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NLSP gluino and NLSP stop scenarios from b — 7 Yukawa unification

Shabbar Raza,l’z‘* Qaisar Shaﬁ,2‘+ and Cem Salih Un***

'State Key Laboratory of Theoretical Physics and Kavli Institute for Theoretical Physics China (KITPC),
Institute of Theoretical Physics, Chinese Academy of Sciences, Beijing 100190, People’s Republic of China
2Department of Physics and Astronomy, Bartol Research Institute, University of Delaware,
Newark, Delaware 19716, USA

3Department of Physics, Uludag University, Bursa TR16059, Turkey
(Received 2 January 2015; published 9 September 2015)

We present a study of the b — z Yukawa unified supersymmetric SU(4). x SU(2), x SU(2) model
(with g > 0), which predicts the existence of gluino—neutralino and stop—neutralino coannihilation
scenarios compatible with the desired relic lightest supersymmetric particle neutralino dark matter
abundance and other collider constraints. The next to lightest supersymmetric particle (NLSP) gluino or
NLSP stop masses vary between 400 GeV and ~1 TeV. The NLSP gluinos will be accessible at the 14 TeV
LHC, while we hope that the NSLP stop solutions will be probed in future LHC searches. We also identify
regions of the parameter space in which the gluino and the lighter stop are closely degenerate in mass,
interchangeably playing the role of NLSP and next to next to lightest supersymmetric particle (NNLSP).
We also update a previous study of + — b — 7 Yukawa unification and show that NLSP gluino of mass
~1 TeV, with a mass difference between the gluino and neutralino of less than 80 GeV, can be realized,
consistent with the current collider and astrophysical constraints. We present benchmark points for b — =

and r — b — ¢ Yukawa unification that can be accessible at the LHC.
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I. INTRODUCTION

The discovery of the Higgs boson at the Large Hadron
Collider (LHC) [1,2] is a big boost for the standard
model (SM). Supersymmetry (SUSY) is arguably the prime
candidate for beyond the SM physics and the minimal
supersymmetric extension of the SM (MSSM) leads in a
natural way to the gauge coupling unification and provides
a solution to the gauge hierarchy problem. In addition, with
the assumption of R-parity conservation, MSSM also
provides a plausible candidate particle for dark matter,
namely the lightest supersymmetric particle (LSP). Besides
gauge coupling unification, models such as SUSY SO(10)
and SUSY SU(4), x SU(2), x SU(2)gr (4—2-2) also
suggest t— b —t Yukawa unification (YU) [3-9]. The
4 —2 —2 structure allows us to consider nonuniversal
gaugino masses with

3 2

Ml :§M2+§M3, (1)
where M|, M, and M5 are the soft supersymmetry breaking
(SSB) mass terms respectively for U(1)y, SU(2); and
SU(3), gauginos. Equation (1) follows from the fact
that the hypercharge generator of U(1), is derived as
Y =3/5M, +2/5M3, and the assumption of left-right
symmetry at Mgyr which requires unification of the
gauge couplings (g; = gg) and equality of the gauginos

fshabbar @itp.ac.cn
"shafi@bartol.udel.edu.
*cemsalihun @uludag.edu. tr

1550-7998,/2015,/92(5)/055010(9)

055010-1

PACS numbers: 12.60.Jv, 12.60.-i, 14.80.Ly

(M, = My = M) associated with the SU(2), and SU(2),
gauge groups. Furthermore, if the 4 —2 —2 symmetry
breaks to the MSSM gauge group at around Mgyr, the
threshold corrections to the gauge couplings become
negligible and unification of the MSSM gauge couplings
is approximately maintained.

Supersymmteric 4 — 2 — 2 offers a rich phenomenology,
which can be examined in particular at the LHC. As far as
we know, it is the only model which requires next to lightest
supersymmetric particle (NLSP) gluino to bring the relic
abundance of LSP neutralino within the observed range of
dark matter density in the presence of t — b — 7 YU [6,8]. It
was also shown that 1t —b —7 YU in 4 —2 — 2 with the
same sign SSB gaugino mass terms is compatible with
neutralino dark matter through the gluino coannihilation
channel [6,8,10,11]. Considering opposite sign gauginos
with u < 0, M, <0 and M5 > 0 (where y is the bilinear
Higgs mixing term) in [9], t — b —7 YU consistent with
known experimental constraints was achieved in 4 — 2 — 2
for m g 2 300 GeV, as opposed to mq = 8 TeV for the
case of same sign gaugino masses. Here mq denotes the
common soft SUSY breaking scalar mass at M ;7. Besides
low mje values, 4 —2 —2 with relative sign gauginos
predicts the existence of stau-neutralino coannihilation
channel, bino-wino mixing and A-resonance solutions.
However, in this case, there is no solution with NLSP stop
or NLSP gluino, since their masses are predicted to be
around >3-4 TeV [9].

Even though the 4 —2 — 2 framework allows t —b — 7
YU, this unification, in general, does not have to hold when
one considers higher dimensional operators. However, if a
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set of higher dimensional operators is considered whose
contributions to the Yukawa couplings are expressed as
ve/yqa=1and y,/ys # 1 [12], one can configure a setup
for 4 — 2 — 2 in which the » — ¢ YU is maintained, while
t—b—17 YU does not hold. We show in this paper that
relaxing t — b —7 YU to b — 7 YU in the presence of some
contributions to the Yukawa couplings such as those from
the higher dimensional operators [12] yields NLSP stop
solutions in addition to NLSP gluino. We also find that the
NLSP stop is nearly degenerate with the LSP neutralino,
and hence the decay 7; — cy" is the only channel kine-
matically allowed. The ATLAS collaboration has recently
searched for such decays for the first time, and the results
have excluded NLSP stop up to 270 GeV for LSP
neutralino with mass of about 200 GeV [13]. The CMS
collaboration has ruled out NLSP stop of mass <250 GeV,
if the mass difference with LSP neutralino is less
than 10 GeV [14]. We obtain relatively heavy
(600 < m;, <900 GeV) NSLP stop solutions, and we hope
that future searches will be able to test our results. We also
identify some solutions for which the mass difference
between the NLSP and next to next to lightest super-
symmetric particle (NNLSP) is small. We find such
solutions in both the NLSP stop and NLSP gluino
scenarios.

We also devote a sectiontot —b—7YUin4 -2 —-2to
update the results and compare with b — 7z YU. We analyze
the data that we obtain in light of the current experimental
constraints including the discovery of the Higgs boson of
mass close to 125 GeV, flavor physics and WMAP9. The
LHCb collaboration has recently discovered B, — u*pu~
with the branching fraction BF(B; — u*u~) = 3.273 x
107 [15] that is consistent with the SM prediction of
(3.2+£0.2) x 107 [16]. In MSSM, this flavor changing
decay receives contributions from the exchange of the
pseudoscalar Higgs boson A [17], which is proportional to
(tan 8)°/m?%. Since t — b — v YU requires large tan #(240),
it is important to see the impact of B, — pu~ discovery on
4 — 2 — 2 parameter space in the presence of t — b — 7 YU.

The fundamental parameters of the model include

oMy tanf, (2)

where m¢ is the universal SSB mass term for sfermions,
and M,, M5 are the SSB gaugino mass terms for SU(2),
and SU(3), respectively. A is the universal SSB trilinear
interaction coupling, my, and my are SSB mass terms
respectively for the up and down type Higgs scalars of the
MSSM and tan 3 is the ratio of the MSSM Higgs vacuum
expectation values.

The outline for the rest of the paper is as follows. In
Sec. I we summarize the scanning procedure and the
experimental constraints applied in our analysis. We
present our findings for b—7 and t—b—-7 YU in
Sec. III, and we also provide a table with five benchmark
points that illustrate our results. Our conclusion is sum-
marized in Sec. IV.

Mg, My, M3, Ag/my, my
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II. SCANNING PROCEDURE AND
PHENOMENOLOGICAL CONSTRAINTS

We employ the ISAJET 7.84 package [18] to perform
random scans over the parameter space given below. In this
package, the weak scale values of gauge and third gen-
eration Yukawa couplings are evolved to Mqgyr via the
MSSM renormalization group equations (RGEs) in the DR
regularization scheme. We do not strictly enforce the
unification condition g3 = g; = ¢, at Mgyr, since a few
percent deviation from unification can be assigned to
unknown grand unified theory (GUT)-scale threshold
corrections [19]. With the boundary conditions given at
Mgy, all the SSB parameters, along with the gauge and
Yukawa couplings, are evolved back to the weak scale M.

In evaluating Yukawa couplings the SUSY threshold
corrections [20] are taken into account at the common scale
Msysy = /m;, m;,. The entire parameter set is iteratively
run between M, and Mgyt using the full two-loop RGEs
until a stable solution is obtained. To better account for
leading-log corrections, one-loop step-beta functions are
adopted for gauge and Yukawa couplings, and the SSB
parameters m; are extracted from RGEs at appropriate
scales m; = m;(m;). The RGE-improved one-loop effec-
tive potential is minimized at an optimized scale Mgysy,
which effectively accounts for the leading two-loop cor-
rections. Full one-loop radiative corrections are incorpo-
rated for all sparticle masses.

The requirement of radiative electroweak symmetry
breaking (REWSB) [21] puts an important theoretical
constraint on the parameter space. Another important
constraint comes from limits on the cosmological abun-
dance of stable charged particles [22]. This excludes
regions in the parameter space where charged SUSY
particles, such as 7; or ;1, become the LSP. We accept
only those solutions for which one of the neutralinos is the
LSP and saturates the dark matter relic abundance bound
observed by WMAP9.

We have performed random scans for the following
parameter range:

0 <mg <20 TeV
0<M,<5TeV
0<M;<5TeV
-3 <Ay/mg <3
2 <tanf <60
0 <my, <20 TeV
0 <my, <20 TeV (3)

with y > 0 and m, = 173.3 GeV [23]. Note that our results
are not too sensitive to one or two sigma variation in the

value of m, [24]. We use mP® (M) = 2.83 GeV which is
hard-coded into ISAJET.
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In scanning the parameter space, we employ the
Metropolis-Hastings algorithm as described in [25]. The
data points collected all satisfy the requirement of REWSB,
with the neutralino in each case being the LSP. After
collecting the data, we impose the mass bounds on all the
particles [22] and use the IsaTools package [26,27] and
Ref. [28] to implement the phenomenological constraints
from the Higgs boson [1,2], rare decays of B meson
[15,29,30], and the dark matter observations [31] as
follows:

my, = 123 = 127 GeV (4)
0.8 x 10™° <BR(B, — u*u~) < 6.2 x 10°(20) (5)

2.99 x 10~* < BR(b — sy) < 3.87 x 107*(20) (6)

BR(B
0.15 < BRBu = eussu _ 5 413 (7)
BR(B, = 1 )sm

0.0913 < Qepnh2(WMAP9) < 0.1363(56)  (8)

An approximate error of about 2 GeV in calculating the
Higgs boson mass arises from theoretical uncertainties in
the calculation of the minimum of the scalar potential, and
to a lesser extent from the experimental uncertainties in the
values for m, and a,. Hence we allow solutions which
predict the Higgs boson mass in an interval given in Eq. (4)
rather than being strictly ~125-126 GeV. The experimen-
tal measurements of the rare processes B, — utu~ and
b — sy have a strong impact on the parameter space of
supersymmetric models, and hence we allow solutions
consistent with these constraints within 2¢ deviation. On
the other hand, the constraint from B, — 7v, does not
provide a stringent bound, and so we relax it to 3¢
deviation.

Another stringent bound is provided by the WMAP
bound on the relic abundance of neutralino LSP.
Considering the uncertainties in the calculation of relic
abundance of neutralino LSP, we allow our solutions to be
consistent with the WMAP bound within 5¢. In this paper,
the dark matter abundance is saturated only by the lightest
neutralino. In this case, the WMAP bound on the relic
abundance of LSP neutralino provides a stringent bound
since the neutralino, in general, has a high relic abundance.
On the other hand, even under such a strict constraint, it is
possible to find solutions consistent with the WMAP bound
by identifying some coannihilation channels which reduce
the relic abundance of neutralino. Note that the solutions
that are not consistent with the WMAP bound can still
provide viable scenarios in conjunction with other form(s)
of dark matter. As shown, for instance in Refs. [32,33], one
can consider a Peccei-Quinn augmented MSSM [34] with
NLSP neutralino and nonthermally produced axino as the
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LSP. The solutions in which the neutralino cannot saturate
the dark matter are still viable in such a scenario.

In addition to these constraints, we require our solutions
to be at least as consistent with the (g—2), data as the
standard model.

The current LHC results, especially after the discovery of
the Higgs boson of mass about 125 GeV, have brought up
discussions about naturalness of the supersymmetric mod-
els. On the other hand, null results of sparticle searches
such as gluino at the LHC have also pushed the lower mass
limits to more than 1 TeV in minimal supersymmetric
scenarios. Moreover, a Higgs mass around 125 GeV also
requires utilizing large radiative corrections and it mostly
constrains the stop sector such that large stop masses
[O(few — 10) TeV], or relatively large mixing between
the two stops is necessary [35].

In the MSSM, in order to quantify naturalness or fine-
tuning, one considers the electroweak scalar potential
minimization condition which relates M% to the SUSY

breaking parameters m? , and the parameter u?. The main

implication from the naturalness of the electroweak scale is
that the parameter u should be of the order of 100 GeV
[36,37]. In our case, if we require t —b —7 YU, with
sign(u) > 0 and same sign gauginos, the SUSY threshold
corrections to the bottom Yukawa coupling require large
values of u and m (see [9] and references therein). We still
chose to revisit this model in light of Higgs mass around
125 GeV and YU because it is the only model we know
which yields NLSP gluino as the only channel available to
realize the observed relic density. Moreover, we also note
that by relaxing t—b—7 YU to b —7 YU, the stop-
neutralino coannihilation scenario is also available.

Despite the nonuniversal gaugino masses at Mgyr, the
model based on the gauge group SU(4),. x SU(2), x
SU(2)g can still be classified as a relatively minimal
supersymmetric extension of the standard model, since it
breaks into MSSM at M gyt in our study, and it only has the
stop sector for the large radiative corrections to realize the
125 GeV Higgs boson.

III. RESULTS

A. NLSP gluino and NLSP stop from b — 7 YU

We quantify b —7 YU via the R;, parameter defined
as [5]

_ max(yb’yf) (9)

bt — . s
min(yy, y;)

where y, and y, are Yukawa couplings at the GUT scale.
R, close to unity denotes acceptable b — 7z YU. In Fig. 1,
we plot R;,, versus the fundamental parameters given in
Eq. (2). Grey points are consistent with REWSB and LSP
neutralino. Aqua points satisfy the various mass bounds
which include the Higgs boson, as well as B-physics
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FIG. 1 (color online).
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(a—f) Plots in Ry, — myg, Ry — My /M3, Ry — Ag/mg, Ryy; —tan f, Ry,. — mpy,, Ry, — my planes. Grey points

are consistent with REWSB and LSP neutralino. Aqua points satisfy mass bounds including bounds on Higgs mass and B-physics
constraints. Green points belong to a subset of aqua and represent solutions with Q7> < 1. Magenta points form a subset of green points
and satisfy the WMAP9 bound on relic abundance of LSP neutralino within 5e.

constraints. Green points belong to a subset of aqua
and represent solutions with QAh”> < 1. Magenta points
form a subset of green points and satisfy the
WMAP9 bound within 50 on the relic abundance of
LSP neutralino.

In the R,, — m¢ panel, we see that essentially perfect
b — 7 YU can be realized for ms = 8 TeV, while 10% or
better b — 7 YU requires mq 2 5 TeV. We see from the
R;,. — M,/ M5 plot that we can have solutions with perfect
b—1 YU for My/M5 = 10 in case of green or magenta
points, while b —7z YU within 5%—10% is possible

when M,/Mz~2. The trilinear scalar coupling is
found from the R,, — Ay/mc panel to be in the range
2.7 S Ag/mg S —2.2. The parameter tanf satisfies
30 <tan B < 60. The last two panels of Fig. 1 show the
mass range of the MSSM Higgs fields.

Figure 2 displays plots in my— my Am@ﬁ)—ml@,

)./1’
my, — ms, Am;d(}) —m; planes, where Am_;}’;{? =
My = Mg and Amg 0 = mz = mgp. Grey points are con-

sistent with REWSB and LSP neutralino. Aqua points
satisfy various mass bounds including bounds on the Higgs
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Grey points are consistent w1th REWSB and LSP neutrahno Aqua points satisfy mass bounds including bound@

on Higgs mass and B-physics constraints. Blue points belong to a subset of aqua points and represent solutions with Q4> < 1 and
R,. < 1.1. Red points form a subset and they are consistent with the WMAP9 bound within 5o.

mass and B-physics constraints. Blue points belong to a
subset of aqua points and represent solutions with QA% < 1

and R,, < 1.1. Red points form a subset and they are
consistent with the WMAP9 bound within 5¢. Let us
discuss these graphs in some detail. Int—b—7zand b — 7
YU, the third generation squarks are relatively light
compared to those of the first two families. As a conse-
quence, the gluino decay may lead to top-rich or bottom-
rich decay signals. In the coannihilation region where
Amg o< 2m,, there is no phase space for on-shell top

quarks. The gluino in this case decays into b jets,
q— bb;?‘l), which enables one to search for the NLSP
gluino via multi-b jets, namely

pp—)é@—)bl_?bl;—i—ET. (10)

Such a scenario is favored for Amﬂ? < 100 GeV. Note that

the previous studies have ruled out a NLSP gluino with
mass below 300 GeV [38].

We see from the top panels of Fig. 2 that the results
for NLSP gluino with b —7 YU are similar to those
obtained in the case of t— b —17 YU (as shown in the
next section). For a NLSP gluino mass of the order of a

TeV or so the mass difference with the LSP dark matter
neutralino should be at least 50 GeV in order to be
consistent with the WMAP9 bound (within 5¢) on dark
matter relic abundance. In the region where the NLSP
gluino is almost degenerate with the LSP neutralino
(Amg 7 = (), the relic abundance of the latter is heavily
reduced through coannihilation, thus making it incon-
sistent with the WMAP9 bound. It can be seen that our
results with m; 2 800 GeV avoid the exclusion limits
reported in [39, 40] In Ref. [41], authors have considered
gluino pair production at the 14 TeV LHC with sub-
sequent decay of g into light quarks and 7. They have
focused on 2/3/4 jets + E; signatures. From Fig. 2 of
[41], we see that with an integrated luminosity of
30 fb~!, NLSP gluino mass my 2 857 GeV and my 2
1050 GeV can be excluded for AmMcl) =20 GeV and

Amg gz = 200 GeV respectively. With an integrated lumi-

nosity of 100 fb~!, the NLSP gluino mass exclusion
limits rise up to mz 2 1000 GeV for Amy P = 20 GeV,

while m: > 1275 GeV for Am~ 7 —200 GeV can be

(] ~
tested at the LHC. Similar analys1s can also be found
in [42-44]. These studies show that our results can be
probed at the LHC. It is indicated in [45] that in certain
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scenarios an LSP with mass 2600 GeV may evade the
current LHC SUSY searches.

The bottom panels indicate a distinct property of b — 7
YU in 4 —2 —2 not found in  — b — 7 YU. We found the
NLSP stop solution in the b — 7 case, with masses for the
latter of order ~600-900 GeV. Note that NLSP stop
solutions were previously found in the study of b —1
YU in SUSY SU(5) in the mass range of ~100-400 GeV
with tan # 2 20 [32]. Our results are in agreement with the
results previously reported in [46,47].

The bottom right panel shows that the mass difference
between the NLSP stop and LSP neutralino should be at
least 40 GeV to satisfy the WMAP9 dark matter abundance
bound within 5¢. The search for NLSP stop in such a
scenario is challenging and has been implemented both at
the LEP and Tevatron [48-50]. The two-body stop decay
into a top quark and neutralino or a bottom quark and
chargino, and the three-body decay channels 7, - Wby,
t, — bl*D are kinematically not allowed. The loop induced
two-body decay of NLSP stop, 7; — cx?, is generally
considered to overwhelm the four-body channel 7, —
I"v(qq')by) and tends to be the dominant NLSP stop
decay mode [51,52]. Results from searches for this decay
channel using the Tevatron data have been reported by both
the CDF and DO experiments [53,54]. Both model inde-
pendent and model dependent studies of stop-neutralino
coannihilation show that regions of the parameter space
with stop-neutralino mass difference of 20% are ruled out
for m; < 140 GeV [55,56]. Also, the first LHC searches
for stop decaying into a charm quark and neutralino have
recently been performed by the ATLAS collaboration [13]
and stop masses up to 270 GeV have been excluded for
LSP neutralino mass of about 200 GeV. On the other

hand, m; = 250 GeV with Am;h}? < 10 GeV has been

ruled out by a recent CMS analysis [14]. It is also

shown that m; = 150 GeV can be excluded for myo =

80 GeV in two situations, (i) if BR(7; — ¢9) < 0.12 and
BR(7, = 70bff") > 0.88 and (ii) if BR(7; — cz}) > 0.43
and BR(#, — 7bff') <0.57 [57].

1.2 "l il 1 1 1
1 .
LT
0.8 o i
g 0.6 . r
> 5
g
0.4 j
0.2
0 T T T T T
0 0.2 0.4 0.6 0.8 1 1.2
(a) myo (TeV)
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The NLSP stop mass obtained from our analysis lies well
beyond these exclusion limits, but we hope that the future
LHC searches will probe it. We also find regions in the
parameter space in which the stop and gluino masses are
almost degenerate.

B. NLSP gluino from ¢t —b —7 YU

In this section, we revisit t —b—7 YU Iin4—-2-2 to
update the results taking account of the current exper-
imental constraints, and then compare with the results
obtained for b — 7 YU. We quantify t — b — 7 YU with R,
defined in the same way as was done for b — 7 YU:

~ max(y,, yp. ;)

Ry, = 4 . 11
“* 7 min(y,, yp. v:) (1)

We summarize our results for NLSP gluino in Fig. 3. The
data displayed in this figure are generated separately from
the one used in the previous section on b — 7 YU. Color
coding is the same as in Fig. 2, except that the condition
R,. < 1.1 isreplaced with R,;,, < 1.1. The left panel shows
that NLSP gluino with m; = 1 TeV can be realized con-
sistent with R, < 1.1 and all the experimental constraints.
The NLSP gluino solutions consistent with 10% or better
t—b—1 YU possess more or less the same features as
previously discussed for b — 7 YU.

Finally we present five benchmark points in Table I
highlighting phenomenologically interesting features of the
Yukawa unified 4 —2 — 2 model. All of these benchmark
points satisfy the various constraints mentioned in Sec. II
and are compatible with Yukawa unification. Points 14
are the examples of 10% or better b — 7z YU. Points 1-2
display NLSP gluino solutions with BF(§ — bby?) ~ 0.58.
Point 3 represents an example where gluino is NLSP with
BF(3— g1V) ~0.83 and stop is NNLSP while point 4
depicts the opposite example with BF(7; — cx?) ~ 1.00.
Point 5 is an example of t—b —7 YU and exhibits a
relatively heavy NLSP gluino solution with R, = 1.09 and
BF (g — bby)) ~0.77.

0.16 L L L L L L .1

0.14 . E
0.12 4 - iEe
0.1 . PRt

0084

Amg go(TeV)

gk
0.06 £

0.04 L255

0.02 -
0

04 05 06 0.7 08 09 1 1.1 1.2
(b) mg(TeV)

FIG. 3 (color online).  (a,b) Plots in m; — Mz and m; 7 planes. Color coding is the same as in Fig. 2, except the R;,, < 1.1 condition is

9.7
replaced with R,,, < 1.1.
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TABLE I. Sparticle and Higgs masses (in GeV units). Fundamental parameters are specified at Mgyp. All of these benchmark points
satisfy the various constraints mentioned in Sec. II and are compatible with Yukawa unification. Points 1-4 are examples of 10% or
better b — 7 YU. Points 1-2 display NLSP gluino solutions. Point 3 represents an example where gluino is NLSP and stop is NNLSP
with a small mass difference while point 4 depicts the opposite example. Point 5 exhibits a relatively heavy NLSP gluino solution with

Rth‘[ — 109
Point 1 Point 2 Point 3 Point 4 Point 5

mye 19280 19460 11670 11940 19090
M, 1864.96 1762.92 1729.84 1700 1795
M, 2945 2790 2711 2660 2844
M; 244.9 222.3 258.1 260.1 221.4
Ay/mye —2.691 —2.685 —2.631 —2.632 —2.52
tan 37.8 37.7 38.9 39 50.7
my, 10890 11820 3246 3111 15640
my, 4931 4555 5175 5478 9938
my, 124 125 124 123 126
my 11254 12176 3357 3058 3253
nmy 11181 12097 3336 3039 3232
Mg+ 11255 12177 3359 3061 3255
my, 952, 2794 903, 2659 850, 2481 837, 2441 928, 2728
my. 22197, 22197 22407, 22407 12855, 12855 13101, 13101 19151, 19151
m;('l;v 2891, 22246 2674, 22453 2497, 12844 2457, 13090 2735, 19151
mg - 1041 988 933 943 1018
M, . 19347, 19216 19520, 19374 11757, 11702 12019, 11977 19174, 18989
m, 3107, 8349 3426, 8509 991, 5176 901, 5263 5692, 7556

s e 19347, 19334 19520, 19522 11758, 11666 12019, 11933 19174, 19174
mj, 8405, 11088 8560, 11227 5205, 6881 5293, 7047 7414, 19098
mg, 19332 19487 11824 12091 19104
mg, 15837 15962 9848 10076 14208
mé;k 19319, 19394 19474, 19600 11815 12081, 11906 19098, 19267
mz,, 11668, 15838 11841, 15968 11645 7367, 10045 6806, 14137
os1(pb) 2.49 x 10714 2.73 x 10714 7.44 x 1071 2.77 x 10714 1.67 x 10714
osp(pb) 2.52x 10714 2.82x 10714 1.1 x 10716 6.09 x 1077 8.5x 1071
Qcpuh? 0.116 0.102 0.112 0.122 0.124
Ry Ripe 1.09 1.09 1.09 1.09 1.09

IV. CONCLUSION

We have explored b —7 and t—b—7 YU in super-
symmetric SU(4), x SU(2), x SU(2)g (4 —2 —2) mod-
els with the MSSM parameter ¢ > 0. Our results extend
earlier discussions of 4 — 2 — 2 models and can be tested at
LHC 14. We show that NLSP gluino masses of order 1 TeV
are compatible with b — 7 or t — b — 7 Yukawa unification,
while NLSP gluino masses of order 300 GeV or lower
have now been excluded. We also display solutions in
b — 7 Yukawa unified models with NLSP stop masses
mj, 2 600 GeV. In such cases, the mass difference between
NLSP stop and LSP neutralino allows only the decays
1) — ¢4V. This type of decay has recently been studied by
the ATLAS and CMS collaborations, and our conclusions
are consistent with their results. We also identify an
interesting region of parameter space where NLSP and
NNLSP masses are almost degenerate. In this region either

the stop or gluino is the NLSP. We also revisit the
supersymmetric 4 — 2 — 2 model with t — b — 7 YU which
yields neutralino-gluino coannihilation solutions. This is
the only channel compatible with the observed dark matter
relic abundance. We find that NLSP gluino solutions in
such a case have the same features as NSLP gluino in the
b — 7 YU scenario. We present five benchmark points as
representatives of our solutions that may be tested in future
LHC experiments.
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