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We explore the low-scale implications of the Pati-Salam Model including the TeV scale right-handed
neutrinos interacting and mixing with the MSSM fields through the inverse seesaw (IS) mechanism in light
of the muon anomalous magnetic moment (muon g — 2) resolution and highlight the solutions which are
compatible with the quasi-Yukawa unification condition (QYU). We find that the presence of the right-
handed neutrinos causes heavy smuons as m; 2 800 GeV in order to avoid tachyonic staus at the low scale.
On the other hand, the sneutrinos can be as light as about 100 GeV, and along with the light charginos of
mass <400 GeV, they can yield such large contributions to muon g — 2 that the discrepancy between the
experiment and the theory can be resolved. These solutions also require 7. <400 GeV and mg < 200.

We also discuss such light chargino and neutralino along with the light stau (m; 2 200 GeV) in the light of
current LHC results. Besides, the gluino mass lies in a range ~[2.5-3.5] TeV, which is tested in near future
experiments. In addition, the model predicts relatively light Higgsinos (# < 700 GeV); hence, the second
chargino mass is also light enough (<700 GeV) to contribute to muon g — 2. Light Higgsinos also yield
less fine-tuning at the electroweak scale, and the regions compatible with muon g — 2 restrict Agy < 100
strictly, and this region also satisfies the QYU condition. In addition, the ratios among the Yukawa
couplings should be 1.8 < y,/y, < 2.6, y,/y, ~ 1.3 to yield correct fermion masses. Even though the right-
handed neutrino Yukawa coupling can be varied freely, the solutions bound its range to 0.8 < y,/y, < 1.7.

DOI: 10.1103/PhysRevD.97.055007

I. INTRODUCTION

Supersymmetry (SUSY) is one of the leading candidates
for physics beyond the standard model (SM). Resolving the
gauge hierarchy problem the Higgs boson mass is not too
much sensitive to the ultraviolet scale. In addition, the
minimal supersymmetric version of the SM (MSSM) nicely
unifies the three gauge couplings of the SM, and hence, one
can identify the unification scale as Mgyr ~ 2 x 10'® GeV.
In this context, SUSY models can study the high energy
origins of physics by connecting Mgyt to the electroweak
scale through the renormalization group equations (RGEs).
Supersymmetric grand unified theories (SUSY GUTs)
allow one to build high scale models, and these models
can significantly reduce the number of free parameters in
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comparison to the low-scale MSSM models with free
parameters more than a hundred. In this approach, minimal
SUSY models have been built such as constrained MSSM
(CMSSM) and nonuniversal Higgs models (NUHM), and
their phenomenological implications have been excessively
explored. These minimal models have been built with the
inspiration from SO(10) GUTs. These GUT models do not
only unify the gauge couplings, but the matter fields are
also unified into a single representation. Since the spinor
representation of SO(10) is 16-dimensional, there is still an
empty spot for the rigth-handed neutrino after placing all
the matter particles. In this sense, SO(10) GUTs provide a
natural framework to implement the SeeSaw mechanisms
through which the neutrinos mix each other and receive
nonzero masses favored by the current experiments [1].
Besides the gauge coupling and matter fields unification,
another interesting feature of the SO(10) GUTs is the
unification of the Yukawa couplings (YU) [2]. This uni-
fication scheme is also shared by the high scale models,
which preserve the symmetry under transformations
belonging to the SO(10)’s maximal subgroup, which is
the Pati-Salam gauge group Gps = SU(4). x SU(2), x
SU(2)g (hereafter 4 — 2 — 2 for short) [3]. Even though it
does not provide a GUT model (g4 # g; # gr in principle),
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if it breaks into the MSSM gauge group at a scale near by
Mgy, the gauge couplings receive negligible threshold
corrections; hence, the gauge coupling unification can be
maintained in 4 — 2 — 2 as well. In addition, imposing left-
right (LR) symmetry requires g; = gg = ¢, and, conse-
quently, M; = M, = M,. The hypercharge generator can
be expressed in terms of the diagonal generators in Gpg as

Y = \/§I3R+\@(B—L), (1)

where I3z and B — L are diagonal generators of SU(2)g
and SU(4). symmetry groups, respectively. This relation
for the hypercharge generator also yields nonuniversal
gaugino mass terms for the MSSM gaugino fields as

3 2
M, =-M M, 2
1= 3 2+5 3 (2)

with M|, M,, and M5 being soft supersymmetry breaking
(SSB) mass terms for the MSSM gauginos associated with
the U(1)y,SU(2),,and SU(3) gauge groups, respectively.
Despite being imposed at the GUT scale, the YU
condition provides an exclusive impact on the low-scale
phenomenology. This impact is mostly based on the fact that
the bottom Yukawa coupling needs to receive the largest
negative threshold corrections at the low scale in order to
yield consistent masses for the top and bottom quarks [4]. On
the other hand, even though it is a very effective condition
from M gy to shape the low-scale parameter space, YU fails
to yield consistent fermion masses for the first two families,
since it predicts N = U «x D = L, where N, U, D, L are
Dirac mass matrices for right-handed neutrinos, up and
down quarks, and charged leptons, respectively. In addition,
the proportionality between the up and down quarks results
in vanishing flavor (Cabibbo-Kobayashi-Maskawa) mixing
[5]. Also the mass relations resulted from YU m%/m? =
md/mY are clearly contradicted with the experimental
results, where the superscript zero refers to the parameters
evaluated at M gy. In order to correct these mass relations of
the fermions, one can add new vectorlike matter multiplets,
which can mix with the fermions [6]. Another approach is to
extend the content with new Higgs fields from another
representations [7]. In this case, one can assume that the
extra Higgs fields negligibly interact with the third family
matter fields, and the MSSM Higgs doublets reside solely in
10-plet of SO(10) to maintain YU for the third family
fermions, while the mass relations for the first two family
fermions are corrected with these extra Higgs fields [8].
On the other hand, if we do not follow the assumptions
mentioned above, the two approaches break YU. In this
case, if we restrict the deviations in the Yukawa couplings
of the third family up to, say 20%; then, this modified
unification scheme is called QYU [9]. Even though the
deviation is restricted to small amounts, QYU yields

drastically different phenomenology at the low scale. For
instance, 4 — 2 — 2 is the only model, as to our knowledge,
which yields light gluino (my; <1 TeV) to be next to
lightest supersymmetric particle (NLSP), when YU is
imposed at the GUT scale [10]. Relaxing it to b —7 YU
allows stop NLSP solutions in addition to gluino [11]. On
the other hand, QYU in 4 — 2 — 2 allows a variety of NLSP
species, while stop and gluino NLSP solutions are not
compatible with QYU [12]. In addition, the parameter
space compatible with YU yields large fine-tuning. While
QYU can be realized with acceptable fine-tuning [12].

Based on the discussion above, YU provides a strict
framework, in which the representations from a possible
GUT gauge group is rather required to be minimal, since the
MSSM Higgs fields are allowed to reside in SO(10)’s 10-
plet. Even though the framework can be extended in the QYU
case, it is still minimalistic since only one extra representa-
tion for the Higgs fields (with those from (15, 1, 3) [9]) is
allowed. However, if the framework is extended to include
other possible Higgs representations, the MSSM Higgs fields
become linear superpositions of those from these represen-
tations, and the Yukawa couplings can receive different
contributions depending on the vertices between the relevant
matter and Higgs fields [13]. In addition to the extra Higgs
fields, the presence of higher dimensional operators also
contribute to the Yukawa couplings such that the top quark
Yukawa coupling can receive a significant correction from
such operators [14], and its deviation from YU cannot be
restricted within t — b — 7 QYU. In this context, the uni-
fication scheme can be identified as b — 7 QYU [15].

The discussion followed so far does not consider the right-
handed neutrinos. If LR symmetry is imposedin4 — 2 — 2, it
requires the existence of the right-handed neutrinos, which
actively participate in interactions through SU(2), gauge
group. Usually the effects from the right-handed neutrinos
can be neglected safely due to the smallness of neutrino
masses established by the experiments [ 1], which stringently
restricts the neutrino Yukawa coupling as y, < 1077 [16].On
the other hand, this result does not hold when the inverse
SeeSaw (IS) mechanism is implemented, in which a large
neutrino Yukawa coupling (y, ~ y,) can still be consistent
with the smallness of neutrino masses [17]. With the
presence of the right-handed neutrinos with a large
Yukawa coupling, the unification scheme discussed above
should be modified to include the right-handed neutrinos. In
this case YU should be imposed as y, =y, =y, =y, =Yy
at M gyr- In the case of QYU, the deviations in y, and y, from
YU are related. In this context, the models predicting b — =
QYU at Mgyt should also be compatible with r — v QYU
simultaneously. Following Refs. [9,12], the deviations in
Yukawa couplings can be formulated as

VpiYe = |1 = Cp| 1|1 +3Cp]
YI:yu:|1+Ctu|:|1_3Cty7 (3)
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where C,, and C,, measure the deviation in Yukawa
couplings from YU. Note that since YU is broken first by
the higher order operators as y, =y, and y;, = y,, C;, and
C,, does not have to be related to each other.

Previous studies of QYU (see for instance Refs. [9,12])
have revealed that the general QYU scenarios are mostly
compatible in the regions with large tan . Such regions,
depending on the mass spectrum of the supersymmetric
particles, can also yield large SUSY contributions to muon
g — 2. The SM predictions exhibit about 3¢ deviation from
the experimental results, and this situation can be expressed
as [18]

Aa, = a® —aM = (287 +8.0) x 1079(10). (4)

This discrepancy has been survived even after highly
accurate calculations over the SM predictions were per-
formed [19]; therefore, it can be interpreted as the effect of
the new physics beyond the SM. The gap between the SM
predictions and the experimental results can be filled by
imposing nonuniversality at the GUT scale in the scalar and/
or gaugino sector in MSSM without extending the particle
content. However, in the case of nonuniversal gauginos, the
muon g — 2 solution favors the models in which the gaugino
mass parameters have different signs [20]. In our work, we
will explore the low-scale implications of 4 — 2 — 2 includ-
ing the TeV scale right-handed neutrinos, which interact and
mix with the MSSM fields through the IS mechanism in the
light of muon g — 2 resolution, and highlight the solutions
which are compatible with the QYU condition given in
Eq. (3). The rest of the paper is organized as follows: We will
briefly discuss the effect of the presence of the right-handed
neutrinos on muon g— 2 along with the sparticle mass
spectrum in Sec. II. We describe our scanning procedure and
the experimental constraints employed in our data gener-
ation and analyses are summarized in Sec. III. Then, we first
present our results for muon g — 2 and the mass spectrum for
the relevant particles in Sec. IV. Section V discusses the
supersymmetric mass spectrum in more details. Section VI
discusses muon g — 2 resolution in respect of the fine-
tuning, which is required to have correct electroweak
symmetry breaking scale. We also discuss the light chargino
and neutralino solutions and teh current LHC results in
Section VII. Finally, we summarize and conclude in
Sec. VIIL

II. MUON g -2 IN MSSM WITH INVERSE SEESAW

In this section, we discuss the SUSY contributions to muon
g — 2 in MSSM, when the right-handed neutrinos are present
and they mix through the IS mechanism. The IS mechanism
enlarges the MSSM superpotential as follows [21]

Wis = Wyssw + YL H NS + Y SNENS
+ MgSN¢ + 1gSS (5)

where Wy 1S the usual MSSM superpotential, while the
other terms are arised from the IS mechanism. N¢ and § are
the MSSM gauge singlet fields, and the former is identified as
the right-handed neutrino field. The MSSM gauge singlet
field denoted by S can be involved in many extensions such as
Next to MSSM (NMSSM) [22], B — L extended MSSM [17]
and so on. Even though itis not related to any symmetry in the
MSSM framework, the right-handed neutrino masses are
strongly related to vacuum expectation value (VEV) of S.
Indeed, with its VEV, the solutions consistent with the tiny
neutrino masses can be realized even when M ~ 1 TeV and
O(Y,) ~ 1 [21]. Thus, the advantage of the IS mechanism is
to realize TeV scale right-handed neutrinos with a significant
Yukawa coupling to the Higgs boson. In this context, the
right-handed neutrinos significantly interfere in the low-scale
phenomenology. At the first glance, they interact with H,, as
the stop does, and hence the contributions to the Higgs boson
mass can relax the heavy stop requirement to satisfy the
125 GeV Higgs boson constraint. In such solutions, also the
large A term in the stop sector may not be required, and hence
one can obtain acceptable fine-tuning to realize the correct
electroweak symmetry breaking scale. In this case, it is
peculiar that the Higgsinos are sufficiently light (u < 1 TeV)
that they can also contribute to the muon anomalous magnetic
moment. We present two diagrams which illustrate the right-
handed sneutrino contributions to muon g — 2. Note that
these contributions are additional to the usual MSSM con-
tributions [23]. The right-handed sneutrino contributions
comes along with the charged sector. The behavior of the
SUSY contributions can be understood by calculating these
diagrams with the mass insertion method, which is repre-
sented with dots in the diagrams. The approximate contri-
butions can be obtained as follows [24]:

(Aa ) N mﬁﬂz COtﬁ f;((/uz/m]z{l) _ f;((:uz/m%) (6)
ner= m?\-] —m? m]%, m?
(Ad)en ~ mﬁMz,u tan 8 f;((M%/mlzv) - f;((ﬂz/m]zv) (7)
wlca ® m12V M2 — 12

The tan # dependence of muon g — 2 contributions can
be seen from these equations. Note that there are other
terms, which do not depend on tan /3, but these terms are
rather negligible, unless the supersymmetric particles are so
light that they are excluded by the current mass bounds.
The two diagrams shown in Fig. 1 exhibit different
behavior in respect of tan . The first diagram is expected
to be effective, when tan f is rather small. Recall that if the
charged sleptons ran in the loop, the contributions would be
enhanced with tan 5. The suppression in the sneutrino case
is because the sneutrinos interact with H,, while charged
sleptons interact with H,. On the other hand, the contri-
butions represented in the second diagram exhibit an
enhancement as tan /8 increases. In these processes, the
tan # enhancement arises from the mixing between two
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FIG. 1.

charginos; i.e. the wino and Higgsino. One can expect that
the second diagram illustrates the dominant processes in the
SUSY contributions to muon g — 2.

We should note here that even though the second
diagram is already included in the usual MSSM framework,
it is not enough to solve the muon g — 2 discrepancy. On the
other hand, supplemented with the IS mechanism, the
coupling between the sneutrino and Higgsino can be
significantly enhanced, and it can even provide the dom-
inant contributions in the regions with large tanp. In
addition, the effect of the right-handed neutrinos on the
other particles relevant to the muon g — 2 problem can be
understand by considering the following RGEs, which run
the parameters from Mgyt to the low scale

dt — \ dt
—2m2Y[Y, - 2Y[m}Y,

dm}  (dm}
dt — \ dt ) yssu
dm?
d—tN = =2(2m}, Y, Y] + 2T, T +2Y,m?Y] + 2m2Y,Y})
dm? dm?
ut < H”) —2m3, Tr(Y,Y})

= 2Tr(TTL) = 2Tr(m?Y,Y,) = 2Tr(m2Y,Y])

d
(%) - (s)
dt ) vissm

) —2m3 Y)Y, = 21T,
MSSM !

dt

where we have used the usual notation for the MSSM
fields. In addition, N denotes the right-handed sneutrino
field. The first terms in the equations with the subscript
MSSM represent the RGEs for these parameters within the
MSSM framework without the right-handed neutrino. The
other terms are relevant to the presence of the right-handed
neutrinos. As is seen from the RGEs given above, the
neutrino Yukawa couplings, Y, and its trilinear interaction
term T, are effective in lowering the SSB masses of the
charged sleptons, and as a result they could be much lighter
at the low scale than those in the usual MSSM without the
right-handed neutrinos. If the texture of the neutrino
Yukawa couplings are similar to the up-type quarks
Yukawa couplings (Y, ~Y,) [17], then neutrino Yukawa
couplings and trilinear interaction term can result in

Ww* H*

The SUSY contributions to muon g — 2 involving with the sneutrinos and charginos.

tachyonic states (m7 , y < 0) especially for staus. In this
context, the smuon masses can be found slightly heavier in
order to avoid tachyonic stau mass eigenstates [25], when
my = mz = my at Mgyr. However, the SUSY contribu-
tions to muon g — 2 from smuon-neutralino loop can be
suppressed, if m; 2 800 [20].

Similar discussion holds for the right-handed sneutrinos.
Its SSB mass parameter is determined with the common
mass scale for the scalars, m; and hence, m, cannot be
lower than certain scales not to have tachyonic sneutrinos at
the low scale. The RGE for my reveals an interesting
feature for the IS mechanism that Y, and T, lower its value
from Mgy to the low scale as Y, gives the same impact in
MSSM. The electroweak symmetry breaking requires

m%, < 0, and MSSM can have only stops to have negative

m%, at the low scale. This fact leads to heavy stops and/or

large mixing between left and right-handed stops in the
MSSM. On the other hand, when the IS mechanism is
implemented in the MSSM framework, the sneutrinos,
together with the stops, yield m%,u < 0, which loose the

pressure on the stop sector.

Before concluding this section, the last RGE for the u
term in Eq. (8) is also interesting in the naturalness point of
view. As shown in previous studies [26], the required fine-
tuning at the electroweak scale is mostly determined by pu.
Its RGE in the case with the IS mechanism shows that the u
term is lowered further than that in the usual MSSM by the
neutrino Yukawa couplings and trilinear scalar interaction
terms. Hence, one can expect that the MSSM with IS can
yield significantly low fine-tuned solutions at the low scale.

III. SCANNING PROCEDURE AND
EXPERIMENTAL CONSTRAINTS

In scanning the fundamental parameter space, we have
employed SPheno 3.3.3 package [27] obtained with
SARAH 4.6.0 [28]. This package evolves the weak scale
values of gauge and Yukawa couplings to Mgyt via the
MSSM RGEs, which are modified to include the IS
mechanism. Mgyt is dynamically determined with the
gauge coupling unification condition. Note that we do not
strictly enforce the unification condition at MgyT, since a
few percent deviation from the unification can be assigned
to unknown GUT-scale threshold corrections [29], which
modify the unification condition as g; = ¢, & g3. With the
boundary conditions given at M gyr, all the SSB parameters
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along with the gauge and Yukawa couplings are evolved
back to the weak scale.
We have performed random scans over the following
parameter space
0 S my,

my,, my, <5 TeV,

-5< M, <0TeV,
0<M;<5TeV,

-3 < Ay/my <3

35 <tanf <60

u <0, m; = 173.3 GeV 9)
where m symbolizes the universal SSB mass term for the
matter scalars, while my, and my denote the SSB mass
terms for the MSSM Higgs doublets. M, and M5 stand for
the gauginos associated with the SU(2), and SU(3),
respectively. The SSB mass term, M for the U(1), gaugino
is determined in terms of M, and M3 as given in Eq. (2). A
is the SSB trilinear coupling, and tanf is the ratio of
VEVs of the MSSM Higgs doublets. The value of the u
term is determined by the radiative electroweak symmetry
breaking (REWSB) condition but not its sign; thus, its sign is
one of the free parameter in MSSM and it is set negative in
our scans. In addition, we have employed the current central
value for the top quark mass as m, = 173.3 GeV [30]. Note
that the sparticle spectrum is not too sensitive in one or two
sigma variation in the top quark mass [31], but it can shift the
Higgs boson mass by 1-2 GeV [32]. In addition to these free
parameters, the experiments do not provide any value for the
neutrino’s Yukawa coupling at the low scale, in contrast to
those associated with the charged leptons. Hence, they need
to be provided as an input at the low scale. In our scans, we
vary Yukawa coupling Y, within perturbative level. We also
fix Yy = 0.4.AsY,, Yy is also determined at the low scale,
and its values larger than 0.4 may lead to Landau pole before
the GUT scale [33].

In adjusting the ranges of the free parameters, we restrict
the scalar and gaugino SSB mass terms not to exceed 5 TeV
in order to remain in the regions which yield acceptable
fine-tuning at the low scale. Note that we allow different
input values for my and mpy, in our scan, since, as
mentioned in Sec. I, they do not reside in the same
representation, but they are rather superpositions of the
Higgs fields from different representations. The range of
the trilinear scalar coupling is set to avoid charge and/or
color breaking minima, which requires |Ag| < 3m(. Among
these parameters, we bound tan § at 35 from below. Even
though the general MSSM framework can be consistent
with the current experimental results including the Higgs
boson mass, Yukawa unification requires rather large tan 8
to satisfy the correct masses for quarks and charged leptons
[34]. Even in the case of QYU, the unification scheme
needs tan f = 40 [12].

The REWSB condition puts crucial theoretical constraint
[35] on the parameter space given in Eq. (9). According to
this constraint, the SSB mass-squared terms for the Higgs
doublets are required to be negative at the low scale, though
they are positive-defined at Mgyr. In this context, the
relevant parameters in the RGE evolutions of these mass
parameters should be tuned in a way that, mj; and/or mj;

have to be turn negative. Another constraint is dark matter
observations and it restricts the parameter space which
requires the lightest supersymmetric particle (LSP) stable
and no electric and color charge, which excludes the
regions leading to stau or stop LSP solutions [36]. On
the other hand, even if a solution does not satisfy the dark
matter observations, it can still survive in conjunction with
other form(s) of the dark matter formation [37]. Based on
this discussion, we accept only the solutions which yield
neutralino LSP at the low scale, but we do not apply any
constraint from the dark matter experiments.

In scanning the parameter space, we use our interface
which employs Metropolis-Hasting algorithm described in
[38]. All collected data points satisfy the requirement of
REWSB and neutralino LSP. After collecting data, we
subsequently impose the mass bounds on all the sparticles
[39] and the constraints from rare decay processes B, —
utu~ [40] and b — sy [41]. In addition those bounds we
have imposed Higgs boson [42] and gluino masses [43].
The experimental constraints mentioned above can be
summarized below:

my: > 1035 GeV,
mz, > 105 GeV
123 < my, <127 GeV,
m; > 105 GeV,
my > 1800 GeV,
0.8 x 107 < BR(B; = pupu~) < 6.2 x 107°(20),
2.99 x 107* < BR(b — sy) < 3.87 x 107*(20) (10)

Note that we have employed the LEP bounds on the
supersymmetric particles, since these constraints are model
independent. However, we leave the details for the current
bounds to discuss in Sec. VII. Finally, we identify the
regions compatible with QYU by restricting the deviations
in the Yukawa couplings within to 20% by applying C,, <
0.2 and C,, < 0.2, which refers to the QYU condition.

Besides the constraints and conditions mentioned above,
another important constraint on the fundamental parameter
space is the cosmological abundance of stable charged
particles [44]. It excludes the solutions which yield a
charged SUSY particle to be the lightest supersymmetric
particle (LSP). In our work, we accept only the solutions for
which one of the neutralinos is being the LSP. If LSP
neutralino is also assumed to saturate the dark matter relic
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FIG. 2. Plots in the Aa, — C}; and Aa, — C,, planes. All points are consistent with REWSB and neutralino LSP. Green points satisfy
the experimental constraints mentioned in Sec. III. Yellow band is an independent subset of gray points, and they indicate the values of

Aa, which would bring the theory and the experiment within 1c.

abundance, then one can also apply bounds arising from the
dark matter observations. Even though these constraints are
also very strong in shaping the fundamental parameter
space, solutions excluded by the observations can still
provide viable solutions in conjunction with other forms of
dark matter [37]. Thus, in our work, we do not require the
LSP neutralino to satisfy the WMAP [45] and Planck [46]
observations.

IV. FUNDAMENTAL PARAMETER SPACE OF
MUON g -2 AND SPARTICLE SPECTRUM

In this section, we discuss muon g — 2 results and
highlight the solutions compatible with the QYU condition.
We start first with Fig. 2 displaying the deviations of the
Yukawa couplings from the unification with plots in the
Aa, — Cy, and Aa, — C,, planes. All points are consistent
with REWSB and neutralino LSP. Green points satisfy the
experimental constraints mention in Sec. III. The yellow
band is an independent subset of gray points, and they
indicate the values of Aa, which would bring the theory
and the experiment within 1o. As seen from the Aa, — Cyy,,
C),, measuring the deviation in y, and y, can barely reach to
20%, and the experimental constraints restrict it to Cj, <
0.1 (green). In addition, the region compatible with
resolution to muon g — 2 discrepancy (yellow band) bounds
it further to Cp, < 0.07. On the other hand, C,, can be as
large as about 0.3 as shown in the Aa, — C,,. This is not
surprising, since y,, and consequently y,, can receive large
corrections from the extra Higgs fields and also the higher
dimensional operators. However, it is still possible to
restrict it within to 20%. Besides, imposing the QYU
condition will exclude the solutions with C,, > 0.2.

Figure 3 represents the correlations between muon
g — 2 and the relevant fundamental parameters with plots
in the Aa, —my, Aa, —M,, Aa, — M, and Aa, —tanf
planes. The color coding is the same as Fig. 2. In addition,
blue points form a subset of green and they represent
the solutions compatible with the QYU condition. The

Aa, —mg shows that m, cannot be greater than about
1.2 TeV in order for the resolution to muon ¢g—2
discrepancy. Since m( controls the scalar masses, it is
understandable with the need of light scalars, which run in
the loops contributing to muon g — 2, at the low scale.
However, the regions with m, < 600 GeV cannot provide a
resolution to muon g — 2 consistently accommodated with
the current experimental constraints. This result arises from
the effects of the right-handed neutrino sector discussed
along with the RGEs in the previous section. The gray
region coinciding with the yellow band yield inconsistently
light charged sleptons (mm; < 100 GeV) especially for those
from the third family. In addition, the Higgs boson mass is
problematic in these regions, since most of the solutions
predict m; < 125 GeV. Similarly, muon g — 2 condition
requires light weakinos (bino and wino), and |M,| <
500 GeV as seen from the Aa, — M, plane. This parameter
controls the wino mass at the low scale as my, = |M,|;
hence, muon g — 2 condition necessitates light charginos at
the low scale. Similarly, M, which controls the Bino mass
as mp ~ 0.5|M | [47], needs to be light (<500 GeV). Since
we set in u <0, one can expect to have large SUSY
contributions to muon g—2 when M, is negative in
contrast to the results shown in the Aa, — M, plane, where
the SUSY contributions seem suppressed when M; < 0.
We consider the low-scale mass spectrum for the super-
symmetric particles in Fig. 4 with plots in the Aaq,
Aa, — My, Aa, —my and Aa, —my, planes. The color
coding is the same as Fig. 3. The neutralino LSP mass
cannot exceed about 200 GeV in order for maintaining the
resolution to muon g — 2, while the lightest chargino can be
as heavy as about 400 GeV as seen from the Aa,, — My In

—_ m)??’

U
contrast to the usual MSSM implications, the IS mecha-
nism yields rather heavy smuons (m; 2 800 GeV), which
can significantly suppress the SUSY contributions from the
smuon-neutralino loop processes. As discussed above, the
smuon masses are mostly bounded from below by the stau
mass, which can turn to be tachyonic due to its large
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FIG.3. Plotsin the Aa, — my, Aa, — M,, Aa, — M, and Aa, — tan § planes. The color coding is the same as Fig. 2. In addition, blue
points form a subset of green and they represent the solutions compatible with the QYU condition.
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FIG. 4. Plots in the Aa, — my, Aa, — M, Aa, — my, and Aa, —m;, planes. The color coding is the same as Fig. 3.
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trilinear SSB term (7, = A,y,), when the other charged
sleptons are light. However, there is a narrow blue stripe in
this region, which provide large enough SUSY contribu-
tions to muon g — 2 and satisfy the mass bound on the
charged sleptons. In this region, smuon-neutralino loop is
able to provide minor but comparable contributions in
resolution to the muon g — 2 problem. While the stau mass
bound has a strong impact on the smuon masses, the
sneutrinos, on the other hand, can be as light as about
100 GeV, which yield significant SUSY contributions to
muon g — 2 along with light charginos. Consequently, the
main contributions to muon g — 2 are provided from the
sneutrino-chargino loop processes, while those from smuon
and neutralino are either suppressed or minor due to the
heavy smuon masses. This also explains why there is no
significant muon g — 2 contributions when M is negative.
In this region, M, needs to be larger than M5, which yields
relatively heavy charginos at the low scale, so the SUSY
contributions from chargino and sneutrino are also sup-
pressed. In addition, the reason why the neutralino mass is
bounded from above as my < 200 GeV is only the con-

dition which requires neutralino to be LSP for all the
solutions.

V. SPARTICLE SPECTRUM

In the previous section, we highlighted the results in
respect of muon g — 2 and masses of the relevant sparticles.
In this section, we present the sparticle mass spectrum in
more details. Figure 5 displays our results with the plots in
the my —mz , my —my, Mys —= M, and M,/u — M,/u.
All points are consistent with REWSB and LSP neutralino.
Green points are allowed by the experimental constraints.
Blue points form a subset of green, and they satisfy the
QYU condition. Orange points are a subset of blue and they
represent the solutions yielding muon g — 2 within 1o. The
diagonal line in the M,/u — M;/u plane indicates the
regions where M, ~ M;. As mentioned before, avoiding
tachyonic stau mass solutions bounds the smuon mass from
below, and the my, — ms plane, most of the solutions lead
to smuons heavier than about 1 TeV in orange region. Such
heavy smuon solutions suppress the SUSY contributions
from smuon-neutralino loops; thus, the significant muon
g — 2 contributions in this region mostly rely on sneutrino-
chargino loops as diagrammatically shown in Fig. 1. On the
other hand, it is still possible to realize solutions compatible
with the muon ¢g—2 results within lo when my; 2

600 GeV without leading to the tachyonic stau situation.

0 ¥——1——1—

T

0 02 04

FIG. 5.

i i X

06 08 1

ent ™, .
Fous *

Sasea f,
AR ¥

— R

0 0.5 1.5

My/p

Plots in the m; — m; , my —my,, My = MMy, and M,/u — M /u. All points are consistent with REWSB and LSP neutralino.

Green points are allowed by the experimental constraints. Blue points form a subset of green, and they satisfy the QYU condition.
Orange points are a subset of blue and they represent the solutions yielding muon g — 2 within 1e. The diagonal line in the M,/u — M |/u

plane indicates the regions where M, ~ M.
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FIG. 6. Plots in the m; — m;,, m3 —my,, m; — mg, and my — tan f. The color coding is the same as Fig. 5. The diagonal line in the

my, — my, indicates the regions where m; = mj,.

1 2

These solutions can be realized when the terms with 7', in
RGEs given in Eq. (8) are small. Since T, is determined
with Aq at the GUT scale as all the other trilinear scalar
interaction couplings, solutions in the region with relatively
lighter smuons also have small A terms, which is favored in
acceptable fine-tuning considerations [26]. We consider
the smuon mass also in compared to the sneutrino mass in
the my; — my plane. The sneutrino mass is bounded as
my, < 600 GeV, even though the smuons are also light.
Such results show that the contributions from the sneutrino-
chargino loops are necessary in realizing the muon g — 2
solutions within le.

The other supersymmetric particles playing a key role in
the muon g—2 are the chargino and neutralino whose
masses are represented in the Mys — My plane. The muon

g — 2 results restrict these particles as my+ < 400 GeV and
Mo < 200 GeV in order to overcome mass suppression in

SUSY contributions to muon g — 2. The last panel repre-
sents the LSP neutralino composition in terms of the ratio
of the gaugino masses to the y term. Since most of the
solutions represented with orange are accumulated below
the diagonal line and M,/u < 1, the LSP neutralino is
formed mostly by Bino in this region, while wino signifi-
cantly mixes with bino in LSP neutralino formation near
the diagonal line. There are also a considerable number of
solutions (orange) above the diagonal line, which yield

mostly winolike LSP neutralino. Since all orange solutions
are found in the regions either with M /u < 1 or M,/u < 1,
Higgsinos are not much effective in the LSP neutralino
composition.

Even though they do not take a direct part in calculation
of the SUSY contributions to muon g — 2, we present other
sparticle masses for completeness in Fig. 6 with plots in the
my, — my,, m; — my,, m; —mg, and my — tan 8. The color
coding is the same as Fig. 5. The diagonal line in the m; —
mz, indicates the regions where m; = mj;,. The m; — ms,
plane shows that the stop cannot be lighter than about
1 TeV. In addition the lightest and heaviest stop masses in
the orange region are comparable to each other (m;, 2 ms)).
As mentioned in discussion about smuon and stau masses,
small A terms yield small mixture between the right-handed
and left-handed stop states, and their masses can be realized
closed to each other. Even though the presence of right-
handed neutrinos may relax the heavy stop condition to
realize a 125 GeV Higgs boson, the stop mass scale is still
strongly affected by the Higgs boson mass condition as
seen from the m; — my,. This is also because of the small A
terms. Since the Higgs boson mass does not receive large
enough contributions from the stop mixing, solutions
consistent with the Higgs boson constraint still rely on
the stop mass, and they require m; 2 1 TeV. In addition to
stop, the gluino mass scale is also quite interesting since it
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FIG. 7. Plots in the Aa, —u and Aa, - M= planes. The color coding is the same as Fig. 3.

lies from about 2 to 4 TeV. In this context, even though the
current mass bound on gluino is slightly larger
(mg > 1.9 TeV [48]) than what we applied, the muon g — 2
condition itself exclude gluino solutions excluded by the
current LHC results. In addition, the solutions with mj; 2
2.5 TeV provide testable results in the current or near
future experiments, since the next generation of colliders
are planned to probe the gluino mass up to about 3 TeV
[49]. Finally we present the CP-odd Higgs boson mass in
correlation with tan # in the m, — tan # plane. Its mass is
bounded from above as m, < 1.4 TeV by the muon g — 2
condition for moderate tan , while it decreases as tanf;
increases. The solutions with m, < 1 TeV in the large tan
region can be constrained further by detailed analyses [50].

Note that the orange points are compatible with all the
constraints listed in Section III, and the QYU and Aa,
conditions simultaneously. The only exception is the top-
right panel of Fig. 6, which represents our results in the
m;, — my, plane. Since the Higgs boson mass is directly
plotted on the horizontal axis, we have not employed the
constraint from the Higgs boson mass; rather we have used
two vertical lines which bound the allowed region by the
Higgs boson mass. Even though the allowed solutions
occupy a small region in this plane, they can spread more in
the other plots and the allowed region can seem larger.
Employing the Higgs boson mass constraint in the other
plots remove the orange points outside the region between
the two vertical lines, which are excluded due to yielding
inconsistent Higgs boson mass. Hence these solutions are
not represented in the other plots.

VI. FINE-TUNING AND MUON g-2 IN
MSSM WITH IS

As we discussed before, the dominant contribution to
muon ¢g—2 comes from the sneutrino-chargino loop
processes. In these processes, the chargino can be either
wino or Higgsino, each of which corresponds to different
nature of the SUSY contributions. If the chargino is
winolike, then the contributions are generated through

SU(2) interactions, while the Yukawa interactions take
part when the chargino is Higgsino-like. Depending on the
ratios of their masses, the chargino could also be a mixture
of these two particles. Figure 7 represents the result
for the Higgsino and heaviest chargino masses with plots
in the Aa, — p and Aa, — My planes. The color coding is
the same as Fig. 3. According to the Aa, — u plane, the
Higgsinos, whose masses are equal to x, can be as light as
about 500 GeV, while muon g — 2 condition bounds its
mass from above at about 700 GeV. In this sense, the model
predicts relatively light Higgsinos at the low scale com-
patible with the QYU condition. If the low-scale spectrum
includes two charginos lighter than about a TeV, then the
processes can contribute to muon ¢g—2, even when
the heaviest chargino runs in the loop. Even though the
heaviest chargino contribution can only be minor in
comparison to the lightest chargino contribution, its mass
cannot be heavier than about 800 GeV for the resolution to

muon g — 2 discrepancy, as seen from the Aa, —my:.

The light Higgsinos are also interesting from the natu-
ralness point of view. Since the mass bounds on the
supersymmetric particles become severe after the latest
results from the LHC experiments, the solutions can
barely be placed in the natural region characterized with
mz,,my,, my < 500 GeV. Especially the Higgs boson mass
constraint requires at least one stop to have mass above TeV
scale. On the other hand, deviation from the natural region
can be measured with Agy, the fine-tuning parameter as
defined in Ref. [26]. Agy is a function of u, my ,, my , and
tan 3, in principal; however, the terms proportional to my,
are suppressed by tanp, and the correct electroweak
symmetry breaking scale requires u ~ my,  over most of
the fundamental parameter space. In this sense, the
Higgsino masses can also indicate the fine-tuning amount
required to have consistent electroweak symmetry break-
ing. Since our model predicts relatively light Higgsinos
(<800 GeV) compatible with the resolution to muon g — 2
discrepancy, such solutions also need low fine-tuning. In
general fashion, the acceptable fine-tuning is identified
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FIG. 8. Plots in the Aa, — Agy, y/yy — Agw, ¥:/yp, — Apw and y,/y;, — Agw planes. The color coding is the same as Fig. 3.

with the condition Agy < 1000. Figure 8 investigates our
results about the fine-tuning with plots in the Aa, — Agy,
Yilyp = Dpw, y:/yp — Apw and y,/y, — Agw planes. The
color coding is the same as Fig. 3. As seen from the Aa, —
Agw plane, Agyw can be as low as 20 compatible with muon
g — 2 condition. Indeed, muon g— 2 condition restricts
Agw < 100, and the discrepancy cannot be solved within
1o when Agyw > 100. In addition to muon g — 2 resolution,
we also discuss the Yukawa couplings, whose deviations are
also restricted by the QYU condition in the y,/y, — Agw,
v./y, — Agw and y,/y, — Agw planes. According to the
results represented in these planes, y,/y, = 2, y./y, = 1.2,
and y,/y, 2 0.8 over the region with the acceptable fine-
tuning.

VII. THE LIGHT CHARGINOA IN LHC

As discussed in the previous sections, the resolution to
the muon g — 2 can be accommodated with the QYU in the
presence of the right-handed neutrinos and inverse seesaw
mechanism. However, such a resolution requires rather
light chargino, neutralino and stau. Even though we have
employed the LEP bounds on these supersymmetric par-
ticle masses, the new analyses [51,52] have shown that such
solutions might be excluded. The severest bound on the
chargino mass has been obtained when the charged
sleptons are light enough that the chargino and/or
the second lightest neutralino are kinematically allowed
to decay into them. In such cases, the solutions with

My < 1.1 TeV are excluded for M0 <700 GeV [51].

Even though the mass bound on the chargino is loosen
as my: 2 500 GeV [52] when the sleptons are heavy, such

exclusion bounds are based on the decay modes involving
with the W= or H bosons, where H is the heavier CP-even
Higgs boson of MSSM.

Even though the low-scale analyses allow one to fix the
configuration out of more than a hundred free parameters,
in which the relevant decay modes of the particles can be
set to their maximum values, such configurations may not
be possible when the models are constrained from the GUT
scale with a few free parameters. Hence, before proceeding
to apply these constraints, one should check which case can
be applicable to data in order to analyze the low-scale
implications. We present the masses of the relevant super-
symmetric particles in Fig. 9 with plots in the m; — My,
m My, My — Mgt and Mys = My planes. All points are
consistent with REWSB and LSP neutralino. Green points
are allowed by the experimental constraints. Blue points
form a subset of green, and they satisfy the QYU condition.
Orange points are a subset of blue and they represent the
solutions yielding muon g —2 within le. The diagonal
lines indicate the mass degeneracy between the plotted
particles. In addition, the upper diagonal line in the Mys —

TR

Mo plane represents the region where My = Mo + My,

where my~ denotes the W* mass. Note that the LEP
bounds are still employed on the masses.
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FIG. 9. Plots in the m;, — My, Mg, = Mg, My 7+
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—my: and m; e = My planes. All points are consistent with REWSB and LSP

neutralino. Green points are allowed by the expenmental constraints. Blue points form a subset of green, and they satisfy the QYU
condition. Orange points are a subset of blue and they represent the solutions yielding muon g — 2 within 1¢. The diagonal lines indicate
the mass degeneracy between the plotted particles. In addition, the upper diagonal line in the Mz — Mo plane represents the region

where my: = my + my, where my,: denotes the W= mass.

The m;, —my plane shows that there is no solution in
which the left-handed slepton is lighter than the chargino,
while it is possible to realize lighter right-handed slepton in
a small portion of the parameter space (orange points below
the diagonal line) as is seen in the m;, — My plane.

Following the discussion in Ref. [51], when only the
right-handed slepton can be lighter than the chargino, then
the chargino can only decay into a 7 lepton and a sneutrino.
On the other hand, the second lightest neutralino is still
allowed to decay into charged sleptons. In this region, also
sneutrinos are light enough that the chargino can decay into
them. As seen from the results many solutions yield
charged sleptons heavier. In this region, the chargino can
decay into the LSP neutralino with a W+ boson, while the
second chargino can decay into the LSP neutralino along
with a Z or H boson, where H denotes the heavier CP-even
Higgs boson of MSSM. However, there are also some
solutions, seen between the two diagonal lines in the Mys —
mz plane, do not allow 7i = WY In this region, the
chargino can decay into the LSP neutralino along with
quarks of the first two families, and the mass bounds
mentioned above are not applicable to such solutions, since
the uncertainty in the QCD sector is relatively large.

After all, the mass bound Mys X 2 1.1 TeV can be appli-
cable in a small region which is ‘shown below the diagonal
line in the m;, — My plane of Fig. 9. A further assumption
behind the detector analyses is to fix the second lightest
neutralino decay mode as BR(79 — #z) = 0.5. When we
check if this assumption is satisfied in the relevant region,
the results are obtained for the relevant decay modes of
chargino and the second lightest neutralino as shown in
Fig. 10. The color coding is the same as Fig. 9. In addition,
the brown points in the m;, — m;- form a subset of orange,

and they satisfy the condition BR(7) — #7) > 0.3. As is
seen from the BR(y{ — #r) — BR(7 — %) plane almost
all orange points yield BR(7{ — #7) ~0.5. On the other
hand, only a small portion of such solutions can yield large
BR(7) — #z). If a solution yields BR(7) — #z) < 30%, it
reduces the signal strength at least 40%. The brown points

in the mz —my: plane represents the solutions with

BR(7) — #7) <30%, and as is seen, there are still some
solutions with m;, < m; £ and they can survive under the
current constraints on the chargino.

Based on the discussion above, one can conclude that the
solutions yielding BR(79 — #7) > 0.3 can be considered
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brown points in the m;, — My form a subset of orange, and they satisfy the condition BR()?g — 77) > 0.3.

potentially excluded. However, such a bound is only
conventional and based on the assumption that the
chargino-neutralino production rate is equal to that
employed in the detector analyses. In this context, even
though we exclude such solutions, they still provide testable
solutions and the analyses should be completed by perform-
ing the chargino-neutralino production rate calculation.
A recent analyze represented in, for instance, Ref. [53]
can exclude the chargino solutions only up to about
700 GeV, although the analyses were performed without
constraining MSSM from the GUT scale.

Figure 9 shows that the sleptons are heavy over most of
the fundamental parameter space, and hence, they cannot
take part in decay modes of the chargino and neutralino. In
this case, the exclusion bound on the chargino and neutrino
masses can be obtained from the decay modes in which the
chargino decays into a W* boson along with a lightest
neutralino, while the second lightest neutralino can decay
into either of a Z and H bosons. However, the mass bounds
from these decay modes are not as severe as the others
considered above, and they can exclude the chargino mass
below about 600 GeV [52]. It is interesting for these
channels that the exclusion on the chargino mass is not

sensitive when My < 180 GeV [52]. This is because the

relevant background involving with W= boson is large and
it requires large cuts on the missing energy to suppress the
background processes. If we apply the exclusion curve
given in [52] on the chargino and lightest neutralino mass
plane, the results are obtained as plotted in Fig. 11. The
color coding is the same as Fig. 9. The diagonal line
indicates the mass degeneracy between the lightest char-
gino and neutralino. The solid black curve represents the
exclusion curve obtained in [52]. As one can see, even
though we assume the possible largest chargino-neutralino
production rates and branching ratios for the decays, only a
small portion of orange solutions can be excluded. As
stated before, these points can still be available and testable,
when the chargino-neutralino production rate is employed
in the analyses.

Even though the lightest chargino can still be allowed or
testable under the current analyses, our analyses show that
the second chargino is also light enough to be considered in
the regions of our interest. Before proceeding into the
discussion about the second chargino, we should note that
the analyses represented in [51] are performed for the
winolike chargino that is why the lightest chargino is not
allowed to decay into a right-handed stau, even if it is
allowed kinematically (i.e. m;, 2 mﬁ ). When the lightest
chargino is formed mostly by winos, then the second
chargino is formed mostly by Higgsinos. The processes
involving the Higgsino-like chargino yield different results,
even though the same processes are being considered. First
of all, its production and decays occur through the Yukawa
interactions. These interactions are significantly suppressed
in the chargino-neutralino production processes, since the
Yukawa coupling associated with the up and down quarks
are quite small that they are, in general, assumed to be zero
in calculations. Apart from its production, we consider
some relevant decay processes involving the second char-
gino without regarding whether it is mostly Higgsino or
wino. Figure 12 displays our results for the second chargino

0.8 1 I I 1

0.2 4
Rt
0 L= ..,.'"..‘.".',..;
0 0.2 0.4 0.6 0.8
Mk (TeV)

FIG. 11. Resultsin the My = Ny plane. The color coding is the
same as Fig. 9. The diagonal line indicates the mass degeneracy
between the lightest chargino and neutralino. The solid black

curve represents the exclusion curve obtained in [52].

055007-13



ZAFER ALTIN, OZER OZDAL, and CEM SALIH UN

PHYS. REV. D 97, 055007 (2018)

60 4 1 1 1
50 3 s
40 3 a

= 7%

30 1 -

Heu

20 30
BR(X3 — 7#7)%

0 10

60\ 1 1 I 1 1

BR(XE — v7)%

BR(%S — 71)%

FIG. 12. The second chargino and second neutralino decays with plots in the BR(75 — #v) — BR(# — #1), BR(75 — i) —
BR(#! — #r) and BR(75 — 7)W*) — BR(#" — #1) planes. The color coding is the same as Fig. 9.

and second neutralino decays with plots in the
BR(75 — 7v) —BR(?) — %7), BR(75 — ir) —BR(79 — #1)
and BR(75 — 7)W*) —BR(#) — #z) planes. The color
coding is the same as Fig. 9. The BR(j5 — @) —
BR(7Y — #z) plane shows that the branching ratio for
the 73 — v mode is always less than 30% (blue), and the
orange region compatible with the resolution to the muon
g—2 problem within 1o restricts the solutions as
BR(75 — #v) < 10%. Similarly the orange region predicts
BR(75 — 1) <10% as seen in the BR(y75 — i) —
BR(7Y — #z) plane. Such small branching ratios suppress

30 40 50 60

20
BR(¥S — 71)%

the possible signals when the second chargino decays
into the staus (or sneutrinos); thus, the solutions can still
be considered viable under the current analyses. Besides the
decay modes to staus, the second chargino can also decay
into the lightest neutralino along with a W* boson. However,
the BR(75 — 7YW*) — BR(¥) — #z) plane shows that the
branching ratio for this process can barely reach to 30%. If
we applies the condition BR(75 — possible final states) <
30%, as we did for the lightest chargino, all solutions in
orange can satisfy this condition. Note that the second
chargino can also decay into the second neutralino along

BR(xY — 71)%

FIG. 13. The second chargino decays into the lightest chargino with plots in the BR(75 — 7iZ) — BR(¥#) — #7) and BR(75 —
7ih) —BR(73 — #1) planes, where & stands for the SM like Higgs boson. The color coding is the same as Fig. 9.
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with W* boson, however, since this process adds one more
branch to the processes considered in this section, its
branching ratio rather provides an extra suppression factor.

One can expect the second chargino to exhibit some
tendency to decay into the lightest chargino. We present our
results for such decay modes in Fig. 13 with plots in the
BR(7; — 7iZ) —BR(79 — #r) and BR(p; — yih) -
BR(7) — #7) planes, where h stands for the SM like
Higgs boson. The color coding is the same as Fig. 9.
As seen from the both planes, the decay modes for the
second chargino into the lightest chargino can happen
along with either a Z boson or the SM like Higgs boson,

and the branching ratios for these processes are observed as
BR(75 — 7iZ) ~30%, while BR(75 — 7ih) <25%. As
a result, despite being light enough, the second chargino
can be allowed under the current results from the analyses,
since the model under concern predicts rather low branch-
ing ratios (and so low cross-sections) for the relevant decay
modes considered in the current analyses.

Besides the chargino and neutralino, the mass bounds on
the charged sleptons are strongly related to the processes
which start with the chargino-neutralino production [54].
Thus, the discussion above can be also followed for the
bounds on the slepton masses.

TABLE I. Table of four benchmark points, which exemplify our findings. All points have been chosen as to be consistent with the
current experimental constraints except those from the dark matter observations. All masses are given in GeV, and cross-sections in pb.
Point 1 Point 2 Point 3 Point 4
mg 644.2 791.2 644.5 721.3
my, 1612 1544 1668 1438
my, 2007 2359 2015 2280
M, -277.5 -331.9 -285.9 -332.7
M; 1241 1458 1249 1419
Aylmy -0.71 0.28 -0.77 0.26
tan 37.6 39.7 36.8 38.9
my, 124 123.6 124.7 123.8
my 1141 527.7 1226 576.8
my 929.2 531.6 1038 581
Mg+ 933.5 538.9 1042 587.5
Aa, x 1010 25.5 21.3 24.4 24.3
Qh? 0.07 0.10 0.08 0.11
mg 2726 3165 2743 3083
My, . 2349, 2364 2728, 2754 2363, 2376 2646, 2672
mi, 1823, 2042 2160, 2381 1832, 2058 2100, 2329
my, . 2349, 2350 2728, 2727 2363, 2364 2646, 2644
mp, 2016, 2184 2361, 2548 2033, 2205 2309, 2502
mg, . 686, 595 854.3, 694.4 685, 601 790, 614
mz,, 180.5, 494.7 282.2, 527.7 191.8, 493.6 254.6, 506.1
myp. 129, 234.7 152.1, 300 128.3, 240.6 145, 292.3
my 340.8, 368.7 455.5, 472.1 343.1, 372.5 413.3, 437.3
my: 235.2, 370.9 300.1, 474.5 241.1, 374.6 292.6, 439.1
BR(;?g - 71)% 48 27 46 22
BR(j(g —>;?(1)Z)% 3.2 43 6.9 13
BR(;??E - 01)% 44 29 39 28
BR(71 = AW*)% 12 41 21 14
BR(;?;E - )% 8.8 12 8.0 12
BR(;?Zi —>;”(1iZ)% 31 36 30 28
BR(;?%E —>;??Wi)% 51 36 53 38
BR(7 — 1;"(‘1)) 100 100 100 100
o(pp _’J?li)?g 0.51 0.23 0.46 0.23
o(pp = 7579) 9.2x 1073 1.8x 1073 9.0x 1073 1.8x 1073

055007-15



ZAFER ALTIN, OZER OZDAL, and CEM SALIH UN

PHYS. REV. D 97, 055007 (2018)

Before concluding we present benchmark points which
exemplify our findings in Table I. All points have been
chosen as to be consistent with the muon g — 2 and QYU
conditions, and the experimental constraints listed in
Section III. All masses are given in GeV, and cross-sections
in pb. In addition to the conditions and constraints employed
in our analyses, we have also provided the dark matter relic
density (Qh?) with use of MicrOmegas [55] and the
chargino-neutralino  production cross-section (c(pp—
)ﬁzj?)) by employing MadGraph [56] for /s = 13 TeV.
All masses are given in GeV, and cross-sections in pb. All
points yield light mass spectrum for the electroweak sector
including the sleptons, while the hadronic sector rather
involves heavy squarks and gluino. Point 1 depicts a solution
which predicts large branching ratios as BR(7;7 — 1) =
44% and BR(7 — 7r) = 48%. Even though such solutions
with the branching ratios greater than 30% can be considered
potentially to be excluded, the following approximation can
provide slightly deeper understanding:

o(pp ﬁ)??)?g —TUTT)
~o(pp = 7i73) x BR(7F — ir) x BR(79 — #1) (11)

where i = 1, 2 stand for the two chargino mass eigenstates.
Since the regions of our interest yield both chargino to be
light, Eq. (11) can be applied for the two charginos separately.

In this context, Point 1 yields My = 129 GeV, Mys =
340.8 GeV, and o(pp = P07 — 7vtr) ~0.1 pb. As is
expected, it leads to a large cross-section for the possible
signal. Even though the sneutrino can manifest itself by
contributing to the missing energy resulted from the total
signal process, the experimental analyses are capable to trace
back to the sneutrino. However, in the mass plane of the
lightest neutralino and chargino, the exclusion takes part on
such solutions, when o(pp — 779 — #¥77) ~ 1 (reading
from the color legend in Fig. 13 of Ref. [51]). This result
makes the signal about ten times weaker, in compared to those
analyzed in Ref. [51], against the background processes; thus,
the exclusion analyses over such solutions need to be applied
with stronger cuts and/or higher luminosity. In this sense,
Point 1 can still be considered as a testable solution. Point 2
represents the heaviest chargino solutions bounded by the
muon g — 2 condition, which we can realize within our data,
while the Point 3 displays the heaviest SM-like Higgs
solutions, and Point 4 is chosen for the solutions predicting
very light mass scales for the charginos. The discussion for
the weakness of the signal holds also for these points.

The relic density is found slightly lower than the 5¢
bound provided by the WMAP [45] and the Planck [46]
satellites for Points 1 and 3, while Points 2 and 4 are
consistent with the current measurements within S¢ uncer-
tainty. We also list the second chargino’s behavior in its
decay patterns. The solutions show that the second char-
gino mostly tends to decay into the lightest chargino or the

neutralino along with the possible SM particles as
BR(75 — 7iZ) ~30%, while BR(75 — 7?W*) varies
from about 30% to 50%. The production processes for
the second chargino yield cross-sections two magnitudes
smaller than the first chargino production, and one can
expect much weaker signal for the second chargino.

VIII. CONCLUSION

We explore the low-scale implications of 4 —2—2
including the TeV scale right-handed neutrinos interacting
and mixing with the MSSM fields through the IS mecha-
nism, in light of muon g — 2 resolution and highlight the
solutions which are compatible with the QYU condition.
We found that the presence of the right-handed neutrinos
cause the smuons are rather heavy as m; 2 800 GeV in
order to avoid tachyonic staus at the low scale. In this
context, the usual MSSM contributions to muon ¢ — 2,
which are provided from smuon-neutralino loop, is either
suppressed or minor. On the other hand, the sneutrinos can
be as light as about 100 GeV along with the light charginos
of mass <400 GeV can yield so large contributions to
muon g — 2 that the discrepancy between the experiment
and the theory can be resolved. Large sneutrino-chargino
contributions also requires light charginos, and the muon
g — 2 resolution provide a bound on the lightest chargino

mass as my+ < 400 GeV. Even though the neutralino

contribution is rather suppress or minor due to the heavy
smuon masses, its mass cannot be heavier than about
200 GeV, since the solutions are required to have one of the
neutralinos being LSP always. We have also considered
such light chargino and neutralino along with light stau
(mz Z 200 GeV) in the light of the current results which
constrain their masses to be larger even beyond the TeV
scale. We have realized that such solutions can still survive
under such severe constraints, when the model is con-
strained from the GUT scale, and they provide testable
solutions in near future experiments. However, our dis-
cussion needs to be completed with the analyses on the
chargino-neutralino production rate. We discuss also the
second chargino, since it is light enough to be subjected in
the current analyses in the regions of interest in our study.
Our results show that the BR(75° — #vorir) < 10%, while
BR(75 — 7IW*) < 30%. Since the model under concern
predicts rather low branching ratios, the second chargino
can survive under the current results, despite being light.
We also observe the second chargino to exhibit some
tendency to decay into the lightest chargino, which turns to
be the first part of the discussion about the status of the
lightest chargino in the LHC. We also considered the mass
spectrum for other supersymmetric particles. The both stop
mass eigenstates are found more or less degenerate in mass
as mz ~ m;z, 2 1.5 TeV in the region where the muon g — 2
can be accommodated. The gluino mass lies in a range
~[2.5 = 3.5] TeV, which will be tested in near future
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experiments. The CP-odd Higgs boson is also found
relatively light as m, < 1.2 TeV.

In addition, the model predicts relatively light Higgsinos
(u <700 GeV); and hence the second chargino mass is also
light enough (<700 GeV) to contribute to muon g — 2.
Despite the Higgsino mixing in the lightest neutralino and
chargino is limited, the light Higgsinos are interesting from
the naturalness point of view, since such solutions of the
light Higgsinos need to be fine-tuned much less than the
other solutions. We found that such solutions can be also
compatible with the QYU, since Agy can be as low as
about 100. The acceptable fine-tuning can also have a
strong impact on the Yukawa couplings in terms of their
ratios, and this impact also shapes the fundamental param-
eter space of QYU, since it is rather related to the
corrections in the Yukawa couplings. In the regions with
acceptable fine-tuning and compatible with muon g — 2

resolution and the QYU condition, the ratios among the
Yukawa couplings can be summarized as 1.8 < y,/y;, < 2.6,
v./y, ~1.3. In addition, even though the right-handed
neutrino Yukawa coupling can be varied freely, the sol-
utions restrict its range as 0.8 <y, /y, < 1.7.
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