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Abstract: The work presented considers a class of minimally constructed Yukawa unified SUSY GUTs -
NUHM2 - and explores their implications when their soft supersymmetry breaking Lagrangian is generalized
by the nonholomorphic terms which provide extra contributions to the Higgsino mass and couple the super-
symmetric scalar fields to the wrong Higgs doublets. With such a simple extension, it can be found several
regions with interesting implications which cannot be realized in the usual restricted models. It is observed
that the Yukawa unification solutions can be compatible with a relatively light mass spectrum and acceptable
low fine-tuning measurements. In the restricted models such effects can directly be addressed to the nonholo-
morphic terms. They can provide a slight improvement in the SM-like Higgs boson mass without altering the
mass spectrum too much, and they can accommodate relatively lighter sbottom and stau masses, while they do
not change the stop sector much. The dark matter can be Higgsino-like or Bino-like, but the experimental relic
density measurements favor the Higgsino-like dark matter, while the Bino-like dark matter is predicted with a
quite large relic density. Also, several coannihilation scenarios are identified in the Higgsino-like dark matter
regions, while the Bino-like dark matter does not allow any of such coannihilation processes. The presence of
the nonholomorphic terms can weaken the impact from the phenomenological or indirect constraints such as low
fine-tuning, Yukawa unification, and rare decays of B—meson, the direct and model-independent constraints
still yield a strong strike on the solutions. Such constraints are discussed regarding the current collider analyses
on 77 events and direct detection of dark matter experiments.

Keywords: Supersymmetry, grand unified theories, Yukawa unification, fine-tuning, dark matter, LHC

1. Introduction

Despite its enormous success in explaining the observed phenomena in particle physics, the Standard
Model (SM) is assumed to only be an effective theory due to its drawbacks, which have been motivating
the studies for new physics beyond the SM (BSM). Among uncountable candidates, supersymmetry
(SUSY) is one of the forefront candidates for BSM physics by proposing solutions to some of the
profound problems of the SM such as the gauge hierarchy problem [1-5], absence of a suitable dark
matter (DM) candidate etc. In addition, the unification of the SM gauge couplings at a grand
unification scale (Mgyt =~ 2 x 100 GeV) within the minimal supersymmetric SM (MSSM) allows one
to explore the testable implications of SUSY grand unified theories (GUTs). Even though formulating
the new physics by employing SUSY is well motivated for various theoretical reasons mentioned
above, the absence of a direct signal for the supersymmetric particles weakens the strength of the
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motivations behind the SUSY models. A straightforward conclusion, which can be derived from the
null experimental results, is to shift the supersymmetric particle masses to the heavy scales. However,
this approach can bring some problems of the SM back. For instance, if the mass difference between
top-quarks and its superpartner stop is quite large, it can lead to large quadratic contributions to the
Higgs boson mass which disturb the mass stability of the Higgs boson. Even if one can maintain the
stability of the Higgs boson, then the p—term, which is expected to be at the order of electroweak
symmetry breaking scale (O(100) GeV), can be realized at a few TeV scale and it leads to little
hierarchy problem [6, 7].

In another approach, the lack of the direct signal can be considered as a missing part in MSSM.
Such a missing part can be filled by extending the particle content of the MSSM (for recent studies
see, for instance, [8-11]), nonuniversal boundary conditions induced by the symmetry breaking at
Mgur [12, 13], higher order operators and/or representations [14—16] or extending the gauge group
of MSSM [17-23]. Apart from such possible paths, one of relatively simpler ways to extend MSSM is
to generalize its soft supersymmetry breaking (SSB) Lagrangian by considering the nonholomorphic
(NH) terms. In supersymmetrizing the SM and BSM models, it has been very well known that the
superpotential cannot be a functional of a field and its complex conjugate simultaneously [24], which is
called holomorphy condition. Even though SSB can induce such NH terms [25, 26], most of the earlier
works respected the holomorphy condition even after SSB. Despite being a simple extension, NH can
provide a more general construction of MSSM, and they can significantly alter the implications of
MSSM such as the mass spectrum of the supersymmetric particles (sparticles) and Higgs bosons, the
rare semileptonic rare B—meson decays, the dark matter implications [27-30].

This work considers the impact of such NH terms in frameworks of SUSY GUTs. Among a
large variety of SUSY GUT models, those based on SU(5) [31-40] and SO(10) [41-48] have been
attracting the attention and excessively explored in their implications testable in the collider and DM
experiments. These GUT models are also interesting, since they do not unify only the gauge couplings,
but in their minimal constructions, they propose some schemes of Yukawa Unification (YU) such as
b—7 YU in SU(5) and t —b—7 YU in SO(10) GUTs. Despite being imposed at the GUT scale,
the YU scenarios lead to a significant impact on the low scale implications and make the GUT models
interestingly predictive. This behavior of YU arises from the need for threshold corrections at the
SUSY scale (Mgusy ) at which the supersymmetric particles are assumed to be decoupled from the
spectrum. These threshold corrections play a crucial role in realizing YU consistent with the third
family fermion masses (see, for instance, [40, 49]).

In addition to the threshold corrections, YU is also a strong condition which significantly
shapes the fundamental parameter space. The large mass difference between the top and bottom
quarks, for instance, happens to approximately equal to tan 3, thence YU can be realized when
tan 5 2 my/my ~ 40, where tan 3 is defined as the ratio of the vacuum expectation values (VEVs)
of the two Higgs doublets of MSSM as tanf = v,/vq. Another impact arises from the radiative
electroweak symmetry breaking (REWSB). One of the requirements to realize REWSB consistently
leads to mpy, < 0 and mpy, < mp,, where mpy, and mpy, are the SSB masses of the MSSM Higgs
doublets. If one imposes the YU condition at the GUT scale, a solution consistent with REWSB can
be realized only when mpy, # mp, at Mgyt [48, 50-52], especially when the gaugino masses are set
universal at the GUT scale. Hence, the models with Non-Universal Higgs Masses Type 2 (NUHM2
with mpg, # mpy, ) form the minimal construction for the Yukawa unified SUSY GUTs. In this context,
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despite its restrictive impact, the YU condition imposed at Mgy yields quite predictive SUSY GUT
models [53, 54] in terms of the SM-like Higgs boson mass, supersymmetric particle spectrum and DM
implications.

Considering the motivations mentioned above, it might be worth exploring the implications of
the SUSY GUTs in the presence of NH terms. The minimally constructed models in the class of
NUHM2 is taken under consideration in this work to make the effects and the implications of NH
terms more visible for the SM-like Higgs boson mass, Yukawa unification and supersymmetric mass
spectrum as well as the predictions for DM in terms of its composition, relic density, and scattering at
matter nuclei which can be tested in direct detection experiments of DM. Even though it would not
be realistic to remove the tension between the latest experimental results and the constrained SUSY
GUTs, this tension can be alleviated by the NH terms. In addition to such observable parameters, the
presence of NH terms can yield low fine-tuned SUSY GUT models. The fine-tuning measurements can
be interpreted as the effectiveness of the missing parts, and usually, the restricted SUSY GUTs lead to
a significantly large fine-tuning [55, 56]. Thus, the low fine-tuning results can mean that the presence
of NH terms can yield considerable compensations in the effects of the missing parts in SUSY models.
This approach is not restricted to MSSM, and it can be applied to the extended SUSY models as well
[57, 58].

The rest of the paper is organized as follows: It will discuss the inclusion of the NH terms
and their contributions to the model implications in Section 2. After briefly describing the scanning
procedure and the experimental constraints employed in the analyses in Section 3, it will be discussed
the mass spectrum for the Higgs bosons and supersymmetric particles in Sections 4 and 5. Section
6 will focus on the DM implications in terms of the DM composition as well as the observable DM
parameters along with the current experimental results. This section also has a table of benchmark
points which exemplify our results. The findings will be summarized and concluded in Section 7.

2. Leverage for NUHM2 from NH Terms
Before the SUSY breaking, MSSM can be constructed through the following superpotential

Wassm = YuQHyti + yaQHad + ye LHge + pH, Hy (2.1)

where @), L, u, d, e represent the superfields for the left-handed quarks, left-handed leptons, right-
handed up-quark, right-handed down-quark, and right-handed lepton, respectively. the family indices
are suppressed but v,, yq and y. are 3 x 3 Yukawa matrices for up-type, down-type quarks, and
leptons, respectively. Note that due to the holomorphy condition, one Higgs doublet is not enough to
drive the masses for all the fields, thus one needs to employ a second Higgs doublet in Eq.(2.1), which
is distinguished in the notation by H, and H,;. The superpotential also has a bilinear mixing term
for these Higgs doublets quantified by the p—term. This u—term is of special importance since it is
directly relevant to the electroweak symmetry breaking, fine-tuning measurement, and the Higgsino
masses, which will be discussed below in detail.

Despite the simple form of the superpotential, the SSB drives the scalar potential to a more
complicated form by inducing the mass terms for the supersymmetric partners for the SM fermions
(sfermions), gauge bosons (gauginos), and the Higgs doublets. In addition, the SSB Lagrangian include
Yukawa, interactions between the MSSM Higgs fields and sfermions characterized by dimensional
couplings denoted as A, 4., which are formed by 3 x 3 matrices as well. However, in the usual
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treatment, the sfermions are kept interacting with the appropriate Higgs doublets as fixed in the
superpotential such that the holomorphy condition holds for the SSB Lagrangian as well. This
assumption can still provide a good approximation in exploring the implications of SUSY models,
since most NH terms are suppressed by My /M where My represents the low scale which is identified
as the Z—boson mass, and M denotes the high energy scale at which the symmetry breaks into the
MSSM gauge group. Such a suppression can be realized when the SUSY is broken by VEVs of gauge
singlets, while in other cases the following terms can still have significant magnitudes [26]

~Llope = W' Hy - Hy+Q HYALU +Q H{AUD + L H{ALE + hee. (2.2)

where g/ is the Higgsino mixing term, and it contributes only to the Higgsino mass, while the radiative
electroweak symmetry breaking (REWSB) remains only dependent on p—term [59]. The rest of the
terms with Afu’ d,c are the NH correspondence of the trilinear scalar interaction terms of the holomorphic
SSB Lagrangian. Their NH correspondence arises the interactions of sfermions with the wrong Higgs
doublet of MSSM. Even such a simple extension of MSSM can yield considerable impacts, which will
be discussed in separate subsections:

2.1. Low fine-tuning and higgsino mass

The fine-tuning in SUSY models can be measured by employing the following equation arising from
the minimization of the scalar Higgs potential after the electroweak symmetry breaking:

M2 _ 2. qud —m%lu tan?
9 M tan? 3 — 1

(2.3)

where SSB masses for the Higgs doublets, mpy, and mg,, , are substituted after the loop contributions
are added to them. Following the usual definition in quantifying the fine-tuning [55] measure one can

write
Max(C’i)
Apw = ——5 (2.4)
MZ/2
with
Ch, =| mi,/(tan? 3 —1) | ,
Ci=4q Cp, =| m}, tan® B/(tan? B —1) |, (2.5)

Cu=|—-p?]| .

In the absence of NH terms, the fine-tuning is usually quantified with C,,. Indeed, Cpg, is
suppressed by tanf3, and a consistent measure of My requires Cp, ~ C,. If one applies the
condition Agw < 100 (following [6, 60, 61]) to identify the solutions with acceptable fine-tuning,
this condition yields g < 600 GeV. When the NH terms are absent, the acceptable fine-tuning
condition also determines the Higgsino masses, since their masses are equal to p. In other words,
in the acceptably fine-tuned regions of MSSM, one should expect the Higgsino masses to be around
600 GeV or lighter. When the Higssino is the lightest supersymmetric particle (LSP), which is assumed
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to be stable, it can also be considered a DM candidate. However, if the DM is formed by such light
Higgsinos, solutions receive a strong impact from the latest results of the Planck satellite [62], which
requires p = 700 GeV. This bound on the LSP Higgsino mass is shifted further up to about 1 TeV
[49, 63, 64] by the current results from the direct DM detection experiments [65-71]. Hence, one needs
to consider possible extensions in MSSM to fit the low fine-tuning solutions with the experimental
results on DM observables [61, 72]. Even though the bounds do not apply directly to Higgsino when the
DM is formed by one of the MSSM gauginos or their mixing with Higgsinos, these experimental results
still yield a strong impact on the Higgsino mass and consequently on Agw. This tension between
the experimental results on the Higgsino DM and the low fine-tuned solutions can be removed by
extending MSSM with the NH terms, which drive the Higgsino mass as mg ~ 4y, while they leave
Eq.(2.3) intact. In this case, one can still realize consistently heavy Higgsinos, while the fine-tuning
remains low (i.e. p/ > p). The interplay between the DM implications and the relevant experimental
constraints will be discussed in Section 6 in detail.

2.2. SUSY mass spectrum

In addition to the low fine-tuning and consistent Higgsino DM solutions, the NH trilinear interaction

couplings (A/f7 where f = ﬁ,(i,é) in Eq.(2.2) can be effective in the SUSY spectra. The NH

contributions can be seen from the mass-square matrix of the sfermions given as [25, 26]:

| M X5 (2.6)

X3

S N

mfRf}%
where the subindex f = ﬂ,cz,é denotes the up-type squarks, down-type squarks and sleptons, re-
spectively. The form of mf; is typical and the diagonal components of m?; are the same as those in

MSSM [24], the NH terms appear in the off-diagonal terms (X f) and they can change the mixing and

the mass eigenvalues of the sparticles significantly. These terms can be summarized for each field as

follows:
Xg = _i[vd(uw + A1) — v, Af) (2.6-a)
\/5 u u u
Xo— b vigal Al 2.6-b
J__\/i[vu(ﬂd+ d)_vd d] (2.6-b)
1 Fooat t
Xe = —=[—va(pY] + AJ) + vgAl] (2.6-c)

V2

As seen from Eq.(2.6-a), the NH trilinear coupling in the stop (the superpartner of top quark)
sector interferes in the stop mixing along with vy, while in sbottom and stau given in Egs.(2.6-b and
2.6-c) they appear together with v,. In this case, since vq4 < v,,, the stop masses are not affected too
much by the NH terms, unless A} is allowed to be very large. On the other hand, they can change
significantly the sbottom and stau masses in the mass spectrum. Even though it does not contribute
to the masses of sfermions at tree-level, the y/—term also alters the masses at loop-level considerably
(see, for instance, [27, 30]).
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2.3. Mass of Higgs bosons

Even though one can nicely fit the SM-like Higgs boson, one of the main strikes to MSSM comes
from the experimental results for the Higgs boson mass [73, 74]. Since MSSM yields inconsistently
light Higgs boson at tree-level, one needs to utilize the loop corrections to realize a consistent mass in
the spectrum. Due to the negligibly small Yukawa couplings to the fermions of the first two families,
only the third family fermions are relevant in calculations of the loop contributions. Even though the
main contributions come from the stop sector, sbottom and stau can also provide minor contributions
together with moderate or large tan 8. The leading terms at loop level in the Higgs boson mass can
be given as [75]

Am3 ~ mi 1A [ A

— 6|+
167202 sin? 8 MSQUSY MS2USY }

4,2 3 4,2 3
Ypv” o Ay | YrvT o S AL

2.7
1672 sin” mé + 4872 sin” 5 m% ’ 2.7)

where the first line represents the contributions from stops, while those from the sbottom and stau are
given in the second line. Even though the terms in the second line might be important, the stability
of the Higgs vacuum severely constrains these contributions by bounding ptan 8 [75-77]. However,
in the presence of the NH terms, there will be more contributions added to those given in Eq.(2.7)
arising from X, [78] defined in Eqs.(2.6-b and 2.6-c), which are proportional to

3A/

b, Yor . oM b s
Al x = sin 3 - (2.8)
b7

The NH contributions can be realized from about 0.5 GeV to about 1 GeV depending on the
size of the NH trilinear couplings, while these contributions can be even as large O(100) GeV for the
heavy Higgs bosons of MSSM [27, 28].

Even though this section discussed mostly the direct impacts of the NH terms, they also lead
to some indirect effects as well. For instance, some solutions excluded by the rare semileptonic decays
of B—meson can become available again [27], or removing the link between the Fine-tuning and
Higgsino mass, one can realize available Higgsino DM solutions compatible with the acceptable fine-
tuning solutions which are not observed in the absence of NH terms. In this context, even though it
seems to be a simple extension of MSSM, the NH terms bring back to the game a significant portion
of the parameter space. Thus, the analyses impose an extra condition on the Yukawa couplings at the
GUT scale to constrain the parameter space further. Hence, this study focuses on a class of SUSY
models which propose YU at Mgur. As discussed in Section 1, YU yields another strong impact in
shaping the parameter space of the models.

3. Scanning procedure and experimental constraints

The fundamental parameter space is spurred by several free parameters which are formed mostly
by the terms involved in the SSB Lagrangian. These terms and their ranges in our scans can be
summarized as follows:
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0< mo < 10 TeV

0< My <10 TeV

-3 < Ay/mo <3

-3< Aj/mo <3 (3.1)
1.2 < tanp <60

0<  mpy,,my, <10 TeV

o< 4 <5 TeV

Even though the SSB Lagrangian has many more terms than those listed above, these terms
cannot be arbitrary when they are constrained from Mgyr. The underlying GUT scale gauge
symmetry induces some relations among them. In our study, NUHM2-like GUT models are assumed,
which can arise from SO(10) GUT groups. Following this pattern, all the matter fields of a family of
SM can be fit in a single 16 dimensional representation of SO(10), thus SSB induces the same mass
for all the fields of a family. In addition, one can assume a flavor universality at Mgy, thus all the
three families can be assigned to the same mass, which is denoted by mg in Eq.(3.1). Similarly, if
the GUT symmetry is formed by a single group, the three gauge boson of the SM emerges from the
same adjoint representation of the GUT group, thus their super partners, gauginos, are assumed to
have the same mass, and in our scans M,y is assigned to all the MSSM gauginos at Mgyr. Ao and
Aj{y represent the holomorphic and NH trilinear scalar couplings, respectively. Instead of assigning a
value directly to these parameters, they are varied with respect to their ratios to the supersymmetric
scalar mass term in order to avoid the charge/color breaking vacua in the scalar potential [79, 80].
Since the matter fields have resided in the same representations, these couplings are set universal as
Ay =Ag=Ac.=Ap and A, = A, = A, = Aj.

tan 3, mp,, mm, and p' are the parameters which were defined in the previous section. Note
that the p—term is not a free parameter in our scans and it is calculated in terms of the other free
parameters through Eq.(2.3). However, this relation allows only to determination of its magnitude
while its sign remains arbitrary. In the scans, only the cases with positive p (p > 0) are accepted.
Among the parameters listed in Eq.(3.1), the values for all the parameters are imposed at Mguyr,
except p/ which is varied at the low scale.

Random scans are performed over these parameters by using SPheno [81, 82] generated by
SARAH [83, 84] to calculate the mass spectra, the cross-sections, and the branching ratios for possible
decay modes of the particles. SPheno calculates MgyT dynamically by running renormalization group
equations (RGEs) for the gauge couplings and employing the unification assumption as g1 = g2 ~ ¢g3.
After Mgyt is determined, the RGEs are run back to My together with the SSB parameters given in
Eq.(3.1). The parameters varied at the low scale are substituted at M. Even though SPheno employs
advanced methods in calculating the SM-like Higgs boson mass, there are about 3 GeV uncertainty
arising from the uncertainties in the top-quark mass, the QCD coupling and the mixing in the stop
sector [85]. The top quark mass is set to its central value (m; = 173.3 GeV [86, 87]). Despite the
insensitivity of the SUSY mass spectrum to the top quark mass, the SM-like Higgs boson mass can be
enhanced 1-2 GeV by varying the top quark mass by 1— 20 in its experimental measurements [54, 88].
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In the scanning procedure the Metropolis-Hastings algorithm [89, 90] is followed, and the scans
accept only the solutions in which the LSP happens one of the MSSM neutralinos (gauginos or
higgsinos). With this selection, one can assume that LSP can account for the DM observables and
the parameter space can be constrained further by the DM experiments. In this context, the solutions
are transferred from SPheno to micrOMEGAs [91] to add the dark matter (DM) observables in our
analyses. After generating the data, the data is subjected to the mass bounds [92], constraints from
combined results for rare B—meson decays [93-95], and the latest Planck Satellite measurements
[62] on the DM relic abundance successively to constrain the LSP neutralino. The list given below
summarizes the experimental constraints employed in the analyses:

mp, = 123 — 127 GeV

mg > 2.1 TeV (800 GeV if it is NLSP)

1.95 x 1072 < BR(Bs — putp~) < 3.43 x 1072 (20) (3.2)
2.99 x 1074 < BR(B — Xsv) < 3.87 x 107 (20)

0.114 < Qcpmh? < 0.126 (50) .

In addition to these constraints, the solutions with acceptable fine-tuning are determined by
applying the condition Agw < 100, where Agw is calculated by following Eqs.(2.4 and 2.5). As
mentioned above, the presence of NH terms brings back most of the previously excluded solutions to
be experimentally consistent, thus a further condition on the Yukawa couplings that unifies them is
applied to constrain the parameter space. The YU condition can be parametrized with Ry, defined
as follows:

Rth — ma’x(ytv Yo, y‘r) (33)

min(ye, yp, Yr)
where y;, yp and y, represent the GUT scale values of Yukawa couplings of top-quark, bottom quark,
and 7—lepton respectively. In the ideal case in which 4y, = y, = y,, Ru,r will apparently be equal
to 1, but solutions can be still considered to be compatible with YU if they satisfy the condition
Ry < 1.1. This 10% deviation is accounted for some unknown threshold corrections to the Yukawa
couplings arising from the symmetry breaking at Mgyr.

4. Fine-tuning, higgsino masses, and Yukawa unification

One can first consider the impact of the fine-tuning measures in the fundamental parameters space
together with the YU condition. Figure 1 displays the magnitudes of Agw in correlation with the
fundamental parameters and the SM-like Higgs boson mass. All the points are compatible with
REWSB and LSP neutralino conditions. The green points are consistent with the mass bounds
and constraints from rare B—meson decays. The blue points form a subset of green and they are
identified as to be YU solutions. The red and yellow points form separate subsets of blue. The red
points represent the solutions in which LSP neutralino relic density is compatible with the Planck
measurements within 50, while the yellow solutions indicate the lower relic density of LSP neutralino.
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The fine-tuning condition is not applied in these plots, while it is indicated with horizontal dotted
lines in the planes. In addition, in the bottom-right plane where the SM-like Higgs boson mass is
plotted, the Higgs boson mass constraint is not applied, but its range given in Eq.(3.2) are shown by
the two vertical dashed lines in this plane. The Agw —mg plane shows that the fine-tuning condition
can bound the scalar masses at Mgyt from above at around 7 TeV (colored points), while the YU
condition bounds it from below at about 3 TeV (blue points). These bounds become stronger for the
SSB gaugino masses shown in the Agw — Mj /5 plane as to be 1 < My, < 4.5 TeV. Note that the
lower bound on M; 5 is as large as about 1 TeV due to the heavy mass bound on the gluino mass
(mg > 2.1 TeV). The strongest impact on tan 3 parameter arises from the YU condition, which can
be realized when tan 8 2 40 (blue points), while the fine-tuning condition itself allows the solutions
with tan 8 as low as about 10.

Figure 1. The fine-tuning plots in terms of the scalar and gaugino GUT masses (top), tan /3, and SM-like
Higgs boson mass (bottom). All the points are compatible with REWSB and LSP neutralino condition. The
green points are consistent with the mass bounds and constraints from rare B—meson decays. The blue points
form a subset of green and they are identified as to be YU solutions. The red and yellow points form separate
subsets of blue. The red points represent the solutions in which LSP neutralino relic density is compatible
with the Planck measurements within 50, while the yellow solutions indicate the lower relic density of LSP
neutralino. The fine-tuning condition is not applied in these plots, while it is indicated in horizontal dotted
lines in the planes. In addition, in the bottom-right plane where the SM-like Higgs boson mass is shown, the
Higgs boson mass constraint is not applied, but its range given in Eq.(3.2) is shown by the two vertical dashed
lines in this plane.

The results shown in the Agw — mj plane can reveal the impact from the SM-like Higgs
boson mass constraint. While the fine-tuning condition can favor inconsistently light Higgs boson
(mp, 2 105 GeV), the YU condition shifts this bound up to about 115 GeV, which are already

excluded experimentally. The consistent mass range for the Higgs boson is shown by the vertical
dashed lines, and despite its strong negative impact, the fine-tuning and YU condition can easily fit
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with the consistent Higgs boson mass. Indeed, the main bound in this region comes from the DM
observables. The Planck measurements (red points) can bind the SM-like Higgs boson mass at about
124.5 GeV from below, while the lower relic density solutions (yellow) allow the Higgs boson mass at
about 126 GeV in the mass spectrum.

As discussed in Section 1, the main impact on tan 8 parameter arises from the YU condition,
and its strength can be seen in the Ry, — tan 8 plane of Figure 2, which is plotted together with the
ratios of the SSB masses of the Higgs fields to the sfermion masses. All the points are compatible
with REWSB and LSP neutralino condition. The green points are consistent with the mass bounds
and constraints from rare B—meson decays. The acceptably fine-tuned solutions are shown in orange
which form a subset of green. While the YU condition is not applied in the left plane, they are shown
in blue in the right plane. The red and yellow points represent the solutions which are compatible
with the DM constraints. The solutions compatible with the YU condition lie below the horizontal
line in the left plane. The diagonal line in the right plane indicates the solutions where the GUT scale
SSB mass terms of the MSSM Higgs fields are equal to each other. While most of the solutions can
be compatible with the constraints and acceptable fine-tuning condition, the YU solutions (below the
horizontal line) can be realized only when tan /5 2 40.

The results in the mpg,/mo — mm,/mo plane reveal an interesting relation between the GUT
scale MSSM Higgs field masses. In the absence of NH terms, y; = y; requires different values for
mp, and mg, to be consistent with REWSB [48]. The diagonal line in this plane shows the regions
where mpy, = mpy, , and there exist lots of solutions around this line. The NH terms open up another
region in the parameter space compatible with the YU condition, which cannot be observed in the
SUSY GUT models with the universal boundary conditions. In this context, the NH terms can also
reduce the number of free parameters by setting mpy, = mp, and since there are still solutions
compatible with the YU condition, the minimally constructed Yukawa unified GUT models can be
classified now in NUHM Type 1 (NUHM with mpy, = mp, at Mgur). Moreover, the region with
mm,/mo = mp,/mo = 1 represents the solutions with mg = mpg, = my, which corresponds to
constrained MSSM (CMSSM) models; however, in our scans the minimum value for these ratios can
be realized at about mg,/mo = mu, /mo ~ 1.2, which can be fairly named as nearly CMSSM class.
These relations are observed because the NH terms enhance the contributions from the sbottom to
H,,, which triggers a significant separation between H, and Hj masses through RGEs, and one can
observe YU solutions consistent with REWSB even mpy, = mpy, at Mgyr. Such an effect can also
be observed if one imposes nonuniversal boundary conditions at the GUT scale (see, for instance,
[53, 96]).

The discussion continues in Figure 3 with the SSB trilinear scalar couplings from the holomorphic
(left) and NH (right) parts of the SSB Lagrangian. The holomorphic Ay term exhibits a typical
behavior under the YU condition. YU favors the regions where Ag is large compared with the SSB
scalar mass mg (blue points). Indeed, it is required to be quite large when the universal boundary
conditions are imposed [48]. In the scans, it is also observed that Ay almost doubles the SSB scalar
masses (blue points in —2 < Ag/mo S —1). Comparing with the Agw — Aj/mo plane on the
right, these large Ag solutions correspond to the regions where NH trilinear couplings are nearly zero.
However, with the inclusion of the NH terms, the YU solutions can also be realized consistent with
the acceptable fine-tuning solutions for 0 < Ag/mg < 1 where the trilinear couplings are relatively
small (0 < Ao S mo). Indeed, these solutions are also favored by the DM observations (red and

10



UN/Turk J Phys

yellow points). These DM favored solutions can be also seen in the Agw — Aj/mo plane in the range
—0.5 SJ A6/m0 5 0.1.

30
tan 3

Figure 2. Plots in the Ry, — tanf8 and mpy,/mo — my, /mo planes. All the points are compatible with
REWSB and LSP neutralino condition. The green points are consistent with the mass bounds and constraints
from rare B—meson decays. The acceptably fine-tuned solutions are shown in orange which form a subset of
green. While the YU condition is not applied in the left plane, they are shown in blue in the right plane. The
red and yellow points represent the solutions which are compatible with the DM constraints. The solutions
compatible with the YU condition lie below the horizontal line in the left plane. The diagonal line in the right
plane indicates the solutions where the GUT scale SSB mass terms of the MSSM Higgs fields are equal to each
other.

-1

0
Ab/mo

Figure 3. The fine-tuning results in correlation with the holomorphic (left) and NH (right) trilinear scalar
couplings. The color coding is the same as Figure 1.

As stated before, when the nonzero NH terms are imposed, the link between the Higgsino mass
and the fine-tuning measure is removed which can be seen from the plots displayed in Figure 4,
where m g represents the Higgsino mass in the right panel. The color coding is the same as Figure
1. The Agw — i plane reveals the direct correlation between the py—term and Agwy, which follows
the solutions in the parabolic stream. Note that there is also a region in which the solutions deviate
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from the parabola when p < 500 GeV. In this region, since p is relatively small, my, term in 2.3
takes over the u—term with the help of large tan 8, and Agw is determined by the Cp, instead of
C,,, which are given in Eq.(2.5). If the NH terms were not considered, the same correlation would be
expected to be observed in the right panel of Figure 4. However, the presence of p’'—term breaks this
correlation, as well as enhancing the Higgsino mass up to about 5 TeV, while the fine-tuning measure
remains under 100. Also here the main impact comes from the DM constraints (red and yellow) which
bound the Higgsino mass at about 2 TeV from above.

10t 10t

10° / 10*

10 4 10!

2 4 6 8 10

0 1 2 3 ki
i (TeV) my (TeV)

Figure 4. The fine-tuning measures in correlation with the y—term (left) and the Higgsino mass (my ) (right).
The color coding is the same as Figure 1.

5. Higgs and sparticle spectrum

As mentioned above, the SM-like Higgs boson mass can receive contributions from NH terms by
around 1 GeV or less, while the impact on the heavy Higgs boson can be realized much larger. The
contributions from the NH terms to these heavy Higgs boson masses depend on the sign of Aj,. Figure
5 displays the heavy Higgs boson masses together with some parameters and constraints such as
rare B—meson decays (top) and tan (bottom-right). The m4 — mpy+ plane also shows the mass
degeneracy between these Higgs bosons. The color coding is the same as in Figure 2. The constraint
from BR(Bs; — ptu~) is not applied in the top-left panel, and that from BR(B — Xs7v) is not
applied in the top-right panel. Their experimental ranges as shown in Eq.(3.2) are represented by the
horizontal dashed lines in these planes. In the tan 8 —m 4 plane the solid curves represent the current

bounds on the CP-odd Higgs boson from ATLAS [97] and CMS [98].
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3
mp+ (GeV)

Figure 5. Plots for the heavy Higgs bosons of MSSM in correlation with the rare B—meson decays (top), with
each other (bottom-left) and tan 8 (bottom right). The color coding is the same as in Figure 2. The constraint
from BR(Bs; — putu™) is not applied in the top-left panel, and that from BR(B — X,7) is not applied in the
top-right panel. Their experimental ranges as shown in Eq.(3.2) are represented by the horizontal dashed lines
in these planes. In the tan 5 — m4 plane the solid curves represent the current bounds on the CP-odd Higgs
boson from ATLAS [97] and CMS [98].

In the constrained SUSY GUT models (such as NUHM2 discussed in this work), these Higgs
bosons are typically involved in the spectrum compatible with YU when they weigh more than about
1 TeV. However, with the contributions from the NH terms, their masses can be as light as about 400
GeV as seen from each plot of Figure 5. However, solutions for such light Higgs bosons receive a strong
impact from rare B—meson decays since the non-SM contributions to these decays are mediated by
the extra scalars which couple to the quarks and leptons. The BR(Bs; — putu~) — my plane shows
that the solutions with my < 600 GeV are excluded by the constraint on these rare decay mode of
B—meson. Similarly, the neutral flavor changing process B — X, receives extra contributions from
the charged Higgs boson, but the BR(B — X4v)—mg+ shows that this decay mode of B—meson does
not lead to a strong impact, since all the colored solutions place between the two horizontal dashed
lines. Even though there is no direct correlation between BR(Bs — puu~) and the charged Higgs
mass, A and HT are quite degenerate in mass in the consistent mass spectrum, thus BR(Bs — putp™)
constrains the charged Higgs mass by bounding ma .
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Even though the NH terms can relax the spectrum without disturbing the consistency with the
constraints, they can usually help to control the SUSY contributions to some processes and relax the
impact from some experimental constraints which can probe the SUSY models indirectly. However,
this situation cannot be observed if one considers a direct impact from LHC analyses. For instance,
the current LHC analyses for A, H — 77 events can exclude the solutions with m4 < 2 TeV for the
large tan 3 [97, 98]. The NH terms cannot help much to the relatively light CP-odd and Charged
Higgs boson solutions to be consistent with the current LHC results. The tan  —m 4 plane shows the
distribution of our solutions in this plane together with the exclusion curves from the current analyses.
Even though the low fine-tuned solutions (orange) can be realized when these Higgs bosons as heavy
as about 10 TeV, the YU condition (blue points) bounds their masses at about 7 TeV from above. The
relic density constraint (red and yellow points) reduces this bound further to about 2.5 TeV, and most
of these solutions lie on the left side of the exclusion curve in the tan 8 —m4 plane, which is excluded.
Despite realizing a strong impact in the parameter space from these analyses, the strict bounds on the
mass of CP-odd Higgs boson also make this model more predictive. The recent analyses have shown
that the CP-odd Higgs boson solutions can be probed/tested up to about my4 = 2.5 TeV through the

A, H — 77 events when LHC starts operating with high luminosity (with £ ~ 3000 fb~1!) [99].

Figure 6 displays the results for the mass spectrum of the supersymmetric particles involving
stop (top-left), sbottom (top-right), stau (bottom-left), and the LSP neutralino (bottom-right). The
color coding is the same as in Figure 1. The stop and sbottom are also of special importance in
realizing the consistent SM-like Higgs boson mass in the spectrum. In the absence of the NH terms,
these particles are needed to be heavier to accommodate a 125 GeV Higgs boson, and the necessary
radiative contributions to the Higgs boson can be realized when m; 2 1 TeV and mj 2 4 — 5 TeV.
The interference of the NH terms in the stop sector is suppressed by the VEV of H;, thus there is
no much expectation to change the needed mass scales of the stops, and indeed, as seen from the
Agw — m; plane, the minimum stop mass allowed by the LHC constraints (green) can accommodate
the stop mass as m; 2 1 TeV. The YU condition (blue) can shift this bound further to about 2 TeV,
and the relic density solutions start to appear in the region where m; 2 4.4 TeV. The top-right panel
displays the solutions for the sbottom mass, and it can be seen that similar mass bounds can hold
also for the sbottom. However, as mentioned above, a typical mass bound is much further than those
realized in the analyses represented in this work. In our results, the sbottom and stop can weigh at
comparable mass scales when the NH terms interfere in the mixing of these particles.

In addition to the squarks, the bottom planes of Figure 6 display the masses of the particles
which are more relevant to the electroweak sector such as stau (left) and the LSP neutralino (right).
In contrast to the squarks, the stau can be as light as about 1 TeV compatible with the constraints
including the YU and relic density in the low fine-tuned region. The LSP neutralino mass shown
in the bottom-right panel can lie in a wide range from about 300 GeV to 1.8 TeV. Some regions in
this range can yield low (yellow) or consistent (red) relic density solutions, while most of the low
-fine-tuned solutions yield large relic densities (blue) which are problematic in DM analyses. The

distributions of the colors in the Agw — Mg seem an interesting pattern in which the colors can

be distinguished sharply from each other. Such a pattern happens because of the different species of
LSP neutralino. The low relic density (yellow) and consistent DM (red) solutions are realized when
the LSP neutralino is formed mostly by Higgsinos. In this case, the coannihilation and annihilation
processes take over to reduce the relic density of LSP neutralino and depending on their strength,
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one can realize either consistent or lower relic density solutions. On the other hand, LSP neutralino
can also be formed by Bino. Bino-like LSP typically leads to a very large relic density, and one needs
to identify several coannihilation processes to reduce its relic density down to the ranges set by the
Planck measurements. However, relatively more restricted SUSY models do not allow most of the
coannihilation scenarios and the existent coannihilation scenarios are usually not enough to reduce its

relic density to the compatible ranges. Considering the color distribution in the Apw — Mg one can

easily deduce the species of LSP, but it will be discussed in more detail in the next section.

10

1004, ©

10°

Apw

10

10

10t

10*
2
4

10

10°

p 3
mz, (TeV)

Figure 6. The fine-tuning results and the supersymmetric mass spectra involving stop (top-left), sbottom
(top-right), stau (bottom-left), and the LSP neutralino (top-right). The color coding is the same as in Figure
1.

6. DM implications

As described in Section 3, the scans accept only the solutions in which one of the neutralinos is
involved in the spectrum as to be LSP to accommodate suitable DM candidates. KEven though
MSSM can provide compelling candidates from the weakly interacting massive particles (WIMPs),
the assumption that the DM relic density is saturated only by the LSP neutralino leads to a strong
impact in the parameter space. As discussed in the previous section, despite wide regions compatible
with the LHC constraints, the relic density requirement (red) can be met only in a small region. In
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this context, also the low relic density solutions (yellow) are displayed which can be consistent DM
candidates in nonstandard scenarios such as those with multiple DM candidates.

This requirement makes the MSSM gauginos and Higgsinos more relevant in our analyses since
they form the LSP neutralino. Figure 7 displays their masses individually with plots for the Wino
(left) and Higgsino (right) masses in correlation with the Bino mass. The color coding is the same
as in Figure 2. The diagonal lines show the regions where the plotted masses degenerate with each
other. Since our model is restricted to impose universal gaugino masses at Mguyr, the Wino and
Bino masses exhibit almost a linear correlation between each other as M ~ 2Mp as seen from the
M3, — M plane. In this context, the Wino cannot take part in the composition of LSP neutralino in
our solutions. On the other hand, the Higgsino and Bino masses are not linked to each other in the
boundary conditions imposed in our scans, thus there is no specific correlation between their masses.
The m gz —mp plane shows that the LSP happens to be Bino-like in the solutions above the diagonal
line, while the Higssino takes over in those below. Around the diagonal line mpy ~ Mp and these
solutions predict a Bino-Higgsino mixture in the LSP composition.

0 1 2 3 4 ki 0 1 ) 2 3 4
Mg (TeV) M; (TeV)

Figure 7. Plots for the Wino (left) and Higgsino (right) masses in correlation with the Bino mass. The color
coding is the same as in Figure 2. The diagonal lines show the regions where the plotted masses are degenerate
with each other.

The sharp distinction among the colors (yellow, red, and blue) can also be recognized in the
my — mp plane. The low (yellow) and desired (red) relic density are observed rather in the regions
where the LSP is Higgsino-like. When Bino takes part in the LSP composition, on the other hand
(around the diagonal line and above), the relic density of LSP neutralino becomes larger. This can be
understood by exploring the possible coannihilation and annihilation scenarios which are represented
in Figure 8 with plots in the My = Mgo, My — Mgo, A~ Mo and m, — Mgo planes. The color
coding is the same as in Figure 2. The diagonal lines indicate the regions where the plotted particles
are degenerate in mass except in the ma —mgo plane. The diagonal line in this plane shows the regions

of A—resonance where my = Qmi?' The Mgs = Mgo plane reveals two streams of the solutions. In
1

one stream the solutions are accumulated around the diagonal line where the chargino and the LSP
neutralino masses are nearly degenerate. Such solutions are typical for the Higgsino-like LSP, since in
those cases the lightest chargino is also formed by the Higgsinos. All the consistent DM solutions are
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placed in this stream. In the second stream, the chargino happens to be much heavier than the LSP
neutralino. Such solutions represent the Bino-like LSP, and since there is no degeneracy between the
chargino and LSP neutralino mass, the relic density of the Bino-like LSP cannot be reduced through
the chargino-neutralino coannihilation scenario.

4

15
mgy (TeV)

2.0 2.5 3.0

Figure 8. Plots in the Mgt —Mgo, My —Mgo, MA—Mgo and my, —mgo planes. The color coding is the same

as in Figure 2. The diagonal lines indicate the regions where the plotted particles are degenerate in mass except
in the ma —mgo plane. The diagonal line in this plane shows the regions of A—resonance where ma = 2myo.

Another possible scenario can be identified as the stau-neutralino coannihilation process. The

Mz — M0 shows that stau-neutralino coannihilation solutions can be observed for both the Higgsino-

like and Bino-like LSP. However, one can here see again the distinction among the colors. When the
LSP is Higgsino-like, the coannhilation processes among these particles happen through the Yukawa
interactions, while Bino-like LSP participates in these coannihilation processes with the U(1)y gauge
coupling g;. The hierarchy between the couplings also determines whether a solution can or cannot be
a suitable DM. Since y, > g1, the stau-neutralino coannihilation processes yield a stronger reduction
in the LSP relic density and it yields a consistent (red) or low (yellow) relic density. On the other hand,
these processes are weak in the Bino-like LSP solutions, thus they cannot accommodate compatible
relic density for the LSP neutralino, so the solutions typically lead to a large relic density for DM.
Also, the CP-odd Higgs boson in the m4 — m% , blane is shown in which the diagonal line corresponds

to solutions with my = 2m>~<?. In this region the CP-odd Higgs boson makes a resonance with
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a pair of the LSP neutralinos which triggers annihilation of the LSPs into a CP-odd Higgs boson.
Such A—resonance solutions are also very effective in reducing the relic density, but as seen from the
distributions of colors in this plane, this scenario can lead to compatible relic density solutions only
in the regions where LSP is Higgsino-like. Sbottom mass with respect to the LSP neutralino mass
is given in the top-right plane with a diagonal line representing the mass degeneracy between them.
Even though one can identify sbottom-neutralino coannihilation solutions they can happen only when
LSP is bino-like. The accepted relic density ranges (yellow and red) can allow sbottom to be as light
as about 4-5 TeV only.

The Higgsino-like and Bino-like LSP can also be distinguished in the direct detection of DM
experiments operating over the possible scatterings of DM at nuclei. In these experiments, the
Higgsino-like LSP is typically expected to lead to large cross-sections in the scattering events, and thus
they take the strongest negative impact from these experiments. On the other hand, Bino-like LSP
is usually scattered by nuclei with low cross-section, and one may need to wait a little longer for the
experiments to improve their sensitivity. The scattering cross-section results in the spin-independent
(left) and spin-dependent scattering events are displayed in Figure 9 in correlation with the LSP mass.
The curves represent the current bounds (solid) and future projections (dashed) of some experiments
[65-71]. These experiments with their corresponding curves are listed in the legends in each plot. It
should be noted here that these exclusion curves from the experiments are derived by assuming the
DM candidate has the correct relic density pointed by the Planck measurements. Even though this
assumption holds for the red points, the scattering cross-sections should be rescaled for the low relic
density solutions (yellow). Since the low relic density solutions cannot be accounted for the whole
observations in the DM experiments, their scattering cross-sections are rescaled by &, which is defined
as follows [100]:
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Figure 9. Spin-independent (left) and spin-dependent (right) scattering cross-section results for the DM
scattering events in correlation with the LSP neutralino mass. The curves represent the current bounds (solid)
and future projections (dashed) of some experiments [65-71]. These experiments with their corresponding curves
are listed in the legends in each plot.
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1 for 0.114 < Qh2 < 0.126

Q 2

As can be seen from the ogy — mgo, all the relic density solutions yield to considerably large

cross-sections in the scattering events. Even though the results from the XENONIT experiment are
more sensitive to such solutions, its sensitivity covers only the LSP mass up to about 1 TeV. Thus, the
relic density solutions, which are Higgsino-like LSP, are expected to be tested soon in LUX-Zeplin (LZ)
experiment. One can easily identify the Bino-like LSP solutions, since they lie in the regions with low
scattering cross-section. Since these solutions yield large relic density, they need to be modified and /or
embedded into nonstandard DM scenarios to be compatible with the latest Planck measurements. In
such cases further upgrades in XENON experiment might be able to probe such solutions. However,
most of the Bino-like solutions lie below the neutrino floor curve. In this region, the main background
is formed by the neutrino scatterings, and up to some energy levels neutrinos can imitate the DM.
Thus, in addition to improving the sensitivity, one needs more statistics in this region to be able to
distinguish the DM candidate from the neutrinos.

Before concluding, the observations can be exemplified better by providing a set of benchmark
points given in Table 1. These points are chosen to be compatible with the constraints given in Eq.(3.2)
except for the measurements of the Planck satellite on the relic density of LSP neutralino. All the
masses are given in GeV and cross-sections in pb. Point 1 represents solutions which yield the lowest
fine-tuning measurement. Such solutions usually lead to relatively lighter Higgs boson of mass of about
123 GeV. Since this light mass of Higgs boson can be corrected by varying the top quark mass within
1o, cush light Higgs boson masses are still accepted in the scans. However, if one wants to enhance
the SM-like Higgs boson mass to its experimentally measured value without changing the top quark
mass, then the fine-tuning is realized relatively greater as exemplified in Point 2. In addition, these
two points depict solutions of Bino-like LSP neutralino. As discussed above, the coannihilation or
annihilation scenarios cannot be realized in these cases, and consequently they predict very large relic
densities for the LSP. The rest of the points display solutions for Higgsino-like LSP. The masses of the
particles are highlighted with red when they participate in coannihilation or annihilation processes. All
the Higgsino-like LSP solutions exemplify the chargino-neutralino coannihilation scenario. In addition,
Point 4 also realizes the stau-neutralino coannihilation and Point 5 shows the A—resonance solution
in which a pair of LSP annihilates into a CP-odd Higgs boson. Point 5 also depicts a solution of the
smallest cross-section for the spin-independent scatterings of Higgsino-like DM, while Point 6 shows
the greatest cross-section compatible with the current LZ results. These solutions are expected to be
tested soon. Point 6 also represents solutions where the LSP neutralino happens to be Bino-Higgsino
mixture, and it reveals that even a small portion of Bino (~ 10%) in the LSP composition is enough
to strike out the relic density, which is slightly larger than the current Planck bound. It can be
concluded that the relic density of LSP increases proportionally to the Bino percentage since it causes
suppression in the coannihilation and/or annihilation processes.
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Table 1. Table of benchmark points which exemplify the implications of the model. All points are chosen to
be consistent with the constraints given in Eq.(3.2) except the Planck measurements. All masses are given in
GeV and cross-sections in pb. The relevant masses and parameters are shown in red when they are relevant to
the discussions. The parameters leading to inconsistency with the current constraints are displayed in blue.

Point 1 Point 2 Point 3 Point 4 Point 5 Point 6
mo 4492 4733 5055 4726 5581 5496
Mo 1514 1158 4648 4440 4665 3120
Ag/mo -1.13 -2.35 0.212 0.235 0.231 0.184
Ay /mo -0.108 0.037 -0.537 -0.484 -0.514 -0.326
tan 8 47.54 46.58 44.66 47.24 45.54 48.17
mu, 6895 8887 8079 8059 8917 7879
my, 5179 5961 7996 7441 8493 6812
Apw 20.69 26.18 97.14 96.04 99.95 95.03
m 293.3 256.1 634.4 631.9 644.6 628.6
W 1680 3997 416.6 445.5 424.1 692.7
mp, 123.1 125.6 124.2 124 124.2 123
my 2841 4799 2024 2070 2275 2069
ma 2841 4798 2024 2070 2275 2069
M+ 2849 4785 1973 2036 2226 2062
mge,msy | 682.3, 1294 531.2, 1022 1072, 1075 1096, 1100 1090, 1093 1327, 1343
mggimge | 1980, 1984 4194, 4195 2118, 3891 2020, 3718 2129, 3912 1424, 2628
mgsmex | 1294, 1985 1022, 4195 1074, 3891 1099, 3718 1092, 3912 1340, 2628
mg 3441 2741 9354 8953 9413 6559
ma,,Ma, | 5159, 5302 5021, 5222 9247, 9599 8787, 9143 9542, 9901 7599, 7833
mg,;mg, | 3110, 3316 2444, 2737 6576, 7254 6356, 6914 6678, 7272 5306, 5612
mg,mg, | 5248, 5302 5218, 5223 9220, 9599 8782, 9143 9537, 9902 7635, 7833
my sy, | 3045, 3269 2185, 2625 6898, 7250 6454, 6908 6809, 7267 5251, 5602
mp,,mp. | 4532, 3653 4672, 3453 5845, 4644 5479, 4238 6291, 4914 5799, 4681
me,,me, | 4533, 4631 4673, 4958 5356, 5846 5057, 5480 5890, 6292 5688, 5799
ms,mz, | 2644, 3655 2135, 3454 1870, 4646 1179, 4239 1956, 4915 2980, 4683
Qh? 105.2 133.1 0.117 0.126 0.114 0.187
os1 3.19 x 10712 1.25 x 10713 6.53 x 10711 7.85 x 10711 6.42 x 10711 2.3 x 1079
osD 1.06 x 1078 8.18 x 10~ 11 1.42 x 1077 1.65 x 1077 1.38 x 1077 3.33x 1076
LSP-B% | 99.92 99.99 0.093 0.119 0.094 12.23
LSP-H% | 0.075 0.012 99.87 99.83 99.87 87.6
Yt Yo Yr 0.538, 0.527, 0.563 | 0.526, 0.48, 0.528 | 0.532, 0.489, 0.515 | 0.538, 0.536, 0.589 | 0.537, 0.527, 0.542 | 0.544, 0.56, 0.59
Ry 1.07 1.1 1.09 1.1 1.03 1.08

7. Conclusion

It discusses the low-scale implications of a class of SUSY GUTs confronted with model-independent
constraints from a variety of experimental analyses. In the models under concern, the SSB Lagrangian
of MSSM is generalized by being extended with the NH terms, which can be induced through the SUSY
breaking, while they are forbidden in the nonbroken supersymmetric case. Even though it is one of
the simplest extensions of the usual MSSM construction, the NH terms can considerably alter the
implications and bring a significant portion of the fundamental parameter space back to be available.
In order to make their effect more visible, the work represented here is limited to a class of SUSY
GUTs, which is spurred by restricted boundary conditions imposed at Mgyr. In addition to a variety
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of experimental constraints employed in our analyses, it is also imposed the unification of the Yukawa
couplings at MguT, which provides a strong impact in shaping the parameter space. In this context,
the models discussed here involve those which form a minimally constructed class of Yukawa unified
SUSY GUTs called NUHM2.

One of the straightforward effects from the NH terms is to break the direct relation between the
Higgsino mass and the fine-tuning. In the absence of NH terms, the Higgsino-like LSP receives a very
strong impact from the current DM observations which allows Higgsino LSP solutions heavier than
about 1 TeV and such solutions can be realized in highly fine-tuned regions. On the other hand, the NH
terms provide extra contributions to the Higgsino mass while they leave the fine-tuning measurements
intact. It is observed that Higgsino-like LSP solutions can be found which are consistent with several
DM observations while they reside in acceptably low fine-tuning regions. These regions can also
accommodate YU-compatible solutions. The NH terms can also improve the SM-like Higgs boson
mass predictions without moving the supersymmetric mass spectrum to too heavy scales. In addition,
it is realized that the YU solutions can also be possible when the SSB mass terms for the MSSM Higgs
fields are set universal (mpg, = mpy, ) at Mgur, which is not possible without nonuniversalities in the
boundary conditions or the presence of NH terms.

Although they do not affect the stop sector much, the NH terms yield relatively lighter sbottoms
in the spectrum whose contributions to the Higgs boson mass become significant in this class of models.
The heavy Higgs boson masses receive much larger contributions from NH terms. Depending on the
sign of the relevant NH terms, these Higgs bosons can be lighter or heavier, and our analyses result in
such Higgs bosons which can be as light as about 600 GeV consistent with the constraints from rare
B—meson decays.

The DM implications of NUHM2 models in the presence of NH terms can be split into two
distinct classes by LSP species. If the LSP is considered to be a candidate, the DM can be formed
by Higgsinos, Binos separately, or a mixture of these two particles. The Higgsino-like LSP solutions
are mostly favored by the current measurements of Planck satellite by yielding consistent or low relic
density DM solutions. These solutions can lead to interesting predictions in different DM scenarios.
The relatively lighter mass spectrum also allows several coannihilation/annihilation scenarios in which
the relic density of LSP can be significantly reduced to the desired ranges through the coannihilation of
LSP together with another supersymmetric particle or their annihilations into the nonsupersymmetric
particles mediated by the heavy Higgs bosons. The chargino-neutralino coannihilation scenario is very
typical for the Higgsino-like LSP, but also stau-neutralino coannihilation and A—resonance solutions
can take part in reducing the relic density of LSP. With the effects from the NH terms, also sbottom-
neutralino coannihilation scenario becomes available again, but such solutions are not compatible with
the YU conditions, though one can analyze these solutions further without YU.

This work rather emphasizes the implications obtained in our analyses which cannot be realized
in the restricted models when the NH terms are absent such as low fine-tuning, Higgsino-like DM,
relatively lighter sbottoms, etc. The restricted models lead to quite heavy mass spectrum and Bino-
like LSP. Imposing the YU condition gives rise to the masses further, and hence the solutions cannot
be accommodated in the regions with low fine-tuning. Such solutions reappear in experimentally
consistent regions, because of the relaxation against the phenomenological and indirect constraints
arising from the presence of the NH terms. On the other hand, the NH terms cannot help much when
one considers more direct and model-independent experimental results such as those from the LHC
and DM experiments. Despite the lighter Higgs bosons of mass around 600 GeV in the spectrum,
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A, H — 77 events can still exclude the solutions for m4 < 2 TeV. A similar impact can be observed
in the DM implications. Even though Higgsino-like LSP can be found compatible with the relic den-
sity and low fine-tuning condition, the direct detection of DM experiments leads to a strong negative
impact on such solutions, since the Higgsino-like DM is predicted to be scattered with a very large
cross-section to which the current direct detection experiments are highly sensitive. The Higgsino-like
LSP solutions with large cross-section are not currently being excluded, but they are expected to be
tested soon in LZ and XENON experiments. Even though negative strong effects may not mean a
total exclusion of these solutions, they indicate that the models can need to be extended more than
including only the NH terms.
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