersymmetry breaking mediation mechanism, we may
obtain information about how the MSSM fields are embedded into underlying theories. In
superstring models, mediation mechanism is often related to physics of moduli fields originated
from higher-dimensional tensor or vector fields. Thus it carries information about geometry of
extra-dimensions.

The mixture of moduli [8,9] and anomaly mediations [10,11], the so-called mirage media-
tion [12-16], is an interesting scenario to theoretically control the gaugino mass ratio. Such a
situation looks like non-trivial, because the moduli mediation occurs at the tree-level, while the
anomaly mediation comes from quantum corrections, and its contributions are suppressed by a
loop factor. It is known that the KKLT-type moduli stabilization scenario would rather predict
such a situation [17,18]. A more general situation than the mirage mediation is the mixture of
moduli, anomaly and gauge mediated supersymmetry breaking, the so-called deflected mirage
mediation [19,20].

The LHC started to search for an evidence of new physics including supersymmetry. The
run-I of the LHC with the center of mass energy /s = 7 and 8 TeV finished in 2014, and the
run-1T with /s = 13 and 14 TeV is now running and this will last until the end of 2019. The
High Luminosity (HL)-LHC is also planned at the same center of mass energy as the run-II
one, but with the instantaneous luminosity higher than that of the run-II. This is planned to
start in 2023 and last until 2039. The LHC phenomenology will be one of the most important
areas of particle physics in the next decades.

Dark matter physics is also intensively surveyed by both collider experiments and cosmo-
logical observations utilizing satellites and underground detectors. There are many indirect
evidences for dark matter, but we have not detected it directly. These direct detection exper-
iments for the dark matter give constraints on its properties. Since the neutralino LSP in the
MSSM is a good candidate for the dark matter, these results can be translated into constraints



on the MSSM parameter space [21].

In this thesis, we study detailed phenomenology of the non-universal gaugino mass (NUGM)
scenario anticipating how it is realized by the supersymmetry breaking mediation mechanism.
In Chapter 2, we review the NUGM scenario, how it enhances the Higgs boson mass, while
evading the fine-tuning and keeping relevant sparticles light. Chapter 3 is devoted to an inves-
tigation of the deflected mirage mediation based on the recent experimental data. We show a
sparticle mass spectrum when the Higgs boson mass is 125 GeV and the u-parameter is small.
A collider phenomenology of the NUGM scenario is studied in Chapter 4. We discuss how to
test the NUGM scenario at the LHC. In Chapter 5, we focus on dark matter physics in the
NUGM scenario. Finally, we conclude this thesis in Chapter 6. In addition, four appendices
are included in this thesis. The Higgs boson mass formulae, those are used in the analysis of
Chapters 2 and 3, are shown in Appendix A. The 1-loop renormalization group equations for
the MSSM parameters are listed in Appendix B. Appendix C discusses the muon g-2 anomaly
in the NUGM scenario. The formulae for the soft parameters in generic moduli couplings to
matter fields are shown in Appendix D.



Chapter 2

Review of non-universal gaugino mass
scenario

2.1 Brief review of MSSM

2.1.1 Action and matter contents

In this chapter, we review the non-universal gaugino mass (NUGM) scenario [7,22]. First,
we briefly review the MSSM, see also for a review [3,4]. The most general supersymmetric
Lagrangian can be written in the superfield formalism as,

L= / 40 K3, 0;) + ( / dQH[W(CDI) + fa(cbf)wg} + h.c.) : (2.1)

where # is a 4D Weyl spinor corresponding to Grassmannian coordinates of the superspace.
The real function K and holomorphic functions f,, W of chiral supermultiplets ®; are called
the Kahler potential, gauge kinetic function and superpotential, respectively. The index I runs
over all chiral supermultiplets in the model. If the model has a gauge symmetry GG, and ®;
is charged under G,, ®; in the Kahler potential has to be replaced by eV ®; = 297"V @,
where g,, T, is a gauge coupling constant, the representation matrix for the chiral multiplet ®;,
respectively. V, is a vector supermultiplet containing the gauge field. W, is a field-strength
chiral superfield. The subscript a runs over gauge symmetry of the model. Customary, we call
terms coming from [ d*f integral as D-terms and those from [ d?6 as F-terms. Once we focus
on renormalizable terms, the Kahler potential must have the form,

K@, )= e, (2.2)
I

the gauge kinetic function has to be constant and the superpotential has to be a polynomial
up to cubic order.
For the MSSM, the superpotential is given by

WMSSM = ﬂn(yu)anmHu + Jn(yd)ande + én(ye)nmLde + IU’H’LLEHd7 (23)
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chiral supermultiplet ®; spin 0 spin 1/2 | SU3)e SU(2), U(l)y
squark, quark (x3 gens.) Q | (ay dy)  (ug dp) 3 2 1/6
i ik, ul, 3 1 -2/3
d It di, 3 1 1/3
slepton, lepton (x3 gens.) L | (7 ér)  (vL er) 1 2 -1/2
é &, el 1 1 1
Higgs, higgsino H, | (Hf HY) (Hf H) 1 2 1/2
Hq | (H) Hy) (H{Hp)| 1 2 -1)2
Table 2.1: Matter contents of chiral supermultiplets in the MSSM.
gauge supermultiplet V, | spin 1/2  spin1 | SU3)c SU(2), U(l)y
gluino, gluon g g 8 1
wino, W boson W*Wwoe wE wo 1 3
bino, B boson BO BY 1 1

Table 2.2: Matter contents of gauge supermultiplets in the MSSM.

where p is a p-parameter corresponding to the higgsino mass and v, 4 are the Yukawa matrices
for up-type quarks, down-type quarks and leptons, respectively. The indices m, n = 1,2, 3 runs
over flavors of the quarks and the leptons. Note that the R-parity is imposed in the MSSM,
and baryon and lepton number violating terms are prohibited.

The matter contents of the MSSM are listed in Table 2.1 and Table 2.2. A chiral super-
multiplet ®; contains a scalar (spin-0) and a Weyl fermion (spin-1/2) denoted by ¢; and v;,
respectively. A vector supermultiplet V,, contains a gauge field of a gauge group G, and a
Majorana fermion A\, which is usually called as gaugino. Although L and H; have the same
quantum numbers under the SM gauge group, they are distinguished by the R-parity. Hence,
all the chiral supermultiplets in the MSSM have the diagonalized form of Kahler potential
Eq. (2.2) and there is no mixing among them. Note that there are two Higgs supermultiplets
in order to construct Yukawa couplings to both up and down quarks without conflicting with
holomorphy of superpotentials and to cancel the contributions to U(1)y anomaly between these
two higgsinos. We have obtained the supersymmetric part of the MSSM.

As mentioned in Introduction, supersymmetry must be spontaneously broken, or often
called, softly broken. A general form of Lagrangian that causes soft breaking of supersymmetry
reads as,

—Looty = ¢*'m? ¢; + %Ma)\“)\“ + a7 g ;0n + b digp; + huc.| (2.4)
where ¢;, A, are the scalar field contained in the chiral supermultiplet ®; and gaugino for gauge
group G,. This Lagrangian contains soft supersymmetry breaking parameters, m?;’, M,, a¥*, b
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called soft masses, gaugino masses, A-terms and B-terms, respectively.

In the MSSM, the scalar field ¢; runs over all scalar fields, namely the squarks Q =
(ar, d~L), iip, dg, the sleptons L = (71, €1), €r and the Higgs bosons H, = (H", H?), Hy; =
(HY, H7). The gaugino A\, runs over the gluino g, wino W= and bino B, which are su-
perpartners of the gluon, the W- and the Z-boson and the photon, respectively. The soft
supersymmetry breaking part of the MSSM Lagrangian is expressed in terms of matter fields
explicitly, as

_Lé\ngtSM = QTm(sz)mnén + Z/Tm(m%)mnf/n + a?%m(mi)mnaRn + dEm(m§>mnan + é*Rm(mz)mnéRn
+m3y, HiH, +m3 HiH,
1 1 e 1
g (00) ™ QuHy + dim (00)™" QuHy + Egm ()™ LyHy + bHyeHy +hoc. |, (2.5)

where n, m = 1,2, 3 run over flavor indices. Now we have the full Lagrangian of the MSSM.

2.1.2 Higgs sector
The Higgs potential is,

Vo= (P miy JH P+ TS P) + (ol + mi ) (Hg P + [Hy )
+[b(HH; — HHY) + h.c.]
1 3 — 1 * —%
3ot + @I+ [HP = [Hal” = [Hy ) + 5ol HUHG" + HUH P, (2:6)
where the terms with gauge coupling constants g;, g are D-terms and all the other terms are
soft terms except the terms containing the p-parameter.
We can use a gauge degree of freedom of SU(2), to make the VEV of H; equal to zero

without loss of generality, and the VEV of H is also vanishing at this vacuum. Under this
condition, we finally obtain minimization conditions for the Higgs potential,

sin(28) = 2 (2.7)

myy, +my, 4 2|l

2 2

2 M, — ™, | 2 2 2
my, = —my — My, — 2|1|", 2.8
z T —sin’(20) H., H, — 2] (2.8)
where tan 3 = v, /v4 is defined as the ratio of the two Higgs VEVs v, = (H?) and vy = (H)).
2

The VEV of the SM-like Higgs boson v is related to these VEVs as v? 4 v2 = v? ~ (174GeV)?.
The potential must satisfy the following conditions,

2b < 2lp +my, +my, (2.9)
b > (lul® +mi, ) (el +mi,). (2.10)



The former condition is for the potential to be bounded from below, and the latter condition
is to make the symmetric point H, = H; = 0 unstable.

The minimization condition Eq. (2.8) is modified by radiative corrections, in particular,
contributions from the top squarks can be sizable. When we denote radiative corrections to the
Higgs potential as AV.g(H,, Hy), contributions to the minimization condition can be expressed
by shifts of the soft masses,

1 0

1 E)
Hy — mi ——AVig(vy, H 2.12
de de * o 2Ud 8Hd H(U ’ d) Hysoy ( )

The radiative corrections for the Higgs potential AVyg(H,, Hy) is nothing but the well-known
Coleman-Weinberg potential. Its explicit form at 1-loop level is shown in Eq. (A.21) of Ap-
pendix A. We included the contributions from the third-generation quarks, squarks and the
neutralinos, charginos, although the latter effects are negligibly small.

Equation (2.8) shows how the EW symmetry breaking scale is generated in the MSSM. If
the values of mp,, mp,, @ are greatly larger than the EW scale, fine-tuning is required among
these parameters. Two of those parameters my,, mp, and all the other mass parameters are
relevant to soft supersymmetry breaking, but the u-parameter is a supersymmetric parameter.
Hence, there is no reason why it has a relation to the supersymmetry breaking parameters.
Thus at least the value of the p-parameter and the sum of all the other terms consisting of soft
parameters should not have significantly large values compared with the EW scale in order to
avoid fine-tunings. This fine-tuning problem to realize the EW scale is called the little hierarchy
problem.

The lightest CP-even Higgs boson corresponds to the SM Higgs boson, the mass of which is
measured about 125 GeV. The SM-like Higgs boson mass is calculable in the MSSM, since the
quartic couplings of the Higgs bosons are related to the gauge couplings. It is well known that
quantum corrections give significant contribution to the SM-like Higgs boson mass, especially
contributions from top squarks are important owing to the large top Yukawa coupling constant.
The SM-like Higgs boson mass with the dominant radiative corrections is given by [23]

3 m} M2 24?2 A?
2 t st t
m; o~ m%cos’(2B) + Frchey {l og — + m (1 — 12M52t>] ) (2.13)
where m;, My = \/mgm, and A; represent the top quark mass, top squark mass scale and

A-term for the top squark, respectively. More precise expression is shown in Appendix A. The
observed Higgs boson mass is 125 GeV, while the tree-level mass is always smaller than the
Z-boson mass myz = 91.2 GeV, hence the large radiative correction is required. The top squark
mass scale must be larger than sub-TeV to explain the observed value of 125 GeV unless the
last term of Eq. (2.13) gives significant contribution. The last term depends on the ratio A; /Mg
and it is maximized when this ratio is v/6. Since A; corresponds to the mixing between left-
and right-handed top squarks, the situation with A;/Mg ~ V6 is called the “maximal mixing”.

10



2.1.3 Renormalization group running

The top squark parameters are important not only for the Higgs boson mass, but also for
the EW symmetry breaking. The minimization condition Eq. (2.8) is a relation for values of
mmu,, M, v around the EW scale, while their values would be given at the unification scale
where values of the gauge coupling constants unify and some underlying theory appears. This
indicates that the values of my,, mpy,, u in Eq.(2.8) involve other parameters, including top
squark parameters, through the RG evolution.

In the large tan 8 limit, Eq. (2.8) can approximately be written as

my ~ =2|u* — 2m3; . (2.14)

Note that the value of quu should be negative in order to bring the EW symmetry breaking.
This relation indicates that small |m%{u| is necessary to avoid the fine-tuning problem of the
p-parameter, which is a part of the little hierarchy problem.

One attractive feature of the MSSM is that m; tends to be negative at low energies even
if it is positive at the unification scale. The 1-loop RG equation for my, is

S, = (67 [y, + )yl + sy + b
~6@MLP — SEIM? + 2625, (215)
where
S=my — mlzqd + Tr(sz —m3 —2m?2 +m3+m?). (2.16)

The logarithm of renormalization scale @ is defined as ¢t = In@Q/A. In our analysis, the cutoff
scale A is assigned to the gauge coupling unification scale. The unification scale is defined as
a scale where >, 1g.(t) — g5(t)], (a,b = 1,2,3) is minimized. It is typically ~ 2.0 x 10'°
GeV and slightly depends on the typical sparticle mass mgysy where sparticles decouple from
the theory. All RG equations of the MSSM parameters [24-26] are listed in Appendix B and
the full 2-loop RG equations of the MSSM are derived in Ref. [27]. The top Yukawa coupling
constant is much larger than other Yukawa coupling constants, so that dominant contributions
come from the terms proportional to y; ~ (y, )33 and the gauge coupling constants. The term
proportional to the top Yukawa coupling constant forces m%{u to be negative at low energies
even when its value is positive at a high scale. This fact indicates that value of m%[u appearing
in Eq. (2.8) depends on the top squark parameters

The MSSM RG equations can be solved numerically. In this chapter, we assume that the
Yukawa couplings can be neglected except those for the third-generation and solve 1-loop RG
equations listed in Appendix B. We also assume that the soft masses and the A-terms have
universal values my and Ay at the unification scale, respectively, but the the gaugino masses
do not have the same value. When we take tan § = 15, the value of m%{u at a typical scale
of sparticles, which is assumed to be mgysy = 1 TeV, is found to depend on the boundary
conditions at the unification scale as

my; (msusy) = 0.005M7 — 0.005M; M, + 0.202M5 — 0.021M; Mz — 0.134M> Mz (2.17)
—1.56 M2 — A(0.011M; + 0.064 My + 0.238 M5 + 0.097Aq) — 0.069m;.
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The value of m%{u gets a large negative value when the top squark parameters mg, m,,, A; and
the gluino mass term Mj have large values. The required degree of tuning in Eq. (2.8) becomes
severer as the top squark is heavy to explain the Higgs boson mass, or lower bounds on gluino
mass is tightened by experiments.

Similarly, the top squark parameters mq, m,, A; at mgysy = 1 TeV are related to the
boundary conditions as

mg(msusy) ~ —0.007M7 — 0.002M, Mj + 0.349M3 — 0.008 M1 M — 0.056 Mo M + 3.21 M3

—(0.004M; + 0.029M5 + 0.107 M3 + 0.044 Ag) Ag + 0.600m, (2.18)
m2(msusy) =~ 0.044M} — 0.003M My — 0.157M3 — 0.014 M, M3 — 0.089 My Ms + 2.77 M

—(0.007M; + 0.043 M5 + 0.159 M3 + 0.065A40) Ag + 0.287m, (2.19)
Ay(mgusy) =~ 0.032M; + 0.236 M + 1.42M3 + 0.273 A,. (2.20)

We can see that the gluino mass M3 gives the most significant contributions to these parameters.
If the terms proportional to M2 dominate the RG evolution, the ratio A;/My is always smaller
than unity. The top squark mass has to be heavier than O(TeV) to explain the 125 GeV Higgs
boson mass, and then the required degree of tuning is O(0.01%) as will be discussed later. The
fine-tuning is required to explain 125 GeV Higgs boson unless the value of A, is greatly larger
than M3 to enhance the Higgs boson mass, and/or m%{u is much larger than Mj; to reduce the
value of m7, at the EW scale. However such situations would be difficult to be realized by
mediation mechanisms of supersymmetry breaking. Therefore it is challenging to realize the
Higgs boson mass without a fine-tuning when the gluino mass term Mj; dominates the RG
evolution.

2.2 Non-universal gaugino masses

In this section, we consider non-universal gaugino masses at the unification scale to solve the
little hierarchy problem induced by the Higgs boson mass.

The ratio A;/Mg, ~ /6 is necessary to realize the observed Higgs boson mass while keeping
the top squark mass less than sub TeV. This ratio can be increased efficiently by taking large
values of wino mass M, compared with the gluino mass Mj. For the right-handed top squark
soft mass m,,, the coefficient for the M3 term is negative and opposite to that for Mz term. As
a result, the value of m,, reduces as M, increases. Besides, the value of |A;| increases at the
same time.

Thus the ratio A;/My; increases as the wino mass parameter M, increases. Note that top
squark becomes tachyonic if M is too large compared with Mjs, and then there is an upper
bound on the ratio My/Mz < 4 - 5 for m? > 0, or more precisely, the eigenvalues of the mass
squared matrix for the top squark should be positive.

It is interesting that the degree of tuning is also relaxed when the wino mass parameter is
increased. In particular, the contributions from the gluino mass term can be canceled by the
M3 term if the wino-to-gluino mass ratio My/Msz ~ 3.1. Thus m}; (mgusy) can be close to
the EW scale when the wino-to-gluino mass ratio Ms/Mj3 2 3. Note that the EW symmetry
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breaking can not occur, or equivalently Eq. (2.8) does not have a solution if m3, 2 —m?3 /2.
This gives an upper bound on M;/M3 < 3.5, depending on values of the other parameters.
Therefore we find that the wino-to-gluino mass ratio 3 < My/M3 < 4 is favored not only to
increase the Higgs boson mass owing to the sizable ratio of A;/Ms, but also to reduce the value

of pu-parameter.

2.3 Fine-tuning and the Higgs boson mass

The LHC experiment gives stringent constraints on the parameter space of the MSSM. In
particular, the gluino mass has to be heavier than at least 1.5 TeV although precise limit is
shown in the subsequent chapters. Since M3(mgysy) ~ 2.3 M3, the current LHC result requires
M; 2 650 GeV. The gluino mass pushes up masses of the squarks above TeV, so that the
typical scale of sparticles is larger than the EW scale and there remain potentially fine-tuning
problems.

We employ a measure for degrees of parameter tuning as [28],

d Inm?,

Fna? | (221)

A = max|A,| = max

a a

where a runs over all fundamental parameters of the MSSM. Since we do not know what is

fundamental parameters for the MSSM, we consider several patterns of fundamental parame-

ters. In all cases we discuss here, the value of p-parameter at the unification scale is treated

as a fundamental parameter because it is a unique supersymmetry preserving parameter. On

the oater hand, we consider several ways to identify fundamental parameters among soft break-

ing parameters. As will be discussed in next chapter, the fundamental parameters would be
identified when we specify mediation mechanisms of supersymmetry breaking.

The first choice is

A = max |A], (2.22)
a€{p, My, Mz, M3, Ag, mo}

where all gaugino masses and the universal A-term and soft mass are considered to be inde-
pendent parameters to each other.
The second one is

Ay = max |Adl, (2.23)

ag {Mv Mgaugino , mscalar}

where Mgaugino = M3 = My /r1 = My /ry and mgeatar = mo = Ao/ra. The gaugino mass ratios
r1,2 and the ratio of A-term to soft mass r4 are fixed by some mechanism and their scales are
treated as fundamental parameters.

The last choice is

Az = max |A,l, 2.24
K ae{”: Mall} | a’ ( )

13



where Moy = M3 = My /ry = My/ro = mg/rm = Ao/r'y, so that all of the ratios among soft
terms are fixed and the overall scale is considered to be fundamental. Conventionally, the
overall scale is represented by the gluino mass Mj, but this does not matter because of the
definition of the degree of tuning with e.g. log MZ. Note that the minimization condition of
the Higgs potential Eq. (2.8) implies

A =1 (2.25)

at tree-level, because values of soft masses at low energies can be written by their values at
the unification scale quadratically as in Eq. (2.17). This relation is broken by the radiative
corrections Eq. (2.12). This means that As ~ |A,| >~ |Ayy].

At 1-loop level, The RG-effects to the u-parameter can be factorized, then

dlnmy — dlnmy  2udiey

Olpg — 0lpgysy — my

Aﬂ

(2.26)

where po and pugysy are values of p-parameter at the unification scale and the supersymmetry
scale, respectively. Thus the value of p-parameter has to be smaller than about 200 GeV (650
GeV) for Az < 10 (100).

Note that there are dependences on fundamental parameters through tan g, because VEVs
of the Higgs bosons are determined by their mass terms, including mpy,, mpy,. However, such
contributions will be suppressed by tan® 3 > O(1000) due to the fact that tan 8 dependence of
m? is only through 1/(1 — tan? ), as can be read from Eq.(2.8).

Figure 2.1 shows values of each tuning parameter with the assumption M3 = myg = Ay =
1 TeV at the unification scale. These are obtained by solving the 1-loop SM RG equa-
tions for the Yukawa and gauge coupling constants below the supersymmetry scale defined
as msusy = /MMy, and the 1-loop MSSM RG equations for the Yukawa coupling constants,
the gauge coupling constants and the soft parameters above mgysy. Note that we neglect
Yukawa couplings except for the third-generation fermions. Values of A, are calculated at
msusy. There is no suitable values of p-parameter and b-term that satisfy Eq. (2.8) in the gray
region and the top squark becomes tachyonic in the brown region.

We can see that the tuning of the p-parameter is relaxed as ry increases. The tuning of
the A-term and the scalar mass are not so sensitive to the gaugino mass ratio and are not so
severe in this case. Note that the tuning of A-term can become severer if it becomes larger and
cannot be relaxed efficiently by changing the gaugino mass ratios.

The middle row of Fig. 2.1 shows the tunings of gaugino mass parameters. Since Ay, is
always larger than about 400, their degrees of tunings are severer than A; 2 370, which means
that required tuning is tighter than ~ 0.25%, if their values are determined independently and
there is no correlation among them. In particular, the degree of tuning the wino mass parameter
becomes severer for larger values of wino mass where the tuning of p-parameter is favorably
relaxed. Incidentally, A, becomes larger than any other A, in small M, region, including the
universal gaugino mass case.

It is reasonable that the gaugino mass ratios are fixed by supersymmetry breaking mediation
mechanism, and gaugino masses have some relations among them. For instance, gaugino masses
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Figure 2.1: Values of tuning parameters in the parameter space (r1,79) with a boundary con-
dition M3 = Ay = my = 1.0 TeV. A, = A, (top left), A,,, (top center), Ay, (top right),
Ay, (middle left), Ay, (middle center), Ay, (middle right), Apg (bottom left),
(bottom center), A,y (bottom right), respectively.

calar

Mgaugino

are determined by the beta function coefficients, which are determined by discrete parameters
such as the Casimir invariants and the number of representations in the anomaly mediation.
Therefore, the definition of the tuning measure A;, defined as Eq. (2.22), is always larger than
about 350, but this may be meaningless.

The fine-tuning measure Ay might be more reasonable. The left and center in the bottom
row of Fig. 2.1 show the degree of tuning of the overall scalar parameters mgea.r and gaugino
masses Mgaugino, respectively. We can see Agcatar < 100 because A4, and A, are already small.
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Figure 2.2: The Higgs boson mass, the top squark mass and the degree of tunings on the
gaugino mass ratio plane with M3 = mg = 1.0 TeV and Ay = 1.0 (2.0) TeV in the left (right)
panel. The blue solid (dashed) lines represent A, = 100 (250) and the black solid (dashed)
lines represent Az = 50 (100). The Higgs boson mass is 125.09 + 0.24 GeV in the red band,
and lower (upper) red solid line corresponds to 124 (126) GeV. The background color indicates
the lightest top squark mass and there is no suitable value of u-parameter to explain the EW
symmetry breaking in the gray region.

On the other hand, the tuning for gaugino mass parameter is significantly relaxed, especially

Myaugino €A1 be completely vanishing. This is because the signs of Ay, and Ay, are opposite
to that of Ay, then the degree of tuning is also canceled by the gaugino mass ratio, in addition
to the cancellation for the tuning of p-parameter. Therefore Ay can be less than 100, which
means that the required tuning is better than 1%-level.

The right panel of the bottom row in Fig. 2.1 shows the degree of tuning when all of the
soft parameters are determined by one parameter. As we expected from Eq. (2.25), its value is
almost the same as A, but a small difference comes from radiative corrections. Thus Az can
be smaller than 100, and the required tuning is relaxed above a few %-level.

Let us turn our attention to the Higgs boson mass. Figure 2.2 shows the Higgs boson
mass, the top squark mass and values of tuning measures Ay, Aj. The boundary condition is
M3 =mg = 1.0 TeV and Ay = 1.0 and 2.0 TeV in the left and right panels, respectively. The
Higgs boson mass is in a range 125.09 + 0.24 GeV in the red band, and the lower (upper) red
line corresponds to 124 (126) GeV. We calculate the Higgs boson mass by the renormalization
group method paying attention to light right-handed top squark. Details of the calculation
are shown in Appendix A. The lower lines are bended when the left-handed top squark mass
becomes lighter than that of right-handed one in large r region.

The Higgs boson mass can reach the observed value easily for Ag = 2.0 TeV. It reaches
to the observed value only when the right-handed top squark is relatively light and the ratio
Ay /My is enhanced for Ay = 1.0 TeV.
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There is no suitable values of the y-parameter to bring the realistic EW symmetry breaking
in the gray region and the top squark becomes tachyonic in the brown region. The background
indicates the lightest top squark mass. We can see that the top squark tends to be light for
Ay = 2.0 TeV due to a large mixing in the top squark mass matrix and then it can be lighter
than 1.0 TeV.

The blue dashed and solid lines correspond to Ay = 250 and 100, respectively. Ay can be
smaller than 100 between the two solid lines in the case of Ay = 1.0 TeV, but it is always larger
than 200 because of the severe tuning induced by the A-term if Ag = 2.0 TeV. Thus Ay = 1.0
TeV is obviously favored from the naturalness based on the tuning parameter A,. On the other
hand, Az can be smaller than 50 in both cases. Therefore both of them are favored if we adopt
the definition of the degree of tuning Eq.(2.24) as long as gaugino masses are fixed with suitable
ratios.

2.4 Summary

In this chapter, we reviewed the Non-Universal Gaugino Mass (NUGM) scenario that can
accommodate the observed Higgs boson mass to the naturalness argument. The most important
ingredient of this scenario is a suitable ratio of wino-to-gluino mass parameter M,/Mj at the
unification scale. Larger values of M not only reduce the values of [m#; | around the EW scale,
but also increase the ratio A; /Mg, which gives significant enhancement for the Higgs boson mass
as a consequence of the RG evolution. We showed that the Higgs boson mass can reach about
125 GeV while keeping the degree of tuning relaxed above %-level if we adopt the definitions
Eq. (2.23) or Eq. (2.24).

This scenario is also interesting from a phenomenological viewpoint, because some particles
tend to be light and can be tested by experiments or observations in near future. The exclusion
limits of this scenario at the LHC experiment is presented in Chapter 4 and those at dark
matter experiments are in Chapter 5. An expected contribution to the muon magnetic moment
from sparticle contributions is shown in Appendix C.

It is known that there exists several ways to realize such a relatively large wino mass
parameter at the unification scale. One possibility is to rely on the mirage mediation [15,
16], a mixture of the moduli and the anomaly mediations. We study this possibility and its
generalization in the next chapter. Another explanation of a suitably large wino mass is given by
moduli-mixing gauge kinetic functions [29]. Tt is quite dependent on superstring models how the
moduli fields appear in gauge kinetic functions, and their VEVs of the scalar components and
the F-term are fixed. We need to know how the MSSM is embedded into D-brane configurations,
such as winding numbers, intersections and magnetic fluxes, and so on. This is quite interesting
but is beyond the scope of this thesis, so we focus on the first possibility, that is, the mirage
mediation and its generalization.

17



Chapter 3

The Higgs boson mass in deflected
mirage mediation

In this chapter, we study supersymmetry breaking mediation mechanism that realizes the
NUGM scenario [30]. Here we consider a general class of mediation mechanism, the so-called
deflected mirage mediation (DMM), where three well-motivated supersymmetry breaking me-
diations co-exist. We identify the parameter space of the DMM and discuss compatibility of
the naturalness with the recent observations. We first review the mediation mechanisms of
supersymmetry breaking in Section 3.1. We also review theoretical backgrounds of the DMM,
especially how it is realized by moduli stabilization mechanism in Section 3.2. Section 3.3 is
devoted to phenomenological discussions of the DMM. We summarize this chapter in Section
3.4.

3.1 Mediations of supersymmetry breaking

Supersymmetry must be broken in order to make masses different between a boson and a
fermion in the same supermultiplet, but it should be broken spontaneously to avoid quadratic
divergences for scalar masses. We can derive the following mass sum rule at tree-level, the
so-called supertrace theorem, from the most general non-anomalous renormalizable supersym-
metric Lagrangian,

Tr(m?2) — 2Tr(mlmy) + 3Tr(m?) = 0, (3.1)

where mg, mp, my are mass matrices for scalars, fermions and vectors in the model, respec-
tively. The mass terms come from both the superpotential and the Kahler potential after some
scalar fields obtain nonzero VEVs. If some of these supermultiplets are block-diagonal and do
not mix with other sectors, the same relation holds for those supermultiplets. Then if it is true
for the electron supermultiplet, there is a sum rule,

2

mZ, +mZ, = 2m; (3.2)

2 e’
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where mg,, mg, are the mass eigenvalues of mass matrix for the two selectrons. It is clearly
inconsistent with the observation, since a selectron lighter than about 100 GeV has been ex-
cluded. Moreover mixing of the electron with other fermions are severely constrained by lepton
flavor violation experiments, thus the MSSM fields cannot break supersymmetry sufficiently
large. Similar argument can apply for other MSSM particles. Furthermore, fields responsible
for large supersymmetry breaking may not couple to the MSSM particles directly. It is quite
difficult that the breaking field couples to the MSSM particles, respecting all constraints from
flavor violation searches. Therefore supersymmetry breaking should occur separately from the
MSSM, and such a sector separated from the MSSM is called the hidden sector.

Loopholes for the supertrace sum rule are found by considering non-renormalizable in-
teractions or radiatively induced interactions. The former is often called the gravity media-
tion [8,9,31-34]. In the gravity mediation models, supersymmetry breaking fields couple to
MSSM fields through higher dimensional couplings. A cutoff scale for these couplings is usually
considered at the Planck scale as naturally expected from the supergravity which is a localized
supersymmetry. The supersymmetry breaking field is usually considered as a singlet for the SM
gauge group, because it is difficult to make its potential to break the supersymmetry if the field
is charged under the SM gauge symmetries. The supersymmetry breaking field should couple
to the MSSM sfermions in a universal way, or with respect to flavor structure of the Yukawa
interactions in some sense, otherwise it easily induces unwanted flavor violations. Universal
couplings are often assumed in gravity mediation models, but there are models without such
an assumption. For example, if the supersymmetry breaking field strongly couples to the first-
and the second-generations but weakly for the third-generation, the flavor violating processes
are suppressed due to decoupling of two of three generations. The gravity mediation is less
predictable and highly depends on the underlying theory.

There are two well-motivated mediation mechanisms induced by radiative corrections. One
is the gauge mediation [35,36], where supersymmetry breaking effects are mediated by gauge
interaction. Since gauge interactions are basically independent of flavors of sfermions, it is
free from flavor violations. Some exotic matter fields charged under the SM gauge group, the
so-called messenger fields, are mandatory to mediate supersymmetry breaking by the gauge
interactions. These messenger fields must have large masses to evade experimental bounds and
they must not produce U(1)y anomaly. Then these messenger fields are usually considered as
vector-like, and they consist of some representations of GUT gauge groups to hold an attractive
feature of the MSSM, i.e. the gauge coupling unification. Thus the minimal setup for the
gauge mediation is to introduce vector-like fields that can be completely embedded into 5 and
5 representations of SU(5).

Another radiatively mediated scenario is called the anomaly mediation [10,11]. The anomaly
mediation always exists in the MSSM, although its effect could be quite small compared with
contributions from the other mediation mechanisms. In anomaly mediation, supersymmetry
breaking is mediated by the super-Weyl anomaly, which can be understood as that mediated by
a compensator field in conformal supergravity context. The anomaly mediated contributions
are completely determined by the anomalous dimensions of MSSM fields and then they are
insensitive to the UV physics. Since anomalous dimensions are dependent on gauge coupling
constants and Yukawa matrices, these contributions are flavor universal or respect the flavor
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structure of the Yukawa matrices. Thus the anomaly mediation is attractive because of its
predictability and is safe from flavor violation. However, it should be noted that the anomaly
mediation predicts tachyonic sleptons at low energies and some additional contribution is nec-
essary to avoid such a problem.

The relatively large wino mass cannot be realized in the simplest case of the above three
mediation mechanisms. If a supersymmetry breaking field appears in the gauge kinetic function
universally to each gauge supermultiplet, the gaugino masses are also universal. Since the
gaugino masses are proportional to the gauge coupling constants both in gauge and in anomaly
mediations, the gluino mass is always heavier than the wino mass parameter at the GUT scale.

The mirage mediation [12-14], which is mixture of moduli and anomaly mediations, would
be the most promising possibility to realize the large wino mass. Here, the moduli mediation
is classified in the gravity mediation where the mediator field is moduli fields. Moduli fields
always appear, in compactified extra-dimensional models, like superstring models, as massless-
modes originating from extra-dimensional component of higher dimensional tensor or vector
fields. Once we assume that one modulus field couples to each SM supermultiplet universally
and contributions from modulus and anomaly mediations are comparable, suitably large wino-
to-gluino mass ratio can be obtained. It seems non-trivial that the loop-induced anomaly
mediated contributions are comparable with tree-level contributions from the moduli mediation,
but we have an underlying scenario that realizes such a situation known as the KKLT moduli
stabilization mechanism [17,18]. Phenomenology of the mirage mediation is studied in Refs. [37—
40]

The mirage mediation has been studied as a model favored from the naturalness due to
its mirage unification feature [15,16]. If the special relation for the modulus mediation is
achieved, values of soft parameters are unified at some low energy scale. This scale is called
the mirage unification scale. The mirage unification scale is determined by the ratio of the
contributions from modulus and anomaly mediations. This feature allows us to control values
of soft parameters including my, at low energies and then we can realize a natural sparticle
spectrum. However, the mirage unification condition forces A-term to be less than v/2 times
the soft top squark masses at the mirage unification scale, then the heavy top squark mass is
required to explain the 125 GeV Higgs boson mass.

A small p-parameter has been understood as a result of the mirage unification, but we
also know that the gaugino mass is actually crucial to keep the p-parameter small. Hence
the mirage unification will not absolutely necessary, and the gaugino mass ratio would be
the most important. Thus we consider the mirage mediation framework with and without
the mirage unification condition. Furthermore, a model is proposed, the so-called deflected
mirage mediation [19,20], where the gauge mediation contributes comparably as the other
two contributions. The phenomenology of the deflected mirage mediation was discussed in
Refs. [41-43] before the discovery of Higgs boson.

In this chapter, we investigate this general class of supersymmetry breaking scenario, and
identify the parameter space where the observed Higgs boson mass can be explained while
keeping the degree of tuning still relaxed.
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3.2 Theoretical backgrounds of deflected mirage media-
tion

Following Ref. [19], a starting point is the four-dimensional N' = 1 effective supergravity La-
grangian of the KKLT-type. We assume that a modulus field, denoted as T', remains in the
effective theory. The Kahler potential has a following form at the leading order of matter fields,
- —I
— XX
K = —3log(T +T) + X @@ (3.3)
(T+T)x (T+T)

where (Q; denotes the MSSM field with I runs over the MSSM matters. A SM gauge singlet
field X is a source of supersymmetry breaking for the gauge mediation and nyx, n; are modular
weights of the singlet X and the MSSM field @);. Values of modular weights have rational
numbers and they are determined by, e.g., properties of D-branes where the matter fields live.
We assume that values of the modular weights are flavor independent for the quark and lepton
supermultiplets to avoid unwanted flavor violations. Note that we employ unit that the Planck
scale M, ~ 2.4 x 10'® GeV is unity in this section. The superpotential W is expressed as

where Wy (T), Wi (X) are superpotentials that stabilize T and X, respectively. ¥ and ¥ are the
vector-like pairs of messenger fields, which consist of 5 and 5 representations of SU(5). There
are Npess pairs of the vector-like messengers although they are not shown explicitly. Wysswm
is the usual MSSM superpotential that contains the Yukawa interactions and the p-term as
defined in Eq. (2.3). We assume that the gauge kinetic function is given by

fa=T, (3.5)

where a = 1, 2, 3 corresponds respectively to U(1)y, SU(2)., SU(3)c of SM gauge groups. The
VEV of the scalar component of T determines the values of three gauge coupling constants at
the unification scale ~ 106 GeV, and they have definitely the same value because of the gauge
coupling unification in the MSSM.

Once we assume that the modulus 7', the compensator C* and the singlet X have non-
zero VEVs, we can calculate the soft parameters in this setup [44]. Since the gauge mediated
contributions are given at the so-called messenger scale M,ess = (X)), which is usually taken at
the intermediate scale, the soft parameters at the unification scale are given by the modulus
and the anomaly mediations, namely the pure mirage mediations. The soft parameters at the

*Compensator field is used in the conformal supergravity formulation and it plays a role of messenger for
the anomaly mediation.
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unification scale are given by

FT 2 FC’
M,(Mgur) = T+T+£;%Eg (3.6)

T C

AR M, = 3—=n;—n; — _ ka4 (7 45 4 o k)] — 3.7

(Mgur) (3 —mn; —n; nk)T+T+[y YA (i g) + (i )]C, (3.7)
. FT 2 [ FT FC 1. |FC?

2 (M, = (1—-mn; —| 67 — 67 —— +coc |+ . (3.8

m ( cur) ( n) TAT T+T C 2% C’ (3.8)

where FT, F¢ are the VEVs of F-terms for the modulus 7" and the compensator C. T, C' in the
denominators are understood as their VEVs. These values will be fixed by moduli stabilization
mechanisms. g is the universal value for the unified gauge couplings. b, = b, + Nyess, (@ =
1,2, 3) are beta function coefficients for the gauge coupling constants above the messenger scale
and b, = (=3, 1, 33/5) are those of the MSSM. 7 is the anomalous dimension matrix and 6,
are defined by derivatives of the anomalous dimensions v with respect to the modulus 7" and
the renormalization scale In(), respectively. They can be written as

. 1 . .
2 o Im 2
16777 = 3 Zyumyj - cha(Qi>ga5i]7 (3.9)
—167%07 = = Z — N — N — N ) Yitm Y — Z 24(Q:) g2, (3.10)
167%5) = 5 Z (B "™ + Yitmby™™) Z4ca Q). go; (3.11)
I,m

where ¢,(Q;) is the quadratic Casimir for matter field @; under gauge group G,. szk is the
beta function for the Yukawa coupling constant y* and y;jx = (y¥*)*. Their explicit formulae
for the MSSM are listed in Appendix D.

At the messenger scale, the messenger fields decouple from the theory and this gives thresh-
old corrections to gaugino mases and soft masses but for A-terms in the typical gauge mediation
models. These corrections read as

2 C X
9o(Myess) (F F
AM, (M, = —Npess™———— | — + = 12
a( mess) mess 167 2 (C + X ) (3 )

j Mmess FC FX j
A7712@’](]\411%33) - 220(1 Qz messga( ) + = 5i]‘ (313)

(16722 | C ' X

It is convenient to introduce ratios of contributions from the anomaly and the gauge medi-
ations to those of the modulus mediation mg = FT /(T +T),

F¢ M,

— = moay,In —2, 3.14
C 0 m3/2 ( )
FX F¢ M,

~ T Qg = Momay In mgjz’ (3.15)
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where mg/, is the gravitino mass. The soft parameters can be rewritten by using these ratios
as,

g(% / M,

M, (M, = 1 b a1 , 3.16
Waur) = o { BT mg/g] (310

iik Lik i . . Mp
A (Mgur) = mo [(3—n; —nj —ng) + [y 9" + (i > ], k)]amlnm ;o (3.17)

3/2

, . ‘ M, 1. M, \?
mziJ(MGUT) = m02 [(1 — nl)@] — 29ijOém In P + —’}/Zj (Oém In P ) ] s (318)

ms/2 2 ms/2
and the threshold corrections at the messenger scale are
2
g (MmeSS) M,

AA]\4az Mmess = - Nmessa— m(1 1 s 3.19

2.j o 2 ] gg(Mmess)
Am i (Mmess) = My Z2CG(QZ)aness— am(l —+ 049) In

M, i J
(om)? ] 5. (3.20)

ms/2

Values of a,,,, a4 are dependent on how the moduli fields are stabilized. Moduli fields are
massless modes originated from extra-dimensional vectors or tensors, but such massless fields
should be heavy enough to be consistent with cosmological observations and to fix values of
the Yukawa and the gauge coupling constants. Thus some mechanism is necessary to generate
a potential for moduli fields, called a moduli stabilization mechanism. The KKLT model is one
of a few examples of moduli stabilization mechanisms. We do not show details of the moduli
stabilization, but potentials are generated by fluxes or non-perturbative effects, like the gaugino
condensation in supersymmetric Yang-Mills theory. It is important that value of «, could be
fixed only by discrete parameters, like the number of fluxes, D-branes, intersections and so on.
Thus its value would be irrelevant to the fine-tuning problem.

The original KKLT model predicts a,,, = 1 [17], but some modifications, like moduli-mixing
superpotential, of KKLT-type models can allow various values «a,, < O(4m) [18]. A case of
a,, = 2 has been studied intensively, because the mirage unification scale is around TeV scale
in this case. The mirage unification is a feature of the special case of the mirage mediation
where values of soft parameters have the same values as the modulus mediated contributions at
the mirage unification scale. Thus gaugino masses are always unified at this scale, and scalar
masses and A-terms are also unified if values of the modular weights are the same for all the
squarks and sleptons.

The mirage unification scale is given by,

M,

p

am/2
Mmirage = MGUT (m3/2) . (321)

Since the gravitino mass is O(167%my) in the KKLT-type models, then the mirage unification
scale is at around TeV scale when «,, ~ 2. The mirage unification occurs only when the
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condition

Y (1-m)=1 (3.22)

=15,k

is satisfied for sizable Yukawa coupling constants y“/*, like the top Yukawa coupling constant,
where i, j, k correspond to each matter field part of the Yukawa coupling constant y“*. For
example, 3 — ng, —ng — n, = 1 has to be satisfied for the top Yukawa coupling. Since the
modulus mediated contributions to the soft mass for the MSSM matter ); are proportional to
(1 —ny), the value of m%; at the EW scale can be small if ny, = 1 and the mirage unification
condition is satisfied.

This case with ny, = 1 is interesting and has been well-studied, but one problem is that it
is hard to explain the Higgs boson mass. If the mirage unification is satisfied, A; and My at
the TeV scale are A, = my and M2 = (1 — ng)(1 — n,)mZ, and then A,/M < /2. Thus this
requires mg 2 5 TeV and then fine-tuning for input parameters other than the u-parameter
would be necessary.

The value of o, can have an O(1) value shown in Ref. [19]. If the non-perturbative or higher
dimensional superpotential for X is generated, the F-term of X is induced by the supersym-
metry breaking effect. For instance, if the superpotential is monotonic,

X’n

W1<X) = Wa

(3.23)
where A is a cut-off scale (n > 3) or a scale which a gauge coupling constant blows-up (n < 0).
The above superpotential fixes the ratio a, = —2/(n — 1). Incidentally, the mirage unification
occurs even when the gauge mediation works and RG-flows are deflected. The mirage unification
scale is

amp

m 2
Mmirage = MGUT < ]\;;2) ) (324>

where p is defined as

1 + 2Nmessg()2 1n MGUT

p — 1672 Mness (3 25)
1 — (Y Nme55902 ln Mp ' )
m=g 167!'2 m3/2

3.3 Mass spectrum of deflected mirage mediation

3.3.1 Parameter assumptions and overview of analysis

It is difficult to realize the 125 GeV Higgs boson mass when the top squark mass is about 1
TeV, if the mirage condition was satisfied. From the analysis in Chapter 2, we know that the
most important ingredient to reduce the degree of tuning is the relatively large wino mass.
Thus we investigate more general class of the mirage mediation.
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In our analysis, we assume that the modular weights for the quark and lepton supermulti-
plets, denoted by ng are universal, while those for up- and down-type Higgs supermultiplets,
denoted by ng, can have a different value from modular weights for other matters. This pa-
rameterization is motivated from GUT theories, that is, quarks and leptons can be embedded
into one representation of GUT gauge symmetries, but the Higgs bosons do not. The values of
ng, ng can have 0, 1/2, 1 as expected from superstring models. We fix tan = 15. We treat
the size of modulus mediation mg and the ratio of anomaly mediated contribution to modulus
mediated contribution «,, as free parameters.

Parameters of the messenger sector are the number of the messenger pairs Nyess, the
messenger scale M. where the messengers are decoupled and the ratio of the gauge me-
diated contributions to the anomaly mediated contributions a,. We take Ny = 0, 3, 6 and
Mess = 10%, 10'2 GeV. The case with Nyees = 0 corresponds to the pure mirage mediation.

In total, we have 7 parameters

mo, Qm, Qg, NQ, nH7NmeSS7 Mmess- (326)

my controls an overall scale of sparticles. a,, a, control the ratio of soft parameters, especially
o, determines gaugino mass ratio at the unification scale. ng, ny control relations among soft
masses and A-terms. Since modulus mediated contributes to a soft mass mg, is (1 —n;)mo and
those to an A-term A, is mOZl:i, j,k(l —ny), then these are correlated with each other. The
larger ratio of A-term to soft masses can be obtained for smaller modular weights. We study
four cases of modular weights,

(ng, ng) = (0, 0),(0, 1/2), (1/2, 1/2), (1/2, 1). (3.27)

We calculated values of soft parameters at the EW scale by solving the 1-loop renormaliza-
tion group equations which are listed in Appendix B. The explicit values of Yukawa matrices
that are used in the analysis are also shown in this Appendix. We evaluated the Higgs boson
mass with quantum corrections by the RG-improved effective potential method displayed in
Appendix A. The sparticles masses are evaluated at tree-level.

3.3.2 Mass spectrum of mirage mediation

First, we study the case with N, = 0, hence the gauge mediated contributions are absent.

Figure. 3.1 shows the Higgs boson mass and the degree of tuning of the p-parameter with
modular weights (ng, ng) = (0,0), (0,0.5).

A Higgs boson mass in the range 124.4 < m;, < 126.6 GeV is obtained in the red region,
while it becomes heavier than 126.6 GeV in the yellow region. We can see that the Higgs boson
mass reaches about 125 GeV if my 2 1.1 TeV for (ng, ny) = (0,0), and my 2 1.3 TeV for
(ng, nmg) = (0,0.5). The blue lines indicate the lightest top squark mass, and their values are
not so different for these cases. The Higgs boson mass is slightly heavier for (ng, ng) = (0,0)
case due to the larger A-term.

The black dashed lines indicate the degree of tuning and the correct electroweak symmetry
breaking (EWSB) cannot occur in the dark gray region because of large positive, rather than
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sample points
input parameters M1 M2 M3 M4
(ng,ng) (0,0) | (0,0.5) | (0.5,0.5) | (0.5,1)
(a7 2.26 2.42 1.91 2.14
mo[GeV] 2000 | 2000 2000 2000
output parameters values

100 x |A;1] (%) 53.5 28.4 7.54 2.31
mp|GeV] 125.4 | 126.2 125.2 123.5

Table 3.1: The mass of SM-like Higgs boson and the degree of tuning ¢ parameter, 100 X |A;

(%) at several sample points.
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Figure 3.3: The mass spectrum at the sample points M1 (left) and M2 (right). The vertical
axes represent the masses (GeV). The subscript 1, 2 for the first- and second-generation squarks
and sleptons are omitted for simplicity, because their masses are quite degenerated.

negative as it should be for the realistic EWSB, values of m7; . As a,, is increased, m3; gets
a smaller negative value due to the larger ratio of wino to gluino masses, thus relaxing the
degree of tuning of y-parameter for larger values «,,,. Since quu takes a smaller positive value
at the unification scale, larger values of «,, are favored from the naturalness viewpoint for
(ng, ng) = (0,0.5) compared with (ng, ng) = (0,0).

The LSP is represented by bino, top squark or higgsino for o, < 1.5, 1.5 < ay, S 2.0,
am 2 2.0, respectively. The gaugino masses are universal at the unification scale at a,, = 0
and the bino becomes the LSP. As the parameter «,, increases, the bino mass increases while
the p-parameter decreases, and the higgsino becomes LSP for «,, ~ 2. Since the top squark
becomes LSP, the intermediate region where both of the higgsino and bino are relatively heavy
is inconsistent with cosmological observations.

We can find a parameter region with a relaxed degree of tuning where the Higgs boson mass
is about 125 GeV for a,, ~ 2.0 and 1.5 < my < 2.0 TeV. The degree of tuning can be relaxed
more than 1% in not a narrow region for mgy < 2.0 TeV, but the region where it is relaxed above
10% is narrow, although the value of «,, would be determined only by discrete parameters in
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Figure 3.4: The mass spectrum at the sample points M3 (left) and M4 (right).

some superstring models.

Figure 3.2 show similar plots as Figs. 3.1, but values of the modular weights are different
(ng, ng) = (0.5,0.5), (0.5,1). The latter case satisfies the mirage unification condition and
has been studied intensively [15,37-40]. At the mirage unification scale, a scalar mass squared
for Q; is given by (1 — n;)mZ and an A-term by mg. If o, ~ 2, the mirage unification scale is
around TeV scale. The value of m3; can be almost vanishing at this scale if ny = 1. However,
the Higgs boson mass can reach about 125 GeV only at my 2 3.0 TeV, since the A-term to
scalar mass ratio is v/2 at the unification scale. Thus the degree of tuning the y-parameter can
be relaxed unless the value of «,, is fixed at suitable range with high accuracy.

The stau instead of the top squark tends to be the LSP in the intermediated values of «,,
for ng = 0.5. The soft scalar masses at the unification scale are smaller for larger values of
modular weights ng and the slepton mass terms are not so increased by the RG evolution.
Thus the stau remains light in these cases.

Table. 3.1 shows values of the degree of tuning of the p-parameter and the Higgs boson
mass at several sample points M1-4 with my = 2.0 TeV. The Higgs boson mass can not reach
125 GeV for the last case M4. Figures 3.3 and 3.4 show mass spectrum at these sample points.

For ng = 0, the top squark mass is around 1.0 TeV, while it is around 1.5 TeV for ng =
0.5. The mass relation between squarks and sleptons is dependent on gaugino mass ratio, or
equivalently «,,. The gluino mass is larger than bino and wino masses for small «,,, while
it gets relatively smaller for large av,. If the gluino mass is heavier than the bino and wino
masses, squarks tend to be heavier than sleptons, and vice versa. The modular weight for the
Higgs bosons ny influences the value of mpy,, especially the heavy-states of the Higgs bosons
are as light as higgsinos for the sample point M4. This can be understood as a consequence of
the mirage unification, that predicts a degenerate value of my, and my, around the unification
scale. Then the charged Higgs boson could be seen at a direct search for the extra Higgs boson
search or the flavor physics. The gluino mass can be lighter than 2.0 TeV and the top squark
can be lighter than 1.0 TeV for ng = 1.0, thus these are testable at the LHC in near future.

28



1.0 M

0.5

Figure 3.5: The results on a,,—a, plane for the case of (ng,ny) = (0,0) (left) and (0,0.5)
(right) with mg = 2000 GeV, M5 = 10 GeV and N5 = 3. The meanings of the lines and
colored regions are same as in Fig.3.1.

3.3.3 Mass spectrum of deflected mirage mediation

We consider the case with gauge mediated contributions, namely Nyess = 3, 6. We fix mg = 2.0
TeV to put the Higgs boson mass around 125 GeV. Note that the Landau pole for the gauge
coupling constants appears below the unification scale if the number of messengers Npess iS
too large or the messenger scale My, is too low energy. Here we consider three cases with
(Nmess, Mmess) = (3,102 GeV), (3,10° GeV), (6,10 GeV). Values of o, can take both signs.
For instance, the stabilization potential Eq. (3.23) leads oy = —2/(n — 1), where n < 0 or > 3.

Figures 3.5 and 3.6 show the Higgs boson mass and the degree of tuning as in Figs. 3.1, 3.2,
but on the a,,-a, plane. Meanings of the colored regions and the lines are the same as in
the previous figures. Impacts from the messenger sector are not only through the threshold
corrections for the gaugino masses Eq. (3.19) and scalar masses Eq. (3.20), but also values of
the gauge coupling constants through the RG-evolution. Thus low energy spectrum is different
from cases with Nyess even if oy = 0.

The Higgs boson mass can be larger than 125 GeV only for o, < 0. For oy > 0, the gaugino
masses are reduced while the scalar masses are enhanced by the gauge mediated contributions,
and then the effects due to the large wino-to-gluino masses are weakened. On the other hand,
gaugino masses are enhanced, but the ratio of wino-to-gluino masses is decreased for negative
ay. Moreover, the gauge mediation gives contributions only for scalar masses, but not for A-
terms, then the Higgs boson mass is never enhanced by gauge mediated contributions. Again,
the Higgs boson mass tends to be larger for ng = 0 than ng = 0.5 similarly to the cases with
Nuess = 0.

The degree of tuning is relaxed for o, 2 2, —0.5 < oy S 0. The favored value of o, becomes
larger when a4 deviates from 0, since m%[u is increased by the gauge-mediated contributions.
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sample points
input parameters D1 D2 D3 D4
(ng,nm) (0,0) (0,0.5) (0.5,0.5) (0.5,1)
mo[GeV] 2000 2000 2000 2000
(Nmesss Mmess|GeV]) (3,1012) (3,10'%) (3,1012) (3,10'%)
(Qtm, arg) (2.3,-0.35) | (2.4,-0.25) | (1.8,-0.20) | (2.5,-0.60)
output parameters values
100 x \A;1| (%) 30.5 12.1 10.6 4.95
mp|GeV] 125.7 126.1 124.8 124.5

Table 3.2: The mass of SM-like Higgs boson and the degree of tuning ;. parameter 100 x |A;1]

(%) at the sample points.

All of these four figures would indicate that natural region exists even without the modulus
mediated contributions, namely at large o, limit and o, ~ —1. This case is known as the
deflected anomaly mediation [45,46]. We expect the cancellation between anomaly and gauge-
mediated contributions to the gluino masses, and the sizable ratio of wino-to-gluino masses can
be obtained. However, the A-term is not so large that the Higgs boson mass reaches 125 GeV
if the top squark is around 1 TeV.

The Higgs boson mass and the degree of tuning of the p-parameter at the sample points are
listed in Table 3.2, and the sparticle and Higgs boson spectrum at the sample points D1 (left)
and D3 (right) are shown in Fig. 3.7. The typical spectrum is quite similar for the pure mirage
mediation, once we focus on the parameter space where the degree of tuning is relaxed. Squarks
except top squark and sleptons have almost degenerate masses respectively, and their values
are controlled by gluino mass and bino, wino masses respectively. Thus the mass spectrum is
roughly controlled only by «,, once we require the pu-parameter to be small.

We also varied the messenger sectors. Figure 3.8 shows a similar plot as Fig. 3.5, but
Nness = 6. In this case, the beta functions for gauge coupling constants are changed, and then
the gauge coupling constants are enhanced at high scales. The most significant effect is that it
enhances the gauge mediated contribution, since it is proportional to Ny directly. The soft
parameters become more sensitive to the value of « in this case. Thus these figures look like
squeezed along the oy direction. Incidentally, the chargino is lighter than the LEP bound in the
blue region. This is due to a cancellation happening among the three mediation mechanisms
for the wino mass parameter.

Figure 3.9 shows similar plot as Fig. 3.5, but My, = 10° GeV. Note that the range of the
vertical axis is shifted from other figures. The natural region shifts and gets closer to ay ~ —1.0
compared with M. = 10*2 GeV. The distance between the messenger scale and the unification
scale gets longer for lower messenger scale, then the value of strong gauge coupling constant
at the messenger scale becomes larger while it becomes smaller for the weak gauge coupling
constants. Since the gauge-mediated contributions are proportional to ay + 1, the ratio ay
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Figure 3.8: The results for the case of Mypess = 10'2GeV, Nypess = 6 with (ng, ng) = (0,0),mg =
2000 GeV (left), (ng,nm) = (0.5,0.5), mg = 3000 GeV (right).
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Figure 3.9: The results for the case of Myess = 10°GeV, Nyess = 3 with (ng,ny) = (0,0),me =
2000 GeV (left) , (ng,nm) = (0.5,0.5),my = 3000 GeV (right). Note that the origin of the
vertical axis is different from the other figures.
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sample points
input parameters D5 D6 D7 D8
(ng,nm) (0,0) (0.5,0.5) (0,0) (0.5,0.5)
mo[GeV] 2000 2000 2000 2000
(Nmess, Miess|GeV]) (6,10'2) (6,10'2) (3,100) (3,106)
(O, Crg) (2.20,—0.26) | (1.8,—0.29) | (2.25,—0.66) | (1.9,—0.77)
output parameters values
100 x \A;1| (%) 9.17 6.91 11.6 18.1
mp|GeV] 124.5 124.6 125.5 125.4

Table 3.3: The mass of SM-like Higgs boson and the degree of tuning p parameter at the sample
points.

should get closer to -1.0 to compensate the correction for gaugino mass ratio at the messenger
scale. The Higgs boson mass and the degree of tuning at several sample points are listed in
Table 3.3.

3.3.4 Mirage mediation without tachyonic masses

There are some subtleties for the mirage mediation. One is the so-called moduli-induced grav-
itino problem [47], although this is a problem for the KKLT moduli stabilization mechanism,
rather than the mirage mediation itself. Historically, one of the benefits of the mirage me-
diation is that the size of gravitino mass is O(47?mg) = O(100TeV) for TeV-scale sparticles
mo ~ O(1TeV). Thus it can solve the well-known gravitino problem induced by the gravitino
with a mass of O(1TeV) that the late-time gravitino decay after the Big-Bang breaks nucleons
and ruins the success of the Big-Bang scenario. However, the modulus mass predicted by the
KKLT scenario is O(100TeV) and the LSP overcloses the universe produced by the decay of
the modulus through the decay of the gravitino. This is the moduli-induced gravitino problem
that the LSP abundance produced non-thermally excesses the observed value. Solutions for this
problem can be categorized into three ways. One is diluting the produced LSP, and another is
preparing other LSP candidate. Candidates for dilution are Q-balls and/or thermal inflation,
and the LSP candidate is an axino [40]. Third possibility is to consider other moduli stabiliza-
tion mechanism that the moduli will not decay to the gravitino while the sparticle spectrum is
determined by mixture of the moduli and anomaly mediations.

The other subtlety is on tachyonic masses at high energies. Although all of the sfermions
have definitely large masses at low energies, most of them are tachyonic at high energies. When
we consider the thermal history of the universe, the thermal mass lifts up such negative mass
squared, and become cosmologically safe. Moreover, it has been also discussed that such a
tachyonic mass does not change structure of the scalar potential of the MSSM significantly if
the scale where the tachyonic mass appears is enough far from the TeV scale [48]. Thus the
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tachyonic mass would not be problematic but whether if it is true would depend on the thermal
history of the universe. It might be worth probing a possibility that any tachyonic masses are
absent at any scale until the unification scale.

Actually, we can avoid tachyonic masses for the third-generation quark due to the large
contributions proportional to the top Yukawa coupling constant for (ng, ng) = (0,0) even if
a,, =~ 2. However, the first- and second-generation squark masses squared must be negative
at the unification scale. Fortunately, we know that masses of the first- and second-generation
squarks are less important for the Higgs boson mass and the naturalness argument, and modi-
fication of their masses will not spoil the attractive features of the mirage mediation discussed
above. One candidate to give contributions to soft masses is a D-term mediated supersymmetry
breaking. Effects from the D-term mediation to the mirage mediation are studied in Ref. [49].
We note that flavor-dependent moduli mediation would cause too large flavor violation due
to the mixing terms of the moduli and anomaly mediations even if the modulus mediation is
flavor diagonal and has no mixing. This can be seen in the general formula of the soft masses
presented in Appendix D.

The D-term supersymmetry breaking could be caused by an anomalous U(1) 4, and it could
be flavor dependent if the U(1)4 is the flavor symmetry in some sense, for instance, like the
Froggatt-Nielsen mechanism [50]. We assume additional D-term contributions only for the first-
and second-generation sfermions,

(Apm?) =67 x (2.0TeV)?, (3.28)

where i, j = 1,2 are flavor indices of sfermions. Note that this type of contribution cannot be
hierarchically large, because it will reduce the third-generation squark masses and m%d due to
the mixing through the Yukawa matrices. The third-generation squark masses are significant
for the running of m% and the mj should be enough large to keep the curvature of the D-
flat direction of the Higgs potential positive. Thus these parameters must not be changed by
introducing the D-term contribution in order not to spoil the success of the mirage mediation
shown in previous sections.

With the D-term contribution, we can avoid any tachyonic masses at the unification scale.
The explicit values of soft parameters at the unification scale are listed in Table 3.4. We can
see that the values of A, and the Higgs boson mass are not so changed, but we can avoid any
tachyonic masses. Figure 3.10 shows a sample low energy spectrum at the sample point. The
first- and second-generation sfermions have masses above 3 TeV. This would help to evade the
flavor violations. A remarkable feature is that, the tachyonic masses can be avoid only when

(nQ, nH) = (0, 0)

3.4 Summary

In this chapter, we studied an interesting way to realize a certain gaugino mass ratio. The
mirage mediation is a mixed mechanism of the moduli and anomaly mediations, and the gauge
mediation co-exists for the deflected mirage mediation. A suitable gaugino mass ratio can be
obtained in these mediation mechanisms.

34



sparticles | mass [GeV] | particles, parameter | mass [GeV], value
me, 980.9 mp, 582.4
mep, 1319 mg, 2059
me, 1334 mg, 2083
mg, 1769 My, 3089
mg, 1775 My, 738.8
me, 2337 (Au)ss 3810
mp, 746.5 Mg, 4968
mp, 2008 My, 2446
mp, 2116 M, 650.9
my, 426.9 mp(mz) 125.3
mj, 2021 my(myz) 1638
m;, 2021 100 x [A; (%) 48.32

Table 3.4: The sparticle masses my,, Higgs masses My, ,, A-term for the top squark (A,)ss,
gaugino masses My at the GUT scale, the Higgs masses at the EW scale my, g and the degree
of tuning of y parameter where Mflu’d = |ul* + m%uyd. The subscripts ¢; denote the mass
eigenstates, Q.: left-handed squarks, U;, D;: up- and down-type right-handed squarks, L;, E;
left- and right-handed sleptons, B: bino, W: wino, g: gluino, h, H: CP-even lighter and
heavier Higgs bosons. The values of input parameters are the same as the sample point M1:
(ng,nm) = (0,0), mg = 2000 GeV and a,,,=2.26.

The requirement of the 125 GeV Higgs boson mass constrains the parameter space of the
mediation scenario significantly. If the mirage unification is to be satisfied, the size of the
modulus mediation mg must be larger than 2.5 TeV. In this case, the parameter region is quite
narrow where the degree of tuning the u-parameter is relaxed above 1%.

Smaller values of modular weights are favored to enhance the Higgs boson mass, while the
gaugino masses are independent of the modular weights. Hence, we also studied other patterns
of modular weights and found the parameter region where the Higgs boson mass is about 125
GeV, but the parameter space with the small py-parameter can be obtained. Such a region
appears always around «,, ~ 2 for any choice of modular weights.

Since the gauge messengers sometimes appear when the MSSM is embedded into some
superstring models, we studied the case that the gauge mediation also contributes to the soft
parameters. We found a parameter region with the 125 GeV Higgs boson mass and the small
p-parameter, where —1 < ay S 0 and «,, 2 2. Interestingly, the resultant mass spectrum of
sparticles and Higgs bosons is almost the same as that in the case of pure mirage mediation
and is controlled by the value of «,,, once we restrict the case with small u-parameter.

The typical mass spectrum can be summarized as follows. The LSP is higgsino-like since we
choose the small p-parameter. All the gauginos, sleptons and squarks except top squark have
roughly the same masses due to the large bino and wino masses at the unification scale. Since
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Figure 3.10: The mass spectrum for the case that the first- and second-generation sfermion
soft masses receive the D-term mediated contributions Eq. (3.28) in addition to the mirage
mediated contributions with (ng,ng) = (0,0), my = 2000 GeV and «,,=2.26.

it is reduced by the top Yukawa coupling through the RG runnings, the top squark mass can be
lighter than other sparticle masses. These features are mainly due to the gaugino mass ratios
at the unification scale rather than scalar masses. Thus experimental studies of the general
NUGM scenario in the following chapters could be applied to the (deflected) mirage mediation

in this chapter.
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Chapter 4

LHC phenomenology with
non-universal gaugino masses

4.1 General features of LHC

The NUGM scenario is testable at the LHC, since the sparticle masses can be lighter than TeV
scale even with the 125 GeV Higgs boson mass due to the sizable ratio of A;/M. It is worth
studying expected signals and possibility of discovery or exclusion potential of the NUGM
scenario at the LHC [51,52]. In general, the colored sparticles are easier to be produced than
the color-singlet sparticles, because protons are collided at the LHC, although the color-singlet
sparticles tend to give cleaner signals like tri-leptons than that of colored sparticles. All of
sparticles finally decay to the LSP as a consequence of the R-parity and the LSP must be
both electrically and color neutral to be consistent with the cosmological observations. Thus
expected signals from sparticle productions are accompanied with large missing energy. The
run-I of the LHC finished with center of mass energies of 7 and 8 TeV, and now the run-II is
running with center of mass energy reaching 13 TeV. The center of mass energy will reach to
14 TeV during the run-II and it continues to run until 2023 and collect data with an integrated
luminosity of 100 fb~* until the end of run-II.

This chapter is organized as follows. First, we show characteristics of the sparticles in the
NUGM scenario, especially their mass spectrum and decay modes, which are important for
collider signals in Section 4.2. Then, we study exclusion limits obtained in the run-II data of
the LHC in Section 4.3. Finally, we summarize this chapter in Section 4.4.

4.2 Masses and Decays

4.2.1 Boundary conditions

The right-handed top squark and the higgsinos tend to be lighter than other sparticles in
the NUGM scenario. A key ingredient of the NUGM scenario is a suitably large wino mass
parameter at the unification scale. The value of wino mass term around the EW scale is the same

37



1000 . . : : 1000
e M;[GeV] Ao[GeV]
. : - 4200
900 - 900 ‘
| | —1750
S 4000 =
L L
S 800 S 800F -2000
= 3800 = ~2250
700 7008
S : ~2500
600 ‘ o0 N ‘ -2750
5000 6000 7000 8000 9000 10000 5000 6000 7000 8000 9000 10000
M [GeV] M, [GeV]

Figure 4.1: Boundary conditions at the unification scale, where mg = 1.0 TeV, tan 5 = 15.

as the gluino mass parameter at the EW scale in this case. This leads sleptons to be as heavy as
squarks unlike the cases with universal gaugino masses at the unification scale. Since the gluino
has the largest production cross section for proton-proton collision, lower bounds on squarks,
sleptons and gauginos are given by the exclusion limits from gluino searches. Exceptions are
the right-handed top squark and the higgsinos. The large wino mass term reduces the right-
handed top squark mass and the value of u-parameter due to the RG-effects as discussed in
the previous chapter.

Figure 4.1 shows values of boundary conditions and the gaugino mass ratios ry o = M o/M;
at the unification scale. We fixed tan 8 = 15, my = 1.0 TeV and the values of M, and
Ag are fixed to realize p = 300 GeV and the SM-like Higgs boson mass in a range m; =
125.09 4+ 0.24 GeV. The Higgs boson masses and sparticles mass spectrum with the above
condition is calculated by using SOFTSUSY-3.5.1 [53]. A suitable value of ry is found to be 6
for M3 ~ 600 GeV and decreases as M3 increases. This is due to the larger radiative corrections
from the top squarks to the Higgs potential minimization condition. The value of A-term A
is within O(1—3 TeV) and is not so different from the other soft parameters. Suitable values
of Ay are mainly correlated with 7.

Table 4.1 and Table 4.2 show sample mass spectrum and the branching fractions of the
sparticles with light higgsinos in the NUGM scenario. Note that complex conjugates of particles
are dropped for simplicity. The branching fractions are calculated by using SDECAY [54]. The
boundary conditions at the unification scale are listed in Table 4.1. Since the gluino mass
contribution to the right-handed top squark mass mg, is canceled by that of the wino mass
when the same cancellation occurs for m3; , the bino mass parameter mainly determines the
lightest top squark mass. The sample points ST1, ST2, SB1 and SB2 have the light top squark,
but GL1 and GL2 have the light gluino. The bino mass parameter should be large to reduce
the gluino mass about 1 TeV while keeping the top squark mass squared positive. Hence the
top squark mass is about 1.5 TeV at the sample points GL1 and GL2.

We also consider tan 8 = 50 for the sample points SB1 and SB2. In this case, the bottom
Yukawa coupling is as strong as the top Yukawa coupling, and the right-handed bottom squark
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input [GeV] | ST1 ST2 SB1 SB2 | GL1 | GL2
p(my) 150 300 300 300 300 800
tan 15 15 50 50 15 15
Ay -1469 | -1283 | -1908 | -2259 | -2448 | -2570
M,y 5000 2000 5000 | 10000 | 12000 | 12000
My 4156 3995 4085 4100 3886 3554
M5 1000 1000 1000 1000 750 750
mass [GeV]
mp 125.03 | 125.03 | 125.03 | 125.02 | 125.00 | 125.03
mpy 2668 2453 | 898.7 | 1200 3168 3101
mg, 3327 3234 3296 3342 3040 2877
mg. 2161 2092 2169 2399 2217 2221
ma, 3326 3233 3295 3342 3039 2876
My 2399 2131 2405 3180 3353 3355
my, 2075 2012 1070 1301 2111 2117
my, 2895 2864 2574 2402 2320 2150
mg, 793.9 | 409.1 | 861.7 1837 1964 1990
mg, 2903 2871 2583 2424 2355 2226
mg, 2963 2742 2922 3335 3450 3301
Mz, 2094 1241 2095 3809 4521 4520
mz 2029 1161 1245 2928 3408 3258
ms, 2940 2725 2669 3066 4457 4456
mg 2232 2224 2229 2248 1745 1744
mso 152.6 | 302.8 | 305.6 | 306.8 | 307.0 | 812.2
msy 155.8 | 308.6 | 308.9 | 309.5 | 309.7 | 815.3
mso 2215 881.5 2225 3343 3162 2897
mso 3375 3247 3329 4468 5350 5359
M 154.4 | 306.0 | 307.5 | 308.3 | 308.5 | 813.7
Mgt 3375 3248 3329 3343 3162 2897

Table 4.1: Values of input parameters, sparticle masses and Higgs boson masses at several
sample points. A universal soft mass mg of 1 TeV is assumed here.

becomes as light as the right-handed top squark. The cancellation between the wino and gluino
mass parameters is not so strict for the right-handed bottom squark mass that is as light as the
top squark, since the small y-parameter requires cancellation for m%[u but for m%{d. Thus the
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Branching fractions ST1 ST2 SB1 SB2 GL1 GL2
1st mode t; byt byt bt by by XY
BR 0.52 1.0 0.52 0.50 0.43 0.44

2nd mode #, tﬁ)z - t)??g t)??g t%?g XY
BR 0.48 0.0 0.48 0.50 0.46 0.31

1st mode by T T tN] N7 b b
BR 0.50 0.40 0.49 0.49 0.84 0.80

2nd mode by bxY XY 45 X2, bx? 5 bx? 5 Ny
BR 0.50 0.60 0.51 0.51 0.08 0.13
1st mode ¢ tit tht 1t glb tbf{f tbf{li
BR 0.97 0.93 0.54 0.84 0.52 0.55
2nd mode ¢ tht bib byb 1t XY tEXY
BR 0.03 0.04 0.45 0.16 0.44 0.39

Ist mode H (A) bb bb bb bb bb bb

BR 0.77(0.77) | 0.63(0.63) | 0.88(0.88) | 0.87(0.87) | 0.80(0.80) | 0.80(0.80)
2nd mode H (A) TT X1.2X3 TT TT TT TT
BR 0.13(0.13) | 0.18(0.20) | 0.12(0.12) | 0.13(0.13) | 0.14(0.14) | 0.13(0.13)

1st mode H™ th th th th th th
BR 0.83 0.67 0.86 0.85 0.85 0.85

2nd mode H™ TV, X xs TV, TV, TV, TV,
BR 0.13 0.22 0.14 0.14 0.14 0.15

Table 4.2: Branching fractions at the sample points.

lightest bottom squark mass also significantly depends on the gluino mass parameter. Flavor
constraints and the heavy Higgs boson searches would be important for the large tan 8 case in
addition to the sparticle searches.

4.2.2 Higgs bosons

Let us comment on the Higgs bosons in our scenario. In this chapter, we require the SM-like
Higgs boson mass to be in the range m; = 125.09 4 0.24 GeV. The sparticles will change the
couplings of the SM-like Higgs boson to the SM fermions or SM gauge bosons. Furthermore,
sparticles also change the decay properties of the SM-Higgs boson from the SM prediction [55].
These will be tested precisely in future collider experiments, like the HL-LHC or ILC. These
points are enough interesting to investigate more precisely, which we leave as a future work.
There are heavy Higgs bosons in the MSSM, A, H, H*, which are CP-odd, CP-even neutral
and charged Higgs bosons, respectively. They have almost similar masses and in a typical case

40



my [GeV]

3200 1300

3000 ~ 1100

2800

M [GeV]
M [GeV]

2600 20g

2400 700

5000 6000 7000 8000 9000 10000 5000 6000 7000 8000 9000 100
My [GeV] M, [GeV]

Figure 4.2: m, [GeV] with tan g = 15 (left), 50 (right).

of the MSSM, where m%; < 0, mj;, > 0, these masses are controlled by m% . This occurs
if the bottom Yukawa coupling constant is enough small, or equivalently tan 8 is moderately
small. These heavy Higgs boson masses tend to be enhanced by the bino and wino masses and
they would be heavier than 2-3 TeV and far above the current exclusion limits of the LHC [56].
Similarly, the sleptons are too heavy to be probed by the LHC.

On the other hand, we have to care about the heavy Higgs boson masses if tan [ is so large
that the bottom Yukawa coupling constant is as large as the top Yukawa coupling constant.
Such a bottom Yukawa coupling reduces qud as my, is reduced by the top Yukawa coupling

through the RG effects. The heavy Higgs boson can be lighter than TeV scale as shown in the
right panel of Fig. 4.2. We also calculated branching fractions of the heavy Higgs bosons as

BR(H, A — bb) > 0.85, (4.1)
BR(H, A — 77) 2 0.13, (4.2)
BR(H* — tb) > 0.85, (4.3)
BR(H* — 1v,) 2 0.14. (4.4)

Other decay modes are highly suppressed unless the bino is sufficiently lighter than the Higgs
bosons. If the bino is light, the Higgs boson can decay into a higgsino-like and a bino-like
neutralino as in the sample point ST2.

In this case, we have to care about not only direct searches for the heavy Higgs bosons and
the bottom squark as discussed above, but also indirect searches for new physics such as flavor
experiments, and measurements of Higgs properties. Superstring models and GUT models tend
to favor the same large bottom Yukawa coupling as the top Yukawa coupling at the unification
scale. Thus a large-tan § scenario looks worth studying in more detail from the theoretical
point of view in addition to the phenomenological viewpoint, which can be our future work.

4.2.3 Neutralino and chargino

As we can see from Table 4.1, higgsino-like neutralinos ¥?, 3 and charginos ¥i have almost
degenerate masses and their mass differences are at most 4 GeV, my — mgo < 4 GeV. The
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Figure 4.3: Mass difference between the higgsinos (left) and branching fraction of t; — by
(right). The white lines represent the third lightest neutralino mass [TeV] (left) and the mass
difference between the lightest top squark and the second lightest neutralino [GeV] (right).

left panel of Fig. 4.3 shows the mass difference between the lightest neutralino and the lightest
chargino Amy = Mg — Mo obtained by the same analysis as those of Fig. 4.1. The mass
difference is always smaller than 2 GeV. The mass differences among higgsinos are usually
induced by the mixings with bino and wino in the mass matrices. The mass differences are
quite suppressed due to larger values of bino and wino masses. This fact indicates that decays
of heavier higgsinos are effectively invisible for the detector, because SM particles decayed from
the higgsinos are too soft to be reconstructed in the experimental analysis at the collider. Thus
the neutralino/chargino searches would be inefficient to look the higgsinos in this scenario.
Furthermore, it is also difficult to see the higgsino-like chargino by using charged track which
can be used efficiently to search for a wino-like chargino [57]. The mass difference between the
chargino and the lightest neutralino is O(100 MeV) for the wino-like chargino, and the lifetime
of the chargino is so long that the chargino can be detected as a charged track. On the other
hand, the lifetime of the higgsino with the mass difference of O(1 GeV) is too short to be
detected. Therefore, all of the higgsinos are effectively invisible in the collider experiments.

4.2.4 Colored sparticles

Figure 4.4 shows the masses of lighter third-generation squarks, which are almost right-handed,
and the gluino. The red (blue) lines correspond to the physical masses of the top squark (gluino)
and the background colors correspond to the bottom squark mass. We can see that the top
squark mass depends on M, while the bottom squark mass depends on both M; and Mjs. The
bottom squark can easily become lighter than TeV scale if tan § = 50.
The top squarks couple to the third-generation quarks and the higgsinos through the Yukawa
couplings,
Qs - Hylg + yQs - Hutp + y,Qs - Habp, (4.5)
H _HO)’ -ﬁd =

where y;, 1y, are the top and bottom Yukawa coupling constants, H, = (ﬁj , H,
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Figure 4.4: Masses of the colored sparticles at tanf = 15 (left) = 50 (right) and u =
300 GeV, mgy = 1.0 TeV. The red (blue) lines represent the lightest top squark (gluino) mass
[GeV].

(ﬁg, H 7)s Qs = (tr, l;L) are the up-type higgsino doublet, down-type higgsino doublet, third-
generation squark doublet, respectively. The dots mean contraction of SU(2);, indices by the
anti-symmetric tensor. Note that these interactions are in the gauge basis and they should be
rotated to mass eigenstates. In the NUGM scenario, the lightest top squark is almost right-
handed #; ~ tz and the neutralinos and charginos are almost higgsino-like )2(1)72 ~ f[gd, i~
i,

The right-handed top squark couples to by; and 255((1)’2 through the first term of Eq. (4.5),
and both of the couplings are given by the top Yukawa coupling. This fact leads to branching
fractions of the top squark of almost 50%

BR(f — tx1,) ~ BR(t; — bxy) ~ 0.5, (4.6)

if mass difference between the top squark and the higgsino is sufficiently large. BR(#; — b))
increases as the mass difference decreases. We can see this in the right panel of Fig. 4.3. Similar
arguments can be applied for the right-handed bottom squark with large tan 3. The values of
branching fractions at the samples points are listed in Table 4.2.

The gluino decays to a top squark and a top quark through the D-term interaction gstpjtr,
and finally decays like § — tt; — tt)z(f,z / tbxi, where the second decay is nothing but the top
squark decay discussed above. If the mass difference between the gluino and the higgsinos are
as small as my 4+ my, the tree-level decay § — tbyi is suppressed and a loop-induced decay
g — g){% dominates the decay of the gluino. The values of branching fractions at the sample
points GL1 and GL2 are listed in Table 4.2.

43



4.3 Exclusion limits on non-universal gaugino mass sce-
nario

The branching fractions of the top squark and the gluino vary with input parameters and more
than two decay modes can be sizable. Thus the experimental exclusion limits from the top
squark searches [58-60] and the gluino searches [61] can not be valid for our scenario since such
simplified models usually assume that one decay mode dominates.

Here we execute Monte-Carlo simulations of the NUGM scenario. We used MadGraph5 [62]
to generate signal events from top squark and gluino pair production up to one additional parton
at the matrix element level. The generated events are passed to PYTHIAG6 [63] for showering
and hadronizing partons. The MLM scheme [64] is used to avoid double counting of events
with initial state and /or final state jets between the matrix element level events and those after
showering. We carry out fast detector simulation by DELPHES3 [65] to reconstruct objects
like leptons, jets or missing energies. Jets are reconstructed from the hadrons by the anti-kr
jet clustering algorithm [66] with the radius parameter AR = 0.4 as in the analysis of the
ATLAS collaborations. Finally, the generated events are normalized on the basis of production
cross sections of the sparticle pair productions with an accuracy of Next-to-Leading-Order +
Next-to-Leading-Log calculated by Prospino2.1 [67].

4.3.1 Top squark search

A pair-produced top squarks decay to two third-generation quarks and higgsinos counted as
missing energies. If the mass difference between the top squark and the higgsino is enough
large, a quarter of the pair-produced top squark decay to tt + K, and bb+ F; and a half decays
to tb + K. Reference [68] summarizes results of the third-generation squark searches in the
LHC run-I at the ATLAS detector. Search for bb+ F is based on the data with the integrated
luminosity ~ 3.2 fb~! [58]. The analyses in Refs. [59,60] aim at finding signals from ¢t + £
using the data taken in the run-II with the integrated luminosity ~ 13 fb™*.

We evaluate exclusion limits based on the experimental data shown in Ref. [58] for the
bb + K search, and definitions of the signal regions are listed in Table 4.3. Two signal regions
SRA and SRB are used in the analysis, where the SRA aims at heavy top squarks and large
mass difference to the LSP, while the SRB aims at small mass difference between the top squark
and the LSP.

Basically, there are two b-tagged jets from the top squark pair production, if both of them
decay as f; — bYi, although initial and/or final state radiations can produce additional jets.
Then two energetic b-tagged jets are required for the SRA, and events with more than four
energetic jets and with any signal lepton are vetoed. The latter reduces backgrounds from the
top quark pair production. A large I, is required as usual in sparticle searches, since the LSP
produces large p. A

The cuts for A¢? . and I /meg are applied for both signal regions. A¢’ . is defined as the
minimum azimuthal angle difference between I, and two (three) leading jets for SRA (SRB).
The effective mass meg is the scalar sum of /', and pr of the two (three) leading jets for SRA

44



variable SRA SRB
lepton veto no e/ with pr > 10 GeV
B > 250 GeV > 400 GeV
pr(j1) > 130 GeV > 300 GeV
pr(J2) > 50 GeV > 50 GeV
fourth jet veto no fourth jet with pr(j4) > 50 GeV
AL > 0.4 > 0.4
NN : > 25
b-tagging J1 and jo J2 and (j3 or js)
B /meg > 0.25 > 0.25
mer > 250, 350, 450 GeV -
My > 200 GeV -

Table 4.3: Definitions of signal regions for bb + F [58] search.

(SRB). These values tend to be large for events including missing particles in final states, while
these are small for multi-jet background.

In addition to the cuts above, the so-called contransverse mass mcr and the invariant mass
of the two b-tagged jets are useful to discriminate signals from backgrounds. The contransverse
mass is defined as

mrp (v, v2) = (Er(vi) + Br(v2))? — (pr(vi) — pr(v2))?, (4.7)

where vy, vy are two visible particles in an event. The contransverse mass has an upper bound
for events with semi-invisible decay of heavy particles as,

2 mQ

m —mz ..
heav, invisible
mess = Y , (4.8)
Mheavy

where mpeavy is a mass of a heavy particle which decays to an invisible particle and the visible
particle v; or vs. Minvisible 1S @ mass of the invisible particle. In the case of the top squark
decay, heavy particle is the top squark, invisible particle is the chargino and visible particle
is the bottom quark. Note that the chargino is higgsino-like and effectively invisible in the
NUGM scenario. Then the value of mcr for the event tends to be large for the heavy top
squark. On the other hand, the upper bound is 135 GeV for ¢t events, where heavy, visible,
invisible particles are top quark, bottom quark and W-boson that its daughter leptons or jets
are failed to be reconstructed, respectively. Thus the contransverse mass is a powerful tool to
discriminate events with semi-invisibly decaying heavy particles from backgrounds.

SRB targets the small mass difference between the top squark and the LSP. In this case, the
missing energy and the two b-tagged jets from the top squark decay will not have sufficiently
high pr that can be used to discriminate from the SM backgrounds. Thus SRB targets a pair-
produced top squarks in association with one initial state jet with very high pr. Hence, the
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Signal Region

Variable

common cut

jet pr

b-tag

lepton
B

min;—1 2 |A¢(ji, )l

> 80, 80, 40, 40 GeV

1 of 4 leading jets

veto
> 250 GeV
> 0.4

s rack >30 GeV and |AG(Eqp, EXSS"™N| < /3
Signal Region Variable TT T™W TO
Mmh_ 5 > 120 GeV
m_, o > 120 GeV 60 — 120 GeV < 60 GeV
mh_os > 60 GeV
b-tag jet > 2
SRA b min > 200 GeV
T jet veto
B > 400 GeV > 450 GeV > 500 GeV
b-tag jet > 2
bymin > 200 GeV
SRB bymax > 200 GeV
T jet veto
AR(b,b) > 1.2
B > 250 GeV
Signal Region Variable low med high
jet pr pr >150, 100, 40, 40 GeV
b-tag jet 2 of leading 4 jets
Mpjj > 250 GeV
pr(71) > 150 GeV > 200 GeV > 250 GeV
SRC pr(Jja2) > 100 GeV > 150 GeV > 150 GeV
mbhr > 250 GeV > 300 GeV > 350 GeV
bymax > 350 GeV > 450 GeV > 500 GeV
AR(b,b) > 0.8
Er/vVHr 5,12]v/GeV  [5,12]V/GeV  [5,17]v/GeV
B > 250 GeV

Table 4.4: Definitions of signal regions for searching hadronic ¢t + £, [59].
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Common cut

lepton exactly one signal lepton
jets at least four jets and min;_ 5 |[A¢(j;, £r)| > 0.4
Hadronic 7 veto events with hadronic 7 and mf, < 80 GeV
Variable tN-high | bC2x-diag | bC2x-med | DM-low | DM-high
Number of b-jets >1 > 2 > 2 >1 >1
pr(jie) > [GeV] 120 80 70 60 170 110 60 60 50 50
pr(jsa) > [GeV] 50 50 55 25 25 25 40 25 50 25
b-tag jet pr > [GeV] - 25 25 105 100 - -
B > [GeV] 450 230 210 300 330
E%“js >[GeV] 180 - - - -
HEpiss > 22 14 7 14 9.5
my > [GeV] 210 170 140 120 220
ampy > [GeV] 175 170 210 140 170
AR(b,1) < 2.4 - - - -
1% large R jet pr [GeV] >290 - - - -
1% large R jet mass [GeV] >70 - - - -
Ap(pyis, 274 large R jet) | > 0.6 - - - -
|Ad(jet, ), pRiss| > - 1.2 1.0 - -
|Ad(jet,), priss| > - 0.8 0.8 - -
min;_;_4 |A¢(j;, pis)] - - - 1.4 0.8
Ap(piss 1) > - - - 0.8 -

Table 4.5: Definitions of signal regions for searching t¢ + F' with one lepton [60].

b-tagging is required for sub-leading jets. Since the direction of leading jet is expected to be
opposite against the top squark pairs that decay to the LSP counted as K, azimuthal angle
between the leading jet and K, is required to be large.

Table 4.6 exhibits the number of observed events, the number of background events, its total
systematic uncertainties and 95 % C.L upper bounds on signal events in each signal regions
by referring to the data obtained at the run-II of the ATLAS experiment with the integrated
luminosity 3.2 fb™'.

Next, we consider two analyses searching for the top squarks decaying to a top quark and a
neutralino. Analysis in Ref. [59] is prepared for such a top squark that the daughter top quarks
decay hadronically, while the analysis in Ref. [60] targets events that one of the top quarks
decays leptonically. We refer to these two analyses as hadronic tt + F search and leptonic
tt + K search. Note that both of the top quarks can decay leptonically and two leptons are
produced, but the probability to produce such a signal from a pair-produced top quark is less
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signal region SRA 250 SRA 350 SRA 450 SRB
observed events 22 6 1 )
bkg events 40 9.5 2.2 13.1
bkg uncertainty 8 2.6 0.6 3.2
G95%CL. 8.8 6.1 3.7 5.0

Table 4.6: The number of observed events, the number of background events, their total sys-
tematic uncertainties and 95 % C.L upper bounds on signal events in each signal region.

than 10% and this dileptonic channel generically gives a weaker limit. Hence, we do not consider
such dileptonic channels and leptonic ¢t 4+ £, channel always indicates the signal events having
exactly one lepton in our analysis. Definitions of signal regions for the hadronic search and the
leptonic search are listed in Table 4.4 and Table 4.5, respectively.

We can see that the events are required to have at least 4 jets with pr > 40 GeV and two of
the four leading jets have to be b-tagged. This means that the processes t;t; — t(— bjj)b+Ep
will contribute to the signal events in our scenario. This seems to be an advantage of this
channel against bb + I, search although this channel is not completely optimized for tb + £
Events with leptons and £, < 250 GeV are vetoed. The leading two jets have to be separated
from the missing momentum in order to reduce hadronic t¢ and multi-jets events. Ei ™" is
constructed from the vector sum of reconstructed tracks in the detector. To mimic the analysis,
we calculate this quantity from all objects with tracks in the lhco-format file [69], although this
requirement hardly reduces signal events.

SRA (SRB) is optimized for large (moderately small) mass difference between the top squark
and the neutralinos. Events are categorized by using masses of re-clustered jets which may
correspond to the top squark.

The signal jets in a event clustered by the anti-k7 algorithm with the radius parameter
AR = 0.4 are re-clustered into larger R-jets again by the anti-k7 algorithm but with the radius
parameter AR = 1.2. The mass of re-clustered jet, which is defined by the four-momentum of
the re-clustered jet, is expected to be about the top quark mass, so that at least one of the
large radius jets have the mass larger than 120 GeV. The events are categorized according to
how the mass of the second large radius jet is re-constructed likely to the top quark (TT) or
the W-boson (TW) or unlikely to both of these (T0). If the mass difference is large, decay
particles from the top quark would be more collimated. Hence, a mass of the re-clustered jet
with smaller radius parameter AR = 0.8 is considered in the SRA.

The transverse mass is defined as

mr = \/2prBy(1 = cos AG(pE*, pr)) (49)

miss

where pp, p7™® are a transverse momentum vector of the lepton or the b-tagged jet and
that of the missing transverse momentum, respectively. A¢(F,, pr) is a difference of the
azimuthal angle between those two transverse momenta. The transverse masses are widely used
to distinguish semi-invisible particles in background events. For instance, the transverse mass
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signal region A-TT A-TW A-TO | B-TT B-TW B-TO | C-low C-med C-high
observed events 8 5 16 17 18 84 36 14 9
bkg events 5.2 5.7 11.3 10.6 16.7 60 23.9 9.4 10.5
bkg uncertainty 1.4 1.6 2.6 2.3 3.6 14 7.5 3.5 3.7
G9%C.L. 9.5 6.1 140 | 155 129 521 | 29.1 146 8.8

Table 4.7: The number of observed events, the number of background events, their total sys-
tematic uncertainty and 95 % C.L upper bounds on signal events in each signal region shown
in Ref. [59].

of a lepton is bounded from above by the leptonically decaying W-boson. m2™" is a transverse

miss

mass for the b-tagged jet closest in ¢ to p7'®® and can discriminate an event containing a top

quark that its daughter W-boson is mis-reconstructed. m]%’max is a similar quantity, but the

b-tagged jet is the farthest from p%#. The events with the hadronically decaying 7 lepton is
vetoed to reduce the backgrounds from ¢¢. The signal events hardly contain 7 leptons.

SRC is optimized for ¢ — by<, so that there is no top quark in the process. The invariant
mass my,;; is used to drop the ¢t background. In Ref. [59], a pair of non b-tagged jets that have
the smallest AR(j,7) are selected from all jets except two jets having the highest b-tagging
weight. Then, the pair of two jets are combined and the b-tagged jet is identified by selecting
the closest b-tagged jet from this combined jet. In our analysis, all b-tagged jets in the event
are considered to be a candidate for the first procedure, instead of using b-tagging weight
information that we cannot obtain from the fast detector simulation. my,;; is expected to be
about the top quark mass for ¢t backgrounds.

Table 4.7 shows the experimental results obtained from the data with /s = 13 TeV and
13.3 fb! [59]. Note that signal regions TT, TW, T0 are exclusive to each other, and the
exclusion limits are obtained by combining data of these three signal region for the SRA and
SRB, respectively.

In order to extract exclusion limits, we have to calculate C'Ls [70]. We follow the method
in Ref. [71] which is based on the asymptotic formula derived in [72]. The likelihood function
L(datal|p, 0) is defined as

L(data|u, 8) = Pois(datal|us(8) + b()) - p(0]9), (4.10)

where data will be obtained by experiments or MC-simulations, and s, b, y are the numbers
of signals, background events and the so-called signal strength modifier, respectively. 6 is a set
of nuisance parameters obeying a distribution p(#|#). Pois is the Poisson distribution,
S; bl T _ B
Hiue (l"sz"l‘bz)’ (411)
L

where i corresponds to bins of data such as TT, TW, T0, and n; is the number of events in
each bin 7 obtained from the data.
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The test statistic g, is introduced by using the likelihood function,

 £(dataly, 0,)

2 (4.12)
L(datalf, 0)

(j,u:_

where ﬂ,é are obtained by maximizing the likelihood with 0 < i < p, while éu is obtained to
maximize the likelihood for a given pu.
The C'Lg(u) is defined as

Du
CLs(p) = ——, 4.13
(1 = 2 (413)
where p,, py are p-values for the signal+background and background-only hypothesis in asso-
ciation with the observed data. These are defined by

o0

pu = P(qu > q|signal+background) = . F(@ule ézbs)ddu, (4.14)
qp°®

1—p, = P(G, > G |background—only) = bﬂ@ﬂ%ﬂ@“ (4.15)
45 °°

where f(q,| ,u,éﬁbs) is a probability distribution function of the test statistic g, that will be

obtained by some toy Monte Carlo experiment. (jzbs, éﬁbs are obtained from the observed data
by the experiment.

The asymptotic formula for f(g,|u, éﬁbs) is derived in Ref. [72]. In the asymptotic regime,
the C'L, can be written as

1 9(g)
CLW) = gr=" (4.16)

where ® is a cumulative function of the standard Gaussian distribution. g, 4 is the value of test
static based on the so-called Asimov dataset. The signal+background hypothesis is excluded
95% C.L., if CLs(pe = 1) < 0.05 for the expected background is assigned to the Asimov dataset.

In our analysis, we assume that there is only one nuisance parameter that determines overall
normalization of the background, and it obeys the normal Gaussian distribution. Concretely,
the likelihood function is given by

0 b\\n;

E(datam, 0) — I, (:usi + (bzn+ 001)) 6_(N8i+(b?+90i)) . GaUSS(elo, 1)’ (417)
where Y, o; are the number of SM background events and its uncertainty in each bin. Note
that we truncate the Gaussian distribution where the number of background is negative.

We also study tt + ' search where one of the top quarks decays leptonically [60]. The
definitions of signal regions are listed in Table 4.5. TN-high targets top squarks that become
tt + Er, bO2x-diag (-med) targets a pair of top squarks that become bb + YTx* with small
(medium) mass difference. DM-low (high) targets more generic dark matter production in
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signal region tN-high bC2x-diag bC2x-med DM-low DM-high
observed events ) 37 14 35 21
bkg events 3.8 22 13 17 15
bkg uncertainty 0.8 3 2 2 2
G95%C.L. 7.2 27.5 9.9 28.3 15.6

Table 4.8: The number of observed events, the number of background events, their total sys-

tematic uncertainties and 95 % C.L upper bounds on signal events in each signal region shown
in Ref. [60].
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Figure 4.5: Exclusion limits on the top squark mass and the pu-parameter plane. The lower-left
region of the lines are excluded.

association with top quarks with lower (higher) masses. These signal regions require more than
four jets in addition to one signal lepton, then tb + £, will not give contributions to the signal
regions. The result of the analysis in Ref [60] is represented in Table 4.8.

We compared the number of signal events at points in the NUGM scenario for bb+ ;- search
and leptonic ¢t 4+ [ search, while we directly calculate C'Ly for the hadronic ¢t + [/} search.
If we additionally require pr(j4) > 50 GeV in the hadronic ¢t + £ search, the signal regions
are orthogonal to those of bb + K, search. Obviously, signal regions in the leptonic tt +
search have no overlaps with the others. We extract the exclusion limits by combining results
of the most sensitive signal regions in each search, and the fourth jet requirement is added to
the hadronic tt 4+ [/ channel. This would give slightly conservative limits due to the additional
requirement only for signal events.

Figure 4.5 shows exclusion limits on the top squark mass and p-parameter plane. The blue

51



Variable || Gbb-A | Gbb-B | Gtt-0lA | Gtt-0IB | Gtt-11A | Gtt-11B | Gtt-11C
Niton 0 - -

Noes! - 0 1

Niet > 4 8 6
NPt > 3 4 3 3 3 4

ot > 70 30 30 30

By > 450 300 400 200 350 200
A@l > 0.4 0.4 -

my > - - 200 200 150
M 35 > - 80 120 120 80
misel > - 2000 1250 | 2000 1500 500

ma > 1900 | 1000 - -

m% > - 200 - 200 150 -

Table 4.9: Definitions of signal regions searching for gluino decays to the top quark and the
top squark. All dimensional parameters are in units of GeV.

(red) solid line shows the exclusion limits from the bb + £, search (hadronic tt + K, search)
and the purple dashed line corresponds to the exclusion limit by the combined analysis. The
lower-left region of the exclusion limits are excluded. Note that inclusion of the leptonic tt+ E
search slightly improves the exclusion limits although it itself does not give exclusion limits.
The background colors indicate the bino mass parameter at the unification scale. The gray
lines show the branching fraction of the top squark decay t; — bXT.

The hadronic tt+F search gives the most stringent bound on the small py-parameter region,
and it excludes top squark lighter than around 800 GeV. On the other hand, bb + K gives the
most stringent bound on the mass-degenerate region. Note that the integrated luminosity of
the data is different for these two searches. Once the bb+ F search is updated, this bound and
also combined limits will be tightened, and it could give a stronger bound than the hadronic
tt+F . Analysis dedicated to tb+F, with leptonically decaying top quark or inclusive searches
as done in the CMS collaboration [73] will be important in addition to these analyses.

4.3.2 Gluino search

The gluino search will also give a significant bound on the NUGM scenario and its lower bound
gives those for most of the sparticles. A pair produced gluinos finally decay to four third-
generation quarks, where two of them are the top quarks and the others depend on the decay
of the top squark. We referred to the data used in the analysis in Ref. [61] targeting signals
with four b-tagged jets and large [ .

The definitions of signal regions are shown in Table 4.9. The signal regions Gbb target
gluino decays to the two bottom quarks through bottom squark and they are not completely

52



signal region Bbb-A  Gbb-B | Gtt-0IA  Gtt-01B | Gtt-11A  Gtt-11B  Gtt-11C
observed events 2 15 1 11 1 2 4
bkg events 1.6 21 0.94 5.0 1.0 1.1 7.0
bkg uncertainty 0.7 5.0 0.31 1.5 0.6 0.4 2.8
G§95%C.L. 4.6 10.0 3.8 13.3 3.8 4.9 5.7

Table 4.10: The number of observed events, the number of background events, their total
systematic uncertainties and 95 % C.L upper bounds on signal events in each signal region
shown in Ref. [61].

suited for seeing the gluino in the NUGM scenario. The signal regions Gtt aim at gluino decays
to two top quarks, and Gtt-0l (Gtt-11) targets events with no lepton (one lepton). Gbb-A,
Gtt-01A, Gtt-11A are optimized for large mass splitting between the gluino and the LSP, and
Gbb-B, Gtt-01B, Gtt-11C (B) aim at small (medium) mass splitting.

Signal leptons are required to satisfy tighter conditions than candidate leptons. For instance,
the former must have pr > 30 GeV and the latter must have pr > 20 GeV. These details are
shown in Ref. [61]. The different numbers of jets with py > 30 GeV are required in all signal
regions except Gbb-A, and pr requirement is tightened to 70 GeV for Gbb-A. Cuts for £, and
A(bﬂﬁn are applied for the same purpose as the top squark search.

my and mb;fﬁff are the transverse masses defined as Eq. (4.9). m]%;ﬂﬁf is the minimal one
among the transverse masses for three leading b-tagged jets. For leptonically decaying W-

. b-jet
boson, the transverse mass is always less than the W-boson mass. Hence, mq J3* can reduce
b—jets

backgrounds from ¢t and W+ jets. For a top quark with mis-reconstructed W-boson, mr . is
incl

bounded from above by the top quark mass and then this can discriminate ¢t backgrounds. m
(m2) is the effective mass defined as a scalar sum of £, and lengths of transverse momenta
of all signal leptons and jets (leading four jets). These values tend to be large for events with
heavy sparticle.

m? is defined as

my = Zm‘“, (4.18)

1<4

where m ;; is the mass of re-clustered jets with a large radius. The large radius re-clustered jets
are formed from the jets with a small radius parameter by the anti-k; algorithm with a radius
parameter AR = 0.8, then the re-clustered jets are trimmed by dropping sub-jets with pr less
than f.; = 10% of the original large radius jet. These large-radius jets are required to have
pr > 100 GeV and || < 2.0, where 7 is the pseudo-rapidity. m?% discriminates signals from ¢t
events with leptons.

Table 4.10 exhibits the numbers of observed events, fitted background events and their
uncertainties, and the 95 % C.L. upper limits on signal events. Figure 4.6 shows our result.
The blue line is the 95 % C.L. exclusion limits obtained by comparing the generated events
with the upper limits on the number of signal events. The red line is obtained by directly
calculating the C'Lg by combining signal regions Gbb, Gtt-01 and Gtt-11. To separate signal
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Figure 4.6: Exclusion limits on the gluino mass and the py-parameter plane with M; = 12 TeV
at the unification scale. The lower-left region than the lines are excluded.

regions in Gbb and Gtt-0l, we require events in Gbb do not have more than 8 jets with p;y > 35
GeV. The background colors indicate the gluino mass at the unification scale. The gray solid
and dashed lines show the branching fractions BR(g — ttx°) and BR(§ — gX°), respectively.
The latter decay mode is induced by loop corrections and dominates if mz S my + my + my.
This region could be covered by the jj+ £, search [74], but it would not give stringent bounds.
We can see that the gluino mass less than 1.8 TeV is excluded if p < 800 GeV.

4.4 Summary

In this chapter, we studied expected signals of the NUGM scenario at the LHC. Typical spec-
trum of the NUGM is characterized by the light higgsino LSP, relatively light right-handed top
squark and other sparticles having almost the same masses.

The higgsino is hard to be detected at the LHC. The mass differences among the higgsinos
are suppressed due to the heavy wino and binos. This makes decays of heavier states of the
higgsinos effectively invisible at the detector. Furthermore, its lifetime is too short to be counted
as charged tracks. Thus the higgsino is really hard to be seen at the LHC.

The light right-handed top squark is the specific property of the NUGM scenario and then
is important. The right-handed top squark decays to both top and bottom quark, then the
situation is different from the simplified model usually assumed in experimental analysis. The
hadronic top squark search is efficient in a region with large mass difference between the top
squark and the higgsino. The bb+F - channel also gives severe bounds on the NUGM, especially
for a mass degenerate region where the branching fraction to the bottom squark approaches to
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unity. The top squark lighter than 800 GeV has been excluded if p < 200 GeV. This bound
can be interpreted as lower bounds on the bino mass parameter at the unification scale M; 2 5
TeV.

The gluino has the largest cross section among all the sparticles, then the gluino search also
gives an important bound. The gluino in the NUGM scenario decays through the top squark,
so the expected signal is four third-generation quarks, two of them are top quark and large
missing momentum. The gluino lighter than 1.8 TeV has been excluded if p < 800 GeV. This
bound can be interpreted as a lower bound on the gluino mass parameter at the unification
scale M3 2 800 GeV.

Let us comment on another possibility to probe our scenario at the LHC. As shown in Fig.4.4,
the bottom squark can be lighter than TeV scale and the bottom squark pair production will
give contribution to the top squark search. This occurs only if the tan 3 is so large that the
bottom Yukawa coupling constant is as large as the top Yukawa coupling constant. In this case,
the heavy Higgs bosons also become lighter than 1 TeV as shown in Fig. 4.2. However, such a
large tan 3 is severely constrained by flavor experiments and our sample values are on the edge
of the exclusion limit. Thus it is worth studying large tan § region interplaying collider and
flavor physics, which is our future work.

To reduce the p-parameter, the wino mass is most important, and the bino can be light as
long as the top squark is sufficiently heavy. We investigate this case in the next chapter, which
involves dark matter physics.
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Chapter 5

Dark matter phenomenology with
non-universal gaugino masses

5.1 Dark matter scenarios

In this chapter, let us discuss dark matter physics of the NUGM scenario based on Ref. [75].
One of the strong motivations to consider the MSSM is that it provides a certain dark matter
candidate. The LSP is higgsino-like neutralino in most of parameter regions of the NUGM
scenario with the small pg-parameter. It is known that such a light higgsino-like neutralino is
less produced by the thermal production than the observed value h*Q2 ~ 0.01188 & 0.1 [76,77].
There are several ways to explain the observed relic density of the dark matters with the light
higgsinos.

In general, the gravitino mass is not so different from the MSSM particles, since the mass
correlates with the supersymmetry breaking scale. The gravitino couples to the MSSM particles
only through Planck-suppressed operators, and its lifetime can be long enough so that it survives
after thermal decoupling of the LSP. If the lifetime is so long that it survives after Big-Bang
Nucleon (BBN) synthesis, the decay of gravitino spoils the success of the BBN scenario, which is
known as the gravitino problem. The gravitino problem can be avoided if the gravitino mass is
sufficiently heavy, typically = O(10TeV), and the lifetime is short enough. Although we should
care about such a cosmological problem, there are other sources to produce relic abundance of
the LSP, often called non-thermal productions [78].

The other approach to explain the relic abundance is to suppose that there are other particles
which behave as dark matters in addition to the LSP. A possible candidate is an axion that
was introduced to solve the strong CP problem in the QCD, but it is known that imaginary
parts of moduli can remain in low energy effective theories of superstring models and behave
like the axion dark matter.

Still another approach is to extend the MSSM. For instance, the Next-to-MSSM (NMSSM) is
an interesting possibility [79]. The NMSSM is an extension of the MSSM where a singlet field
that couples to the Higgs supermultiplets is introduced. A fermionic component of the singlet
field, the so-called singlino, can be the sizable fraction of the LSP and could explain the relic
density by the thermal production. The other candidate of the LSP in the extended MSSM
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is an axino, the superpartner of the axion. The axino always appears if axion exists in the
model owing to the supersymmetry [80,81]. In Ref. [40], the axino LSP is studied in the mirage
mediation scenario.

These three possibilities seem to be reasonable and are interesting enough, but they are less
predictable and depend on details of supersymmetry breaking, how the MSSM is embedded
into superstring models or how to extend the MSSM. Therefore it is more attractive due to its
predictability and simplicity to explain the dark matter relic by the thermal production in the
MSSM.

A certain wino-to-gluino mass ratio is the most important ingredient to relax the fine-
tuning and enhance the Higgs boson mass simultaneously. This indicates that the bino mass
parameter can be small without spoiling the benefit of the NUGM scenario. Such a small bino
mass is interesting, because the thermal relic density of the LSP can be raised due to the sizable
fraction of the bino component [82]. We should care about the top squark mass, because it can
be tachyonic easily for a light bino mass.

Even if the relic abundance is not explained by the thermally produced LSP, direct detections
of the dark matter are important to probe the light higgsinos. The direct searches for the
higgsinos are quite difficult at the LHC, especially for the NUGM scenario due to the small
mass differences among higgsino-like neutralinos. On the other hand, the direct detections are
efficient to see the higgsinos directly. For the direct detections, the size of bino mass parameter
is crucial even if the LSP is mostly higgsino-like, and there would be non-negligible contributions
from other sparticles.

Collider signals of sparticles could be different from the case that the LSP is purely higgsino-
like for the light bino case. Since the mass differences among higgsinos are suppressed by the
heavy bino and wino mass parameters, the mass difference could be sizable for the case of light
bino. This would make decays of higgsinos detectable and also affects the decays of heavier
sparticles. For instance, a decay channel of the top squark #; — tY3 opens up and then the
branching ratio BR(#; — bﬁ[) is reduced. The signal from the top squark decay £, — b7
can be changed by decays of the chargino if the mass differences between the chargino and the
lighter neutralinos becomes sizable.

In this chapter, we study dark matter physics in the NUGM scenario, and assess whether
the collider signals are changed for a light-bino region from the case with heavy-bino where
the LSP is mostly higgsino-like. In Section 5.2, we discuss conditions to obtain light binos
without suffering from tachyonic or too light top squarks. Then we study dark matter physics
by scanning parameter region of bino mass from light to heavy in Section 5.3. We also discuss
whether the light binos influence the collider signals in Section 5.4. Section 5.5 summarizes this
chapter.

5.2 Mass spectrum with light bino
We considered larger values of bino mass parameters in the previous chapters to lift up the top

squark mass. When the p-parameter is around the EW scale, contributions to the right-handed
top squark mass from the gluino and the wino mass terms are canceled to each other. Thus
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Figure 5.1: The top squark mass on M;-Mj plane (left) and Ms-tan 8 plane (right).

the top squark mass correlates with the bino mass parameter, and becomes easily too small to
evade from the exclusion limits at the LHC or even becomes tachyonic.

Figure 5.1 shows the lightest top squark mass for small bino mass parameters. The left
panel shows it on the M;-Mjs plane. Values of parameters at the unification scale are fixed to
my = 1.0 TeV, u = 300 GeV and tan = 10. The right panel shows top squark mass on the
Ms-tan 8 plane with mg = 1.0 TeV, = 300 GeV and M; = 2.5 TeV. Values of the universal
A-term Ay and the wino mass term M, are chosen to realize the Higgs boson mass in a range
myp, = 125.04 + 0.6 GeV and the u-parameter is at 300 GeV. The top squark mass is 700 GeV
on the white lines, which corresponds to the current experimental lower limit.

From the left panel, we see that the top squark mass increases as the bino or the gluino
mass is increased. The gluino mass has to be larger than 1.4 TeV at the unification scale, or
equivalently larger than about 4.0 TeV at the TeV scale, if the bino mass is around 1 TeV at
the unifications scale. The top squark mass is lifted up by differences of contributions between
the gluino and the wino mass parameter in cases of the light bino.

We also calculated the top squark mass for smaller tan 3, because it is important not only
for the Higgs boson mass, but also for the direct detections as will be discussed later. The tree-
level Higgs boson mass reduces for tan 5 < 10, and the larger values of A;/Mj are necessary
to enhance the radiative correction. Thus the lighter right-handed top squark mass is induced
by a smaller tan 5. The gluino mass term has to be larger than 1.2 TeV even for tan 5 2 12 to
obtain the top squark heavier than 700 GeV with M; = 2.5 TeV.

5.3 Dark matter observations

5.3.1 Parameter settings

We consider two scenarios that the LSP saturates the whole dark matter abundance. One
is that the LSP dark matter is produced only by the thermal process, and the other is that
the LSP is produced non-thermally like the gravitino decay. The LSP saturates whole relic
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density of dark matter in both cases. We assume that there is no entropy production after the
thermal production of the LSP. Hence we consider such a parameter region is inconsistent with
observations where the thermal abundance exceeds the observed relic density.

We study both cases with a positive or a negative y-parameter, because its sign is especially
relevant for cross sections of the LSP with nucleus. As pointed out in Ref. [83], there are several
parameter regions, the so-called blind spots, where the spin-independent (SI) cross section or
the spin-dependent (SD) cross section vanishes. The blind spots for SI cross section appears if
a condition

mg + pusin2f8 =0 (5.1)

is satisfied, and SD cross section vanishes at tan 5 = 1. The blind spot for the SD cross section
is hardly satisfied if we are interested in sparticles near TeV scale, because the tree-level Higgs
boson mass also vanishes and the top squark mass must be much heavier than the EW scale.

Equation (5.1) can be satisfied if the signs of M; 5 and p are opposite to each other and
comparable. The SI cross section can be reduced even when the condition Eq. (5.1) does not
hold exactly. In our analysis, we employ a notation M; for a positive bino mass and the u-
parameter can have both signs. Smaller values of tan 5 are favored for satisfying the condition
Eq. (5.1), but tan 8 < 7 is hardly obtained with the experimentally allowed top squark mass
as can be seen in Fig. 5.1. Although the cross section cannot vanish completely, it reduces for
smaller values of tan § if the signs of u and M; are opposite, while it enhances for smaller tan 3
if these have the same sign.

5.3.2 Constraints from dark matter observations

We evaluate the thermal relic density of the LSP, which is bino-like or higgsino-like or their
mixture and the SI and SD cross sections constrained by the direct detections. These observ-
ables are calculated by using micrOmega-2 [84]. We refer to current exclusion limits for the
cross sections given by the LUX [85-87], and future expected exclusion limits given by the
XENONIT project [88,89].

Figure 5.2 shows the thermal relic density and the exclusion limits from the direct detections.
mo = 1.0 TeV, M3 = 1.5 TeV and tan § = 10 are assumed in this figure and values of Ms and
Ap are decided to realize the Higgs bosom mass ~ 125 GeV and values of the p-parameter
which is varied along the vertical axis. The thermal relic density is in the observed range
h2Q ~ 0.01188 £ 0.00001 on the red lines, and it overcloses the universe below the red lines
and the brown region. The blue regions are excluded by the LUX experiment measuring the SI
cross section. The excluded regions by the SD cross section are fully covered by those of the SI
cross section. The blue dashed lines correspond to the future expected exclusion limits for th
SI cross section by the XENONIT experiment, and the purple solid line is that for the SD cross
section. The background colors indicate the top squark mass. The LEP experiment excluded
a chargino lighter than about 90 GeV by the mono-photon search [90] and such a region is in
light gray. The top squark is lighter than the neutralinos and then becomes the LSP in the
dark gray region.
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Figure 5.2: Allowed regions by dark matter observations on Mi-p plane with M3 = 1.5 TeV,
tan f = 10.

The LSP becomes a mixture of the bino and the higgsino below M; ~ 3.0 TeV and the
observed relic density can be explained by the thermal production of the LSP, but such a
region has already been excluded by the LUX experiment. Thus the thermal relic can be in
the observed range only for the purely-higgsino LSP with the mass around 1 TeV. Even in
this case, the bino must be heavier than 4.0 TeV for a negative y-parameter and 6.0 TeV for
a positive p-parameter. This is because the SI cross sections enhanced significantly by the
mixing between the bino and the higgsino. Note that there are contributions from the wino-
higgsino mixing because the wino-like neutralino is in sub-TeV range and it does not decouple
completely. The thermal relic can be reduced to the observed value around the top squark
LSP region, colored in dark gray. The co-annihilation process between the higgsino and the
top squark works efficiently.

5.4 Collider signals

Before closing, let us mention about collider signals for a small bino mass region. The situation
could be changed significantly if the bino is the main component of the lightest neutralino
instead of the higgsino, and the higgsino search will be available or decays of the top squark
differ from the case that the LSP is purely higgsino-like. However, such light bino region has
been inconsistent with the cosmological observations as shown in the previous section and it
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seems not to be worth studying collider signals in detail *. Thus our remaining interest to this
region is whether the bino mixing to the higgsino LSP rather than bino itself affects collider
signals.

The higgsino search is not efficient due to the small mass differences among the higgsinos
suppressed by the heavy bino and wino masses. In other words, the higgsino search can be
efficient if the bino mass can be so small where the mass difference is large enough. However,
we showed that the mass difference can not be larger than about 5-10 GeV and the higgsino
search will be still inefficient once we take the exclusion limits from the direct detections into
account. Note that bino search is also inefficient, because its production cross section is quite
small due to the fact that the bino is singlet under the SM gauge group.

A remaining possibility is to rely on the effects caused by decays of heavier particles, es-
pecially the top squark. The top squark can decay to the bino if the bino is lighter than the
top squark. This increases the branching fraction to the top quark, BR(f, — tB). However,
the bino couples to the top squark through the weak gauge coupling and its coupling is weaker
than that of the higgsino to the top squark through the top Yukawa coupling. Hence, the
BR(#; — tB) can not be sizable unless this decay mode is kinematically favored, namely the
bino is lighter than the higgsino. Again, such light bino region is excluded by the dark matter
observations, and the light bino cannot change the top squark decay from the case with the
purely-higgsino LSP.

From the above discussion, the collider signals are almost the same as the analysis in the
previous chapter once we concentrate on the parameter region allowed by dark matter obser-
vations.

5.5 Summary

In this chapter, we investigate dark matter prospects in the NUGM scenario. Even if the LSP
is mostly higgsino-like, the bino mass parameter is also important for the character of the LSP
dark matter. The bino mass parameter plays a key role to lift up the top squark mass, and it
can be small only for large gluino mass parameter M3 2 1.5 TeV.

The thermal relic density can be raised by the sizable bino component, but such a bino-
higgsino dark matter is severely constrained by the direct detections. The direct detections are
sensitive to a little mixing to the higgsino LSP from the bino. Thus tight limits are expected
for light binos in future observations.

The remaining ways to explain the relic abundance are to consider the higgsino about 1 TeV
or existence of the non-thermal productions with the higgsino lighter than 1 TeV. Sensitivity
of direct detections for such higgsinos is significantly dependent on the sign of y-parameter and
bino mixing. It is possible that co-annihilation of the top squark and the higgsinos could allow
to explain the thermal relic even if they are lighter than 1 TeV.

*There are small rooms to explain the thermal relic abundance by the bino-higgsino LSP, but the LSP-
nucleon cross sections are enough small as intensively studied in Ref. [91]. The thermal relic abundance can be
reduced by the Z- or Higgs-boson resonance and the cross sections can be suppressed by their blind spot nature
even if the LSP has a sizable bino component.
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Since the bino can not be the LSP to avoid too much LSPs and well mixes with the higgsino,
expected signals from higgsino production will not be so changed from the case that the LSP is
purely higgsino. Moreover, the top squark decay is not so changed by the bino lighter than the
top squark, because the bino couples to top squark much weaker than the higgsinos. Therefore,
expected signals for lighter bino will be quite similar to the heavier binos studied in the previous
chapter.
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Chapter 6

Conclusion

In this thesis, we studied the non-universal gaugino mass (NUGM) scenario. A certain wino-
to-gluino mass ratio at the unification scale enhances the Higgs boson mass and relaxes the
degree of tuning of the p-parameter at the same time. This scenario is particularly attractive,
because the relatively large wino mass reduces the u-parameter and simultaneously enhances
the Higgs boson mass owing to the large top squark mixing induced by the wino mass. It allows
the sparticle masses below or near TeV scale, and this scenario is testable at experiments and
observations.

An interesting mechanism to realize such gaugino masses is the mirage mediation of super-
symmetry breaking, which is the mixture of the moduli and anomaly mediations. The mirage
mediation scenario is supported by a certain class of superstring models. The comparable
contributions from moduli and anomaly mediations can be realized by the KKLT-type moduli
stabilization mechanism. The moduli mediated contributions depend on how the moduli cou-
ples to the MSSM field and are controlled by the modular weights. Since the modular weights
do not affect the gaugino masses, they can be chosen to increase the Higgs boson mass indi-
vidually. We specified the parameter space where the Higgs boson mass is 125 GeV while the
p-parameter is near the EW scale for several patterns of the modular weights. The modular
weights are determined by, e.g., the way how the MSSM particles are embedded into D-brane
configurations. Then we will be able to know the structure of superstring models behind the
MSSM, once we observe the sparticle spectrum and specify the modular weights.

The mass spectrum of the NUGM scenario is characterized by the light higgsino LSP and a
right-handed top squark while all the other sparticles have roughly the same masses. We studied
expected signals of the NUGM at the collider experiment. The higgsino is quite difficult to be
probed at the LHC due to its certainly small mass difference. The right-handed top squark
decays to both top and bottom quarks plus the higgsinos. Since all of the higgsinos behave as
invisible particles, the expected signals are only two third-generation quarks and missing energy.
The event topology with two bottom quarks and missing energy is particularly important for
testing spectra with a small mass difference between the top squark and the higgsinos. The
gluino is also important due to its large production cross section and a large multiplicity of
the associated jets. The gluino decays to or through a top squark and a top quark, then the
top squark subsequently decays to a third-generation quark and higgsinos. The gluino pair
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production makes the signal with four third-generation quarks, where two of them are top
quarks, and missing energy.

The dark matter observations are important to probe the light higgsino which is quite
difficult for the LHC. The higgsino dark matter is less produced by the thermal processes than
is required, unless its mass is about 1 TeV. Hence, the non-thermal production through, e.g.,
the gravitino decay or the sizable mixing with the light bino is necessary to explain the observed
relic density of the dark matter. We examined dark matter physics in a wide range from the
light bino comparable with the higgsino to the heavy bino decoupled from the higgsino. The
top squark is kept heavy enough due to the RG-contributions from the bino, because those
from the gluino and wino are mostly canceled each other. If the bino mass is small and can
not contribute to the top squark mass, the gluino has to be heavy enough to keep the top
squark mass non-tachyonic even though most contributions from the gluino are canceled by
those of the wino mass. The bino-higgsino LSP can explain the adequate thermal relic density,
but such an LSP has already been excluded by the direct detections. Even if we adopt 1 TeV
higgsino or non-thermal productions, direct detection will give considerable bounds due to the
bino-higgsino mixing. If the bino mass is quite heavy and the mixing is highly suppressed, the
gluino mass can be light because it does not have to be heavy to keep the top squark mass.
This case is easier to be probed by the LHC while the direct detection experiment is efficient
for the light-bino cases. Thus they play complemental roles to each other.

The naturalness is a guiding principle to consider new physics. Supersymmetry gives an ele-
gant solution to the naturalness problem of the SM, but the recent LHC results have constrained
parameter space favored from the naturalness in the MSSM. The non-universal gaugino masses
with certainly large wino is at a corner of such parameter space favored from the naturalness
but still surviving. The LHC and direct detections are now probing this parameter space and
will guide us to construct physics beyond the SM.
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Appendix A

The SM-like Higgs boson mass in the
MSSM

In this appendix, the explicit formulae for the SM-like Higgs boson mass of the MSSM which
are used in Chapter 2 and 3 are shown. We basically follow the RG-improved effective potential
method used in Ref. [23,92]. The mass matrices for the third-generation squarks and the Higgs
boson are shown in Section A.1. In Section A.2, the Higgs boson mass for the case with
ma 2 msysy is shown, while the case with m4 < mgygy is considered in Section A.3.

A.1 Higgs boson and third-generation squark sector

In the MSSM, there are two Higgs SU(2), doublets and they have 2 CP-even neutral (h, H), 1
CP-odd neutral (A) and 2 charged (H*) degrees of physical freedom. The other three degrees
of freedom are unphysical and can be absorbed into the Weak gauge bosons. The masses of
the physical degrees of freedom can be written at tree-level,

my = sir?Z;6 =2[u® + my, + my,, (A1)
mhy = % (mi +m3, F \/(m?4 —m%)? + 4m%m? sin’ 2B) : (A.2)
mye = m4+miy, (A.3)
where
my = i <9§ + gﬁ) v (A.4)
my = iggzﬂ, (A.5)

and v >~ 174 GeV. The lighter CP-even neutral Higgs boson corresponds to the SM-like Higgs
boson that has the mass of about 125 GeV.
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In a limit of m4 > my, the so-called decoupling limit, the Higgs bosons except the SM-like
one decouples from the EW sector, and the Higgs sector consists only of the SM-like Higgs
boson. The SM-like Higgs boson mass in this limit becomes

m; = m7 cos® 28 < m3 ~ (91.2GeV)?. (A.6)

Thus it is obvious that radiative corrections are important to explain the observed Higgs boson
mass. In the decoupling limit, the two Higgs doublets H,, H; in the MSSM contribute to the
SM-like Higgs boson h as H, — sin fh and H; — — cos Beh”.

The radiative corrections to the Higgs boson masses are governed by the third-generation
squarks. Their mass matrices are given by

a2 — (M v HP 4 (98 = 5o ([ Hal® — [ ) yi(AH, — pH;)
! yr (AH, — pH)* my +yp|Hol? + 191(|Ha|* — |Hu|?)
(A7)
A2 — mg + yp|Hal> — (95 + 293)(|Ha|*> — |Hu|?) yp(ApHy — pH)
’ Yy (ApHy — pH3)* m3 + yi|Hal* — 597 (|Hal* — |Hu|?)
(A8)

where M?, M? are mass squared matrices for the top squark and the bottom squark. Note
that contributions from the bottom squark become important only when tan /3 is large and y; is
sizable compared with the top Yukawa coupling constant. These will be used later to calculate
the radiative corrections by the effective potential.

A.2 Higgs boson mass for mgysy = ma

A.2.1 Tree-level relations

Let us consider the case with mgysy = ma. We define the SUSY scale depending on mass
spectra as,

msusy = /MqQMy, (A,9)

in order to reduce the renormalization scale dependence of radiative corrections, because the top
squarks will give the most important contributions to many quantities, including the SM-like
Higgs boson mass.

In the NUGM scenario, the right-handed top squark can be lighter than the other scalars
including the heavy Higgs bosons. Hence, the effective theory below mgysy, where most of the
sparticles decouple from the theory, consists of the SM particles, the higgsinos I:[u,d and the
right-handed top squark ¢z. The scalar and the higgsino part of Lagrangian below the SUSY
threshold can be written as,

A - - =
£scalar,higgsino - m?{HTH - EI(HTH>2 - thSGH*tR - th3HbR + ftHuthR (AlO)
~ o~ ~ ~ Az ~
—pHTeHy — m2|ig|* — Aaltr|?|H|? — 73|t3|4 +he.
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Values of the coupling constants are connected to the MSSM parameters at mgusy

1 3
A(msusy) = B (g% + ggf) cos? 26 + AN, (A.11)
ht(mSUsy) = Yt SiIl ﬁ, (A12)
filmsusy) =, (A.13)

1 u . ad
Ao(mgusy) = yZsin? B+ ggf cos 23 — ;Z—ytz sin? X7, (A.14)
Q

Ly 4,

Az(msusy) = 3\ 9 + =91 ) (A.15)

where X, = (A,—p cot 8)/\/Mgit,. These relations are at tree-level except A\ which represents
loop induced threshold corrections.

A.2.2 Threshold correction

The threshold corrections come from wave-function renormalization and proper corrections to
quartic couplings. We have to calculate the 1-loop corrections to the self-energies in order to
obtain the wave-function renormalization part.

For the Higgs quartic couplings, the most important correction come from wave-function
renormalization induced by trilinear couplings. The 1-loop correction to a self-energy II(p) of
scalar field induced by a trilinear coupling A mediated by two scalars having masses my, ms is
given by

, Azt zm? + (1 — x)m3 — z(1 — z)p?
It = — drl 1 2 A.16
and the threshold corrections to the wave-function renormalizations can be read as
. o1 1 A% 1 my
AZM = —F | — A7
¢ p* | oy 1672 mims 6 i (mg) ’ ( )

where the definition of Fy will be shown later. In the case of the SM-like Higgs boson, the
trilinear coupling and the scalar masses are A = y;sin S(A; — pcot B), my = my, ma = mg.
The threshold corrections from the Higgs self-energy contributes to the Higgs quartic coupling
as

1 1 ,
1 (gg + ggf) cos® 283 x 12 (—§AZ,?”> . (A.18)

The proper corrections to the quartic coupling can be obtained by the usual diagrammatic
approach, but it can be also obtained by expanding the effective potential. For instance, if a
mass squared matrix of a complex scalar field has a form

M? 4 lag? XL
M = . ?O@ 2 \1/§¢2 ’ (A.19)
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second derivative of the effective potential with respect to ¢? at ¢ = 0 is

d2 1 2 62 9 i M
d2de? Vi (6°) . = 33 {a—l @ + = 10g % - WFQ (E) (A.20)
X? A2
T oE—me <<O‘ = B)(M? —m?) — (am® — BM?) log W)} |

where the 1-loop effective potential induced by fields ¢ with spin s; is given by

Vi (¢?) = 6417T2 Z(—l)%i@si +1) Tr [M4 (log g—; — ;)} , (A.21)

where we adopt the dimensional reduction scheme [93]. The quartic coupling A above and
below the threshold are related as
Mg 1 &P U2
= Vi
8 + 2 d¢2d¢2 LE((b )

Aug 1 d? T

, (A.22)
$?=0

$2=0
where LE, HE represent Lower-Energy and Higher-Energy than the threshold scale, respectively.

For the Higgs quartic coupling, the third-generation squarks give the dominant corrections
which are O(yf’b). Hence, we consider contributions from the top squark and the bottom squark

mass matrices Eq. (A.8) but H,, Hy are replaced to 1/v/2¢sin 3, 1/v/2¢ cos f3, respectively.
Finally, we obtain the threshold corrections to the Higgs quartic coupling A\ at the mgysy,

1 1 mg
16m*AN = 3 {hf + =h? (gg - —gf) cos 25} log —5- (A.23)
2 D MEusy

1 1 mg
+3 {hg — Ehg <g§ + ggf) cos 25} log — Q
SUSY

2
+3 (h4 + 5htg1 coS Qﬁ) log

SUSY
2

+3 (hé - %hggf cos 25) log Mmgysy

ot ((29) - Yo (22))

+6hy X} <F1 (%j) - §FQ (Z_j»

+3h2 00825X2 <§ i (mu) +92F4 (Z—(‘j))
_Zh%oszQ (g 9iFy (md) + 95 Fs (%))
_ihf cos® 26X ? (%9% + g§) F5 (%)
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1 ~ 3 m
_Z_Lh?’ cos? QﬁXf (ggf + g%) Fy <m—j>
, 2
—3\5log ———,
2 m%USY

where X; = (A, — picot B)/\/mqin, X, = (4, — ptan B)//mqmg. Here, we drop the O(gi,)
terms. Note that the last term comes from low energy part of Eq. (A.22) when the right-handed
top squark remains in the low-energy theory and it is canceled with the third line. This result
is consistent with Ref. [94] when the right-handed top squark mass is also considered to be
decoupled at mgysy.

The loop functions are defined as

Fi(z) = Z 1;’% ”Lf, (A.24)
Fy(z) = 6222 — 23:;?_(11;352) log x2], (A.25)
Fy(z) = 2z[5(1 — x;))(;; (_1 Ir)24x2) log x2]7 (A.26)
ey = 2l m23j(;§2f21)—2 1)log?) (a2
Fy(z) = 256[362(;2 1__1)1;) 8] (A.28)
Rz = "= (fj;f; log 2} (A.29)

A.2.3 Renormalization group

We want to know the Higgs boson mass at the top quark mass scale. Hence, we need a value
of A(m;) by solving RGEs. Anomalous dimensions and beta functions at 2-loop order for
dimensionless couplings in a general gauge theory with real scalars and fermions are derived in
Refs. [95-97].

First, we extract beta functions for the general model having interaction terms

1 .. 1 _
—Ling = —Lgauge + 59”%1%% + éyfmlewk )\IK¢I¢J¢K¢L (A.30)
where complex scalars are represented by ¢;, ¢/ = (¢;)* and two component spinors are

denoted by 1);, ¢’ . The beta function for the Yukawa coupling y7* is

16m°6,7 = 2™yt + S Y () +yY (F)y) + 4™ Y (S)e (A31)

=3 gH{Cu(F), y'P",
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and those for quartic coupling A5 is
167355 =Mw gz + 2NN Aars + ALy Aary) (A.32)
—4 e [VYVEYT, + YTV YY) + (J 0 L)
AL Y, ((8) =3 giCa(S))

S=I,J,K,L

D I A € (8 Wak (8 SRR (N R O (N8 Wb}

ab Im
where
(Y1)ij = yij, (YR =yP%, (A.33)
and
Y (S) = ymay™ + vyl Y (F) = vhyy’, (A.34)
Ca(S) = 0°F0%%,  Ca(F) =TT, CaG)dab = facd e, (A.35)
T(S)6q = tr626°, T(F)6g = trTT". (A.36)

The upper indices for scalar fields are contracted to conjugate fields and summation for upper
and lower indices should be understood as AxB® = > (AxB* + AKX Bg). The indices a,b
runs over gauge groups in the model and T“;, 0!, are the representation matrices of the scalar
field ¢; and the fermion vy, respectively.

Based on those formulae and the well-known beta function of a gauge coupling constant,
we can obtain the beta functions for the model below the SUSY threshold. The beta functions
of the gauge coupling constants are written as

3,41 1 2 426

167 = g0 | =+ 0n+ 305+ c0a+ S 0n A.

678, 5gll6+6g+3H+9 + 35 } (A.37)
19 1 2 4

1678y, = g3 |—— + ZOn + 05+ 20 + 205 . (A.38)
6 6 3 3

2 2 1 11
1675y, = g5 |=T+205+ 0a+ 0n |, (A.39)

where 0, is a step function that it is unity if the scale is above the mass of field ¢ while it
vanishes below the mass of ¢. H, H, @, W, § denote the heavy Higgs bosons, higgsinos,
right-handed top squark, wino and gluino, respectively. All the other sparticles are assumed
to have similar masses and their contributions are denoted by m. The beta function of the

Yukawa coupling constants are given by

9 3 1 17 9
1M%t=iubﬁ+§%+5ﬁ—(%ﬁ+1£+®9y (A.40)
3 9 1 1 9
16k, = [;ﬁ s om g (zgf + 2 8g§)} , (A.41)
2 1 2 ]‘ 2 2 ]‘ 2 9 2 2
167°f, = fi iht+§hb+4ft — §g1+§g2 +4g3 || - (A.42)
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The beta functions for the quartic couplings are

9 9
16726y, = uﬁ+ﬁg+4M(%3+%3—%ﬁ—Z£> (A.43)
9(3 2
—12(hi + hy) + 5 (2—591‘ + 29195 + gé) :

5
16728y, = AﬂBAl%—4A2+—8A3)+—A2(6hf%—6h§4—4ff———gf——9g§——8g?> (A.44)

2

12
—Af0 4 ) + o

4 9
16728y, = 4A§+—14A§%—4A3(ij——gg%——zgg——4g§) (A.45)

64 , 32 13
%ﬁ+%ﬁ+ﬁﬁ£+gﬁ

(A.46)

The beta functions for quartic couplings can be obtained from the general formulae Eq.(A.32),
but they can be also obtained by expanding and differentiating the effective potential [92] with
respect to the Higgs boson and the renormalization scale, respectively. We confirmed both
results are the same as it should be.

In our analysis, we assume that the higgsinos decouple at the same time as the right-handed
top squark. Note that there is no threshold correction to the Higgs quartic self-coupling up
to O(y7gi,), because it is given by the last term of Eq. (A.24) but mgysy is replaced by m,.
Finally, we can obtain A(m;) by solving the SM RG equations below m,. The beta-functions
for the relevant SM coupling couplings are given by

9 3 17 9
16728, = u (§yf + 51/5 - 2—ng — 193 - 89?,) : (A.47)
3 9 1 9
16728, = u (ny + §y§ — ng — Zgg — 893) : (A.48)
9 9
1672@\ = 12\% + 4\ (3yt2 + Syg — 2—ng — Zg%) (A.49)

9
-42w3+yﬁ%——(

3 2
T —ﬁ+—ﬁ£+£)-

25 5

After we obtain the quartic coupling constant at the top quark mass scale, we calculate the
Higgs boson mass using the 1-loop effective potential Vil (¢) based on the MS scheme with
neglecting the Yukawa couplings except the top Yukawa coupling as

2

d 1 d_
dodo

- Yy
o0 \/§/U d(b SM

mA(p? = 0) = 220° + Vi (9) (A.50)

$=v2v
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A.3 Higgs boson mass for my < mgusy

If the m4 is smaller than the SUSY threshold, the Higgs potential still contains two Higgs
doublets below mgysy. We basically follow the calculation in Ref. [23], but we solve RG
equations numerically rather than the log expansion.

The tree-level CP-even Higgs mass matrix is given by

M2 M?
Mp= " (A.51)
My My,
_ 202\ cos? B+ m? sin? B 202 sin B cos B(A3 + \y) — m? sin B cos 3
~ \ 202 sin B cos B(A\s + Ay) — m? sin B cos B 202\ sin? B + m? cos? 3 ’

where \j_4 are defined as

VAN = N(HIH)? + No(HIH,)? + Ns(H)H) (HEH,) + M| HieHa?. (A52)

quartic

These coupling constants are related to the gauge coupling constants as A\; = Ay = —(A3+A\y) =
(g% + ¢'*)/4 at tree-level in the MSSM.

A.3.1 Threshold corrections

Asmy 2 mgusy, we calculate the Higgs boson mass at the top quark mass scale. Hence we have
to evaluate the values of the quartic couplings at this scale. In addition, there are threshold
corrections at msysy

LAVl 1 avy Loy
2 8hfl hg=0 V4 (9Hd Hy=v4 2 ahd(?hu hg=hu=0
Atth<mSUsy) = ,(A53)
Loy LAVl 1o
2 Ohgdhu |y, _n._o 2 0% |y, vuOHu|y,_,,

where H, = v, + hy,, Hq = vq+ hg, respectively. Since these are the values at the SUSY scale,
the Higgs VEVs also have to be rescaled according to the anomalous dimensions

1 6

THa = g {(993 +391 = 1243) 07 — 69505707 - 5939594 : (A.54)
1 6

THe = G4 {(993 + 391 — 12y:6:) 67 — 69360507 - ggf%%} : (A.55)

where Oy is the step function that is unity above myx and is zero below myx. We define
anomalous dimension factors as

0

& = Exp [ / / m@)dan@/ma}, (A.56)
nomSUSY me

6 = Bxp [ / / vHu<@>d<1n@/mt>] (A57)
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and the vacuum expectation values at the SUSY scale can be obtained as
vi(msusy) = &ui(my), 1 =d,u. (A.58)

Furthermore, we have to rescale the Higgs mass matrix as &(AMM?) &5, (i, = d,u).
The threshold corrections to the effective potential are read as

Vai = Vap— Vig (A.59)
_ 3 4 mZ 3 3 mth 3
= 33,2 ZI; my <log o 5) 3972 M log 0r 2/
G=t1,2,b1,2

where mj; ,; . are eigenvalues of the mass matrices defined in Eq. (A.8) and mth = (M?)2

The threshold corrections from the top squarks at My, = Max(mg, +m7, m2+m;) are given

by

[ 2
3 mi [ p(=A; + pcot ) .
Miowht = 523 |52 5 ( | g(mimd) +mimupcot B £ (A.60)
t1 to
3 [ m m2 m? 2A,(A; — pcot 5) m?
Mth 2 [ R 2 lo to + lo t1
(Mitop)2z 8m2y2 _sin2 B & (mg2 + mt)(mz +m?) mtgl — mi & mi
2
A (A cot . _
+ ( - - ’ )> gm2 m2) b+ mi—2mdfl +mA]| . (A6D)
t1 to
3 m¢ p(—As + pcot 3) m?
M)l = t log — A.62
( stop)12 87T2U2 Sin2 /B mtgl . mt% 0og ?%2 ( )
Ai(Ay — pcot 8 Agcot f+ p
A — )g(m;,mi)} +m22{ mj cot Bff — tt—fg ,
mi:l - mt~2
where
g(mi,mj) =2 — wl 0g —5 ml (A.63)
mi — m2 m2
and

2 2 2

3 mo—m, (1 4 ., 1 my, 1 2 Mz My
= QT T (2 T2 gy ) < S Zhin?Gy ) log (A 64
! mz; —m? (2 g oo 20gmt22+ o 3w Ogméjtmf ( )

to

2 mg g,
+= sin® Oy log —~-—=5,
3 W8 2+ m?’
7 Ay—pcotp | 1, m? 4 . 1\ mg —m:
f; = mtm —5 log mtgl + § SlIl2 GW — 5 mg(m%,mi) (A65)
t1 to to t1 t2




Similarly, the threshold corrections from the bottom squarks at My, = Max(mg +mj, mj+m;)
are

3 mi mz m%
M — | —2-<lo (e A.66
( sbottom)ll 877'2'02 COSQﬁ { g <(m2Q + mb)<md + mg) ( )
2
2A,(Ap — ptan B) mgl Ap(Ap — ptan f)
* m2 —m?2 log mg + m2 — m? g(mgl,mi)
b1 ba ba b1 ba

i [2me f} — Ao f3]]

2
3 my —Ap + ptan g =
(Msbottom)22 . (M( 5 a 2 ) > g(mgl ) mli) - m2Zmb:u tan /8 fg ) (A67)

8m2v? | cos? 3 m2 — m?
by b

3 my  u(—Ap + ptan 3) mgl Ap(Ap — ptan f) 5 o
(Msbottom)IZ Q7202 COSQﬁ mgl — mgQ log mlg)Q + mgl — mi ( by m52>
Apt
—md {mz tan A L/”“f}} | (A.68)
where
b mé B mfl 1 2 22 1 mgl 1 L. 2 m31m32
U=nz e \T2 Tt gl T gl Jlos T (A69)
bl b b2 Q b
1 myg, My,
— = sin? Oy log —2—2
3 Ay —ptan g |1 m? 1 2 m2 — m>
b b — M b .2 Q d m2
f2 —mbW [5 log mgl —+ (5 — §SIH Qw> WQ( 52) . (A?O)
1 2 2 1 2

Note that the O(g{,) contributions are dropped.

A.3.2 Renormalization group

We have to evaluate the quartic coupling constants at () = m,;. The beta functions for the
gauge coupling constants have been already shown in Eq.(A.39). Those for the Yukawa coupling
constants in the 2HDM are [98],

9, 1, 17, 9
16778, = y; <§yf+§y§ o0~ 1% —8932,), (A.71)
1, 9 5, 9
167°8, = <2yt + Y T Y~ 39— 1% 8g§> , (A.72)
5, 15, 9
1676, = y; (3y§ + Y= 0 - 193) : (A.73)
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The beta functions for the quartic coupling constants are

3
8728y, = 6A2+ A2+ (A3 + A% + < {295 + (g1 + 93)°*} (A.74)

4 2 12 ? 12 ? 4 12 ]'2 2
—2y, + Ya— gh 0p + 39 05 Ya— ¥a | 591+ %

1 1 5 1
+3 (93 + 59?) } 9@] — 592050 — 919307050y — 5910405

M

2
3
87°Bry = 6A5 4+ A + (As + A)® + §{2g§ + (g1 + 93)°} (A.75)

1.\ 1.\ 1 1
2y + (69f> 05+ (yi — ggf) O + {yi + 5@/5 (ggf — g%)

1 1 5 1
+3 (93 + 591‘) } 9@} — 59050 — 9190005 — 5910405

+3

995 + 3g7 — 12y, — 4y? — 6950y1,07 — 2970507],

+3

A
— 221993 + 3g7 — 12y? — 6930305 — 2930507,

9
3
87 By = (A1 + A2)(BAz 4+ A1) + 23 + A\ + 5{293 + (95 — 91)%} (A.76)
1 1 1 1
+3 {—23153/3 + ggf(yﬁ - ggf)% + ggf(yi — ggf)% + yaya0505

1, /(1 1, /(1 1 1
+ {yiyﬁ - 4 (ggf + 93) + 4V (ggf - g%) +3 (93 - gﬁ‘) } 9@]

5 1
— 592005 + 9192050505 — 5919505

)\
— 5193 + 3¢} — 67 — 6y} — 247 — 630505 — 2070507).
3
877'25,\4 = )\4()\1 + )\2 + 4)\3 + 2)\4) + §g§gf (A??)
1 1
+3 | 2yays — vayibifp — (v — 595)(93 — 593)%
A4

+ 2050505 — 2979504050 1 — —[995 + 397 — 6y — 6y, — 2y2 — 6930307 — 297050 7).

2

In these expressions, we assume the SUSY relations for the quartic coupling constants involving
the sfermions even below the scale where the sfermions decouple. Another notification is that we
drop Higgs quartic couplings for (HgeH,)? +h.c., (HIHy)(HyeH, +h.c.) and (H} H,)(HgeH, +
h.c.) which are absent at tree-level but will be induced by the trilinear couplings at loop-level.
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Appendix B

Renormalization group equations

The 1-loop renormalization group equations (RGEs) are listed in this Appendix. These are
used in the analyses in Chapter 2 and 3. The 1-loop RGEs for the dimensionless couplings and
the soft parameters in the MSSM are derived in Refs. [24,25], and those in the most general
model with softly broken supersymmetry, which include the case of the MSSM with the flavor
mixings, are derived in Ref. [26]. The 2-loop RGEs are obtained in Ref. [27].

The RGEs for Yukawa coupling constants squared for the third-generation fermions in the
SM are given by,

d 2 1 2 -9 2 3 2 2 17 2 9 2 2

—y2 = —? = 2 s S - B.1
dtyt 87T2 yt -2yt + 2yb _'_ yT 2091 492 893 9 ( )
d 2 ]' 2 -3 2 9 2 2 1 2 9 2 2

% = gl _§yt oY T Y 91— 492 895 (B.2)
d 2 ]‘ 2 [ 2 2 5 2 9 2 9 2

pr i _3yt + 3y, + 5y — 19— 1% (B.3)

Here, t = InQ/A, where @) is the renormalization scale and A is a cutoff scale.
The RGEs in the MSSM are exhibited in what follows. For the gauge coupling constants,

d 1
— (o = ——=b.q2, B4
where b, = (—3,1,33/5).
The 1-loop RGEs for the Yukawa matrices are

d Yo | 13 16
— gy = = | Tr(3yuyl) + 3ybye + ylys — =g — 3¢2 — — g3 B.5
i = Ton | T(3Yubin) + 3YuYu + YaYa — 291 — 392 — 595 (B.5)
d Yd [ 1 1 7 16
7r9d = Tr(3 Te 3 Tu_—2—32——2 B.6
a9 = 16,2 | L(3YaYa + Yele) + 3Yaya + Yulu — 1591 — 392 — 395 - (B.6)
d Ye [ t t t 9 4 2
21V = 162 _Tr(3ydyd +YeYe) +3Yele — 297 — 393 - (B.7)
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The RGEs for soft parameters are as follows. The gaugino masses obey the RGEs,

dM, 2g>
— a0 B.8
dt 1672 (B8)
The RGEs for the A-terms are given by
d 1 16 , 13,
% =162 [au{Tr(i%yuyu) + 5yl + Yiya — 393 395 — ﬁgl} (B.9)
16 13
- yu{Tr(6auyl) + dyla, + 2ytaq + 2 (gg;‘ng + 395 My + 15glM1> }]
Py [ad{Tr(Sydyd + Ye¥s) + 5YgYa + Y Yu — 395~ 30— Egl} (B.10)
16 7
+ ad{Tr<6ady2 + 2acy}) + dyhaq + 2yl + 2 (§g§M3 +33Ms + ngMl) H
9
T i f 2 2
d 167r2 [ae Tr(3yayy + yeyl) + 5ylye — 395 — 591} (B.11)
9
+ ye{Tr(Gadyd +2acy!) + 4yla. +2 (39 M; + 591M1) H

These can be simplified by neglecting the Yukawa couplings for the first- and second-generations
and factorizing the Yukawa coupling, e.g. a; = y;A; (i =t,b,7),

d 1 13 16
EAt = 3z [6% Av+ yp Ay — 159fM1 — 395 M — gg:?M:’J ; (B.12)
d 1
7 16
~ = giMy — 3g3Mo — g3 M),
d 1 2 9, 2
%AT = @ 3ybAb + 4:(/7-147- - gglMl - 392M2 . (B14)
The RGEs for the soft scalar masses are
d 1
ey == | (m, + 2mi, yly + (m + 2mi, )yl (B.15)

+ mQ(yuyd + ydyd) + 2yimiy, + ZyZlmflyd + 2ala, + 2a2ad

32 2 1 )
- (39%!%\2 + 695 Ma|” + =i [Ma|* — gg%S> 1],

d 1
o = | (2m? -+ dm )yl + 2myayl + dyamiy] + da,al (B.16)
32 5 2, 32 5 2, 4 9\
(22021007 + 222 My J? + 23S 1},
(a1l + TP + 2o
d 1
Emﬁ T2 [(de + 4de)ydyd + 2ydydmd + 4ydeych + 4ada2 (B.17)

7



d

arr T

d

m
di He =

d .,

dt e T

where

~ 1672

32
— (Baannp + atin - 2ts) 1]
1
].6 2 |:(mL + Qde)yeye + yeyemL + 2yem Ye + 20/ ae

- (ostiag + St + 2ats) ],

[(ng + 4m§{d)yeyl + 2yeyim? 4 dyem2y! + 4acal
24 6
( 91’M1‘2+ 915) }

1
T2 [GTr[yu(mH +m)ys, + vy, + aual]

- (oatian + Stianp - 2gis) |

1672

2yl + Gagal + 20.al] - (ORI + Zton + 2ot ).

S =mj, —my, + Tr(mg) —mi — 2mi, + mg + m?).

Finally, RGEs for the pu-parameter and b-parameter are

and

1 3
b _1 2 [b{Tr(SyuyL + Sydy;rl + yeyl) - 393 — —g%}

dp — p

3
7= Tr(3y,y! F 4 yl) — 362 — 2 2]
i 167T2[ T3y + 3aya + veye) — 395 — =91

5

5
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Appendix C

Muon anomalous magnetic moment
with non-universal gaugino masses

One possible evidence for new physics is the anomalous magnetic moment of the muon, which
is measured precisely. The observed value is [99]

a’? = 116592089(63) x 1071, (C.1)
and is deviated from the SM prediction [100,101]
as™ = 116591834(49) x 107, (C.2)

so that there is a discrepancy of 3.20. This discrepancy could be explained by sparticle contri-
butions, although it is also possible that aObS and /or aSM is changed in future experiments or
more precise evaluation of the SM predlctlon such as the QCD effects.

Let us discuss the sparticle contributions AaﬁUSY to the muon magnetic moment in the
NUGM scenario. The dominant contributions are loop corrections mediated by the neu-
tralino/smuon or chargino/muon sneutrino. Following Ref. [102], the sparticle corrections can
be written as a sum of the following contributions

ANl—gfszlutanﬁ[Jg,(Mf,Mf, m? m )+J5(M12,M12, m2 m )}, (C.3)

#L’ #R’ ML’ AL’
AaN2 _glm M]./J“tanﬁ [J5(M12aM127,u muRa )+ J5(M12 N HJ mHR’m/%R)] ) (04)
1
Aa N3 291m Mllutanﬁ [J5(M12,M12,/L muLa ;IL> + ']5(M17,u ) 7mgLam;21L)} ) (05)
1
Aaim _§g2m MQMtanﬁ [J5(M227M227M m,u,La % )+ J5(M227:u2 MQ mflL:mflL)} ) (CG)
ACL _92m MQMta‘nB [2]4(M22’M22au m; ) J5(M227M227:u m 2) (C7)
V2L (M3, i, i m3) = Js(M3, 1%, p®,m3, m2)]
where
d*k 1
I 2 02 2y / C.8
N(m17m27 7mN) (27?)42(k2—m%)(k:2—m%,)’ ( )

J (m2 m2 m?) _ / d4k' k'2
N 1,Mmy, ..., My (27T)4i(]€2—m%)"‘(k2—m?v)'

(C.9)
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Figure C.1: Values of Aa5"SY with tan§ = 50 and p = 250 (1000) GeV in the left (right)
panel. The slepton masses are assumed to be my;, = M, + 100 GeV, my, = M; + 150 GeV,
my, = My + 200 GeV, respectively.

We can evaluate I, and J5 by using the following relations iteratively

1
In(my,...,my) = — — [Ivoa(mi, .o miy ) — Inoa(m3, ... ,m3)] . (C.10)
In(my,...,my) = IN_l(m%,...,m?V_l)+m?VIN(m%,...,m?V), (C.11)
and
1 m? m? m2 m2
I = —— L_log | — Z_log | —2 C.12
2(m1,mo) 1672 [m%m% it (AQ) * mami o8 (A2 ’ ( )

where A is a cutoff that is appeared only in /5 due to the logarithmic divergence of corresponding
diagrams. The dependence on the cutoff is canceled for N > 3, for instance,

2

1

2 2
2 2 m 2 2 my 2 2 m3z
1 mim;log mE T mamy log UL log m

[3(m17 ma, m?)) =

- (C.13)

(mi —m3)(m3 —m3)(m3 — mi)
We can see sparticle contributions are proportional to tan 3, and larger values of tan /3 is favored
to enhance the sparticle contributions.

A critical disadvantage to obtain the large discrepancy is that the wino mass M is gener-
ically heavy in the NUGM scenario. Typically, its mass has to be heavier than the gluino
mass which should be heavier than about 1.5 TeV. Furthermore, the heavier wino induces the
heavy left-handed sleptons, including the smuon and sneutrino. Therefore, it is challenging to
explain the g-2 anomaly within 1-2 o-level which requires Aaj"5Y ~ 2.5 x 1079, even though
the higgsino and the bino can be O(100 GeV).

Figure C.1 shows the sparticle contributions to the muon magnetic moment. We can see

that the contribution is always smaller than 107, and the anomaly can not be explained even
if tan 8 = 50.

80



Appendix D

Soft parameters of moduli and
anomaly mediations

D.1 General formulae

In this appendix, the formulae for the soft parameters in the mixture of the moduli and anomaly
mediations are shown. As derived in Ref. [34], the gravity mediated contributions can be
written by derivatives of the Kéahler potential, superpotential and gauge kinetic function. The
soft parameters induced by the modulus and anomaly mediations in the KKLT scenario are
shown in Ref. [13].

Let us start with the conformal supergravity action for matter fields given by

‘Cmatter = /d49’0’2@f€_K0/3Z[_JQJ + (/ d2(9 |:05W + fa W3:| + hC) (Dl)

with
Ky = =) (P, + Py), (D.2)
Ziy = iy [ [(@m+ @)™, (D.3)
W = XN®,)""Q:Q,Qk, (D.4)
fo = Y I, (D.5)

where ®,,,C,Q;, W, are moduli fields, compensator, matter fields and field-strength chiral
superfields in a model, respectively. The indices m, I, a run over all the moduli, matters and
gauge groups, respectively. Here, the matter fields indicate the chiral superfields, e.g., the
quarks, leptons and Higgses in the MSSM. In order to make the kinetic terms for the gauginos
and matter fields canonically normalized, the matter fields Q' have to be normalized by Y/2,
where Y7, = e %0/3 75, The soft parameters in the canonically normalized basis can be written

81



as

M, = F*9,n(Ref,), (D.6)
m2, = —FARBYV2[9,05Y — 04y Y7L 05Y] YV, (D.7)
are = _yLJK (Y 1/2FAa Y Y™ 1/2) + ([ <~ J) ([ <> K) -+ yIJKFmamlIl)\[JK,(D.S)

where y//K = /\LMNYfl/ZéYfl/QLY”/zN are physical Yukawa coupling constants. The indices
A, B run over the moduli fields ®,, and the compensator C'. After inserting the explicit form
of the potentials and operating differentiation, the soft parameters can be written as

Fm be L FC

M, = _ = D.9
unrcp T Tom2%C (D.9)
Fm
IJK IJK
oK = S ™9,
;L;K( )CD 13, Zy[JK NATJK
1 1 LIK | Fe
1 Fmo P Fm  FC
2 _ m x
i = S (5 |5 v —5;&1%(’”’” (mz“-“)
1 Fe?
+1 (T =) |5 | (D.11)

where

77 = (H(cpm +3,) = ) v, (D.12)
and O = (@, + ©,,,)0/0®,, are defined. The derivatives 7 = d7/dt have to be applied only to
anomalous dimensions 7, but not to the factor in the parentheses that depends on the moduli.

Anomalous dimensions 77 are given by

- 1 |1 i} .
=YY = 1672 [5 ZyILMyJLM - 292%(@1)513] 5 (D.13)
LM

at 1-loop level.

If we consider the case that all of the modular weights are flavor independent and the proper
Yukawa coupling constants are independent of the moduli, the formulae for the A-terms and
soft masses can be simplified to

FC
al 7B =4 lIK g E cL — + (M BN (1 <, K))?’ (D.14)
m L=I,JK Py
Fm o FC 1., |FCP
2 m J < J
- = _ — Gnm —_— .C. — — | D15
mr, §m:01 o 13, Em hnm Y7 <q>m+@mc +CC>+2% c ( )

where ¢ =1/3 —n7".
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D.2 Anomalous dimensions and their derivatives in the
MSSM

The explicit forms of the anomalous dimensions and their derivatives are shown in Ref. [15],
where the Yukawa couplings except for the third-generation fermions are neglected.
The anomalous dimensions for the MSSM fields @, u, d, L, e, H,, Hy are given by,

1 3 8
1672y = yhyu + ylya — <3091 + 292 - 393) 1, (D.16)
167r2fyu = QyuyT — 8g —|—8g3 1, (D.17)
u 157 3
9 8
1672y = 2yayh— [ —=? + 262 ) 1, (D.18)
15 3
1672y, = ylye — 39 +3g 1 (D.19)
e 10 1 2 2 )
6
1672y, = 2yeyl—ggfl, (D.20)
3 3
1672y, = 3Tr[ylyu]—1—091 293, (D.21)
3 3
167%y, = 3Trlylya + ylve] — 09 9 5957 (D.22)

where the Yukawa matrices are defined as Eq. (2.3) in Chapter 2.
The derivatives of the anomalous dimensions with respect to the renormalization scale can
be written as

) 3 8
871-2'7@ — y:&byu + y:;byd — (30 blgl + 5292 + 3b393) (D23)
2: 1 8 8 4
8T Yy = Qbyuyu - 1_5b191 + §b393 1, (D-24)
9. t 2 8
8m°Yq = 2by,y, — 151)191 + 3b393 (D.25)
2. 1 3 4 3, 4
8Ty = ylby, — 55191 + 55292 1, (D.26)
6
879 = 2b,.y; — zhigil, (D.27)
: 3 3
87 9m, = 3Trlylby,] — 7gbior — 5bags, (D.28)
) 3 3
87-(27Hd = 3Tr|:y(-5byd + yebye] 1Ob1gl 2b293, <D29)

where b, = (33/5,1, —3) are the beta function coefficients for the gauge coupling constants and
by, [ = u,d,e, are the beta functions for the Yukawa coupling constants times a loop factor
1672 explicitly shown in Eq. (B.5).
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The interference terms of the moduli and anomaly mediated contributions,

T)0v;/0T, can be written as,

—167%0g

—16720,
—16726,
—16726,

—16720,

—1671‘29Hu
—167%0,

(3 — nm, — 1o — N)Yiyu + (3 — na, — 1o — na)yiya
1 2 3 2 8 2
(= + 22+ 242 )1
2(3 = np, — NG — Nu)Yull, — (—gl +
23 —ny, —ng — nd)ydy:; — <—9
t 3 2
(3 —nNg, —Np — n6)yeye - Egl + 592 )
6
ggfl,
3, 3,

— — — Trl3ufu ]l — —ag? — =

2(3—ng, —np — ne)yeyl —

(3 =y, — ng — na) T [Bylyal + (3 — na, — np — ne) Trfylye]

3 9 3,
E&h 5927

(D.30)

(D.31)
(D.32)

(D.33)

(D.34)

(D.35)
(D.36)

where n,, (m = Q,u,d, L,e, H,, H;) are the modular weights for the MSSM matter fields.
We employ explicit values of the Yukawa matrices at the EW scale for the analysis in

Chapter 3,

Yu

Yd

Ye

0.173 x € 0.183 x €3® (.848 x €25

= 0.258 x €*  0.377 x €2® 0.379 x €' |,
0.203 x €2®  0.188 x ¢! 0.997 x €°
0.387 x €3® 0.672 x ¢*  0.681 x €

= 0.351 x €2® 0.422 x €2 0.576 x € |,
0.729 x e 1.07 x €® 0.631 x %°
0.186 x € 0.13x € 0.309 x €3

= 0275 x € 0.702 x €25 0.185 x €25 |,
0.992 x €3® 0.998 x €' 1.04 x €!®

(D.37)

(D.38)

(D.39)

where € = 0.225 is the Cabbibo angle. These Yukawa matrices are motivated by the Froggatt-
Nielsen mechanism [50] or the quasi-localized matter fields in 5D spacetime [103] and are
consistent with the observed masses and mixings of the fermions.
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