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a b s t r a c t
We revisit the viable parameter space in No-Scale F -SU (5), examining the Grand Uniﬁed Theory within
the context of the prevailing gluino mass limits established by the LHC. The satisfaction of both the
No-Scale boundary condition and the experimentally measured Standard Model (SM) like Higgs boson
mass requires a lower limit on the gluino mass in the model space of about 1.9 TeV, which maybe
not coincidentally is the current LHC supersymmetry search bound. This offers a plausible explanation
as to why a supersymmetry signal has thus far not been observed at the LHC. On the contrary, since
the vector-like ﬂippon particles are relatively heavy due to the strict condition that the supersymmetry
breaking soft term B μ must vanish at the uniﬁcation scale, we also cannot address the recently vanished
750 GeV diphoton resonance at the 13 TeV LHC. Therefore, No-Scale F -SU (5) returns as a King after the
spurious 750 GeV diphoton excess was gone with the wind.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3 .

1. Introduction
Supersymmetry (SUSY) is well acknowledged for the fact it
provides a natural solution to the gauge hierarchy problem in
the Standard Model (SM). For supersymmetric SMs (SSMs) with
R-parity in particular, gauge coupling uniﬁcation can be achieved,
the Lightest Supersymmetric Particle (LSP) neutralino serves as a
viable dark matter (DM) candidate, and electroweak (EW) gauge
symmetry can be broken radiatively due to the large top quark
Yukawa coupling, etc. Furthermore, gauge coupling uniﬁcation
strongly implies Grand Uniﬁed Theories (GUTs), and SUSY GUTs
can be elegantly constructed from superstring theory. As a result,
supersymmetry is not only the most promising new physics beyond the SM, but also builds a bridge between the low energy
phenomenology and high-energy fundamental physics.
The great success to date at the LHC has been the discovery of a SM-like Higgs boson with an empirically measured mass
of mh = 125.09 ± 0.24 GeV [1,2]. Nonetheless, in the Minimal
SSM (MSSM), obtaining such a Higgs boson mass requires multi-
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TeV top squarks with small mixing or TeV-scale top squarks with
large mixing [3]. However, strong constraints presently exist on
the parameter space in the SSMs from LHC SUSY searches. For
instance, the most recent search bounds on the gluino ( g̃) mass
show that it is heavier than about 1.9 TeV, whereas the light stop
(t̃ 1 ) mass is heavier than about 900 GeV [4]. Therefore, naturalness in the SSMs is challenged from both the Higgs boson mass
and the LHC SUSY searches. On the other hand, the ATLAS [5] and
CMS [6] Collaborations announced in December 2015 an excess
of events in the diphoton channel with invariant mass of about
750 GeV at the 13 TeV LHC run II, though this dubious excess was
proven to be only a statistical ﬂuctuation in recent LHC data [7].
Hence, any natural candidate for the GUT model of our universe
must also be consistent with the vanishing of this diphoton resonance.
To achieve the string-scale gauge coupling uniﬁcation, we proposed the testable ﬂipped SU (5) × U (1) X models [8–10] with
TeV-scale vector-like particles [11], dubbed ﬂippons. Subsequently,
we constructed these ﬂipped SU (5) models from local F-theory
model building [12,13], where these models can be obtained in
free-fermionic string constructions as well [14]. The models were
thus referred to as F -SU (5). A brief review of the “miracles” [15]
of ﬂippons in F -SU (5) is now in order. First, the lightest CP-
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even Higgs boson mass can be lifted to 125 GeV easily because
of the one-loop contributions from the Yukawa couplings between the ﬂippons and Higgs ﬁelds [15,16]. In the present work,
this will only be relevant for those lighter regions of the model
space which have already been excluded by the LHC, hence, we
shall assume the minimal Yukawa couplings amongst the ﬂippons and Higgs ﬁelds. Second, although the dimension-ﬁve proton decays mediated by colored Higgsinos are highly suppressed
due to the missing partner mechanism and TeV-scale μ term, the
dimension-six proton decays via the heavy gauge boson exchanges
are within the reach of the future proton decay experiments such
as the Hyper-Kamiokande experiment. The key point is that the
SU (3)C × SU (2) L gauge couplings are still uniﬁed at the traditional
GUT scale while the uniﬁed gauge couplings become larger due to
vector-like particle contributions [17,18]. Therefore, the F -SU (5)
models differ from the minimal ﬂipped SU (5) × U (1) X model,
whose proton lifetime is too lengthy for the future proton decay
experiments. Third, we can consider No-Scale supergravity [19] as
a result of the string model building. More speciﬁcally, the lightest neutralino fulﬁlls the role of the LSP and is lighter than the
light stau due to the longer running of the Renormalization Group
Equations (RGEs), providing the LSP neutralino as a dark matter
candidate [20–22]. Fourth, given No-Scale supergravity, there exists
a distinctive mass ordering M (t̃ 1 ) < M ( g̃ ) < M (q̃) of a light stop
and gluino in No-Scale F -SU (5), with both substantially lighter
than all other squarks (q̃) [20–22]. A primary consequence of this
SUSY spectrum mass pattern at the LHC is the prediction of large
multijets events [23]. Fifth, with a merging of both No-Scale supergravity and the Giudice–Masiero (GM) mechanism [24], the supersymmetry electroweak ﬁne-tuning problem can be elegantly solved
rather naturally [25,26]. Conversely, to satisfy the No-Scale boundary condition B μ = 0 and obtain the experimentally observed SM
like Higgs boson mass, we ﬁnd that the ﬂippons are required to
be relatively heavy, and as such we cannot explain the recently
vanished 750 GeV diphoton resonance at the 13 TeV LHC, which
seemed to prefer rather light vector-like particle masses. In conclusion, No-Scale F -SU (5) returns post disappearance of the 750 GeV
diphoton excess. In this paper, we revisit and update the viable
parameter space of No-Scale F -SU (5), exhibiting that consistency
with both No-Scale boundary conditions and the experimentally
measured SM like Higgs boson mass necessitates a lower bound on
the gluino mass in the model space of around 1.9 TeV, which perhaps not coincidentally is the current LHC supersymmetry search
bound, presenting a plausible explanation for the absence to date
of a deﬁnitive SUSY signal at the LHC.

We now brieﬂy review the minimal ﬂipped SU (5) model [8–10].
The gauge group for the ﬂipped SU (5) model is SU (5) × U (1) X ,
which can be embedded into the S O (10) model. We deﬁne the
generator U (1)Y  in SU (5) as

T U(1)Y

3

3

3 2 2

(1)

1
5

(Q X − Q Y  ) .

(2)

There are three families of the SM fermions whose quantum numbers under SU (5) × U (1) X are respectively

F i = (10, 1), f̄ i = (5̄, −3), l̄i = (1, 5),

H = (10, 1), H = (10, −1),
h = (5, −2), h = (5̄, 2).

(5)

We label the states in the H multiplet by the same symbols as
in the F multiplet, and for H we just add “bar” above the ﬁelds.
Explicitly, the Higgs particles are
c

c

H = ( Q H , D cH , N cH ) , H = ( Q H , D H , N H ) ,

(6)

h = (Dh , Dh , Dh , Hd) , h = (Dh , Dh , Dh , H u ) ,

(7)

where H d and H u are one pair of Higgs doublets in the MSSM. We
also add one SM singlet .
The SU (5) × U (1) X gauge symmetry is broken down to the SM
gauge symmetry by introduction of the following Higgs superpotential at the GUT scale
2
W GUT = λ1 H Hh + λ2 H Hh + ( H H − M H
).

(8)

There is only one F-ﬂat and D-ﬂat direction, which can always
c
be rotated along the N cH and N H directions. Therefore, we obc

tain < N cH >=< N H >= M H . In addition, the superﬁelds H and H
are eaten and acquire large masses via the supersymmetric Higgs
c
mechanism, except for D cH and D H . Furthermore, the superpotenc

tial terms λ1 H Hh and λ2 H Hh couple the D cH and D H with the D h
and D h , respectively, to form the massive eigenstates with masses
c

2λ1 < N cH > and 2λ2 < N H >. As a consequence, we naturally have
the doublet–triplet splitting due to the missing partner mechanism [10]. The triplets in h and h only have small mixing through
the μ term, hence, the Higgsino-exchange mediated proton decay
is negligible, i.e., there is no dimension-5 proton decay problem.
String-scale gauge coupling uniﬁcation [11–13] is achieved by
the introduction of the following vector-like particles (ﬂippons) at
the TeV scale

(9)

Xl = (1, −5) , Xl = (1, 5) .

(10)

The particle content from the decompositions of X F , X F , Xl, and
Xl under the SM gauge symmetry are

X F = ( X Q , X Dc, X Nc) , X F = ( X Q c , X D, X N) ,
c

Xl = X E , Xl = X E .

(11)
(12)

Under the SU (3)C × SU (2) L × U (1)Y gauge symmetry, the quantum
numbers for the extra vector-like particles are

and the hypercharge is given by

QY =

(4)

where Q i and L i are respectively the superﬁelds of the left-handed
quark and lepton doublets, U ic , D ci , E ci and N ic are the C P conjugated superﬁelds for the right-handed up-type quarks, down-type
quarks, leptons and neutrinos, respectively. To generate the heavy
right-handed neutrino masses, we can introduce three SM singlets φi .
The breaking of the GUT and electroweak gauge symmetries results from introduction of two pairs of Higgs representations

X F = (10, 1) , X F = (10, −1) ,

2. Brief review of No-Scale F - S U (5) models



1
1
1 1 1
= diag − , − , − , ,

F i = ( Q i , D ci , N ic ), f i = (U ic , L i ), li = E ci ,

(3)

where i = 1, 2, 3. The SM particle assignments in F i , f̄ i and l̄i are

X Q = (3, 2,

1
6

1

) , X Q c = (3̄, 2, − ) ,
6
1

1
X D = (3, 1, − ) , X D c = (3̄, 1, ) ,
3
3
X N = (1, 1, 0) , X N c = (1, 1, 0) ,
X E = (1, 1, −1) , X E c = (1, 1, 1) .

(13)
(14)
(15)
(16)
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10 , light stop 
Fig. 1. Depiction of the SUSY spectrum masses for the lightest neutralino χ
t 1 , gluino 
g, right-handed up squark 
u R , and mass difference  M = M (
τ1± ) − M (
χ10 )
as a function of the sole model parameter M 1/2 for three discrete values of the top quark mass mt = {172.2, 173.3, 174.4} GeV. All points included adhere to the constraints
on the relic density 0.1093 ≤ h2 ≤ 0.1221 and top quark mass 172.2 ≤ mt ≤ 174.4 GeV. Contours shown are numerical ﬁts, though the full compilation of points only show
a small tolerance around these ﬁtted lines due to the strict condition | B μ | ≤ 1 GeV, thus the numerical ﬁts are rather representative of the actual model space. Therefore,
the relationship between the SUSY masses and M 1/2 is indeed a linear function as illustrated. The plot space is segregated into viable and excluded as established by the
LHC given the current gluino mass limit of about 1.9 TeV.

Mass degeneracy of the superpartners has not been observed,
so SUSY must be broken around the TeV scale. In GUTs with gravity
mediated supersymmetry breaking, called the supergravity models,
we can fully characterize the supersymmetry breaking soft terms
by four universal parameters (gaugino mass M 1/2 , scalar mass M 0 ,
trilinear soft term A, and the low energy ratio of Higgs vacuum
expectation values (VEVs) tan β ), plus the sign of the Higgs bilinear
mass term μ.
No-Scale Supergravity was proposed [19] to solve the cosmological ﬂatness problem, as the subset of supergravity models which
satisfy the following three constraints: i) the vacuum energy vanishes automatically due to the suitable Kähler potential; ii) at
the minimum of the scalar potential there exist ﬂat directions
that leave the gravitino mass M 3/2 undetermined; iii) the quantity StrM2 is zero at the minimum. If the third condition were
not true, large one-loop corrections would force M 3/2 to be either
identically zero or of the Planck scale. A simple Kähler potential
that satisﬁes the ﬁrst two conditions is [19]

K = −3ln( T + T −



i i ) ,

(17)

i

where T is a modulus ﬁeld and i are matter ﬁelds, which parameterize the non-compact SU ( N , 1)/ SU ( N ) × U (1) coset space. The
third condition is model dependent and can always be satisﬁed
in principle [27]. For the simple Kähler potential in Eq. (17) we
automatically obtain the No-Scale boundary condition M 0 = A =
B μ = 0 at the ultimate uniﬁcation scale M F , while the sole model
parameter M 1/2 is allowed, and indeed required for SUSY breaking. Because the minimum of the electroweak (EW) Higgs potential ( V E W )min depends on M 3/2 , the gravitino mass is determined

by the equation d( V E W )min /dM 3/2 = 0. Thus, the supersymmetry
breaking scale is determined dynamically. No-Scale supergravity
can be realized in the compactiﬁcation of the weakly coupled heterotic string theory [28] and the compactiﬁcation of M-theory on
S 1 / Z 2 at the leading order [29].
Given that the B μ parameter is determined at the M F scale
from the No-Scale boundary conditions, this in principle determines tanβ , though in the analytical procedure to follow here we
use a consistency check to uncover those values of tanβ that are
consistent with B μ ( M F ) = 0, rather than solve for the explicit values of tanβ directly. The scale at which the vector-like ﬂippon
particles decouple is deﬁned as M V , and as we shall show, is a
function of M 1/2 via the RGE running. So in effect, all parameters
are reduced to a dependence on M 1/2 , providing a genuine oneparameter model.
3. Numerical results
The LHC will soon increase its reach to probe for a 2 TeV
gluino and beyond, so we update and compute the precise upper
boundary of the No-Scale F -SU (5) parameter space, extending the
analysis of Ref. [30]. This upper limit is entirely deﬁned by the requirement of neutralino dark matter. Our ﬁrst constraints imposed
are the WMAP 9-year [31] and 2015 Planck [32] 1σ relic density measurements, where we constrain the model to be consistent
with both data sets, imposing limits of 0.1093 ≤ h2 ≤ 0.1221,
as well as a suﬃcient range of the top quark mass around the
world average [33], implementing limits in our analysis of 172.2 ≤
mt ≤ 174.4 GeV. These requirements on dark matter abundance
and the top quark mass establish a hard upper boundary on the
model space, as shown in Fig. 1. The plot space in Fig. 1 and all
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2
Fig. 2. Illustration of the gluino mass M
g as a function of the lightest Higgs boson mass mh . All points included adhere to the constraints on the relic density 0.1093 ≤ h ≤
0.1221 and top quark mass 172.2 ≤ mt ≤ 174.4 GeV. Contours shown are for three discrete values of the top quark mass mt = {172.2, 173.3, 174.4} GeV. Also displayed is
the 1.5 GeV theoretical uncertainty on the calculations of the light Higgs boson mass and the 1σ experimental uncertainty on the light Higgs mass of mh = 125.09 ± 0.24 GeV.
The union of the 1σ experimental uncertainty with the theoretical uncertainty on our calculations generates a viable gluino mass range in the model of 1.5  M
g  2.3 TeV,
though the intersection of the central experimental and theoretical values provides a rather compelling fundamental link between the gluino and light Higgs boson masses, as
evidenced by the cross-hatched region and the two points highlighted therein. Further illuminated are the rare-decay processes, direct dark matter detection cross-sections,
and proton decay rates computed for the cross-hatched region. The plot space is segregated into viable and excluded as established by the LHC given the current gluino mass
limit of about 1.9 TeV. A minimal coupling of the vector-like ﬂippon multiplets to the light Higgs boson is assumed.

subsequent ﬁgures in this work are segregated into those two regions separated by the present exclusion boundary established by
the LHC of M
g  1.9 TeV. The lines in Fig. 1 represent a numerical ﬁt to the viable points in the model space for three discrete
values of the top quark mass mt = {172.2, 173.3, 174.4} GeV after imposing the noted WMAP9, Planck, and top mass constraints,
in addition to the strict vanishing of the B μ parameter at the M F
scale, applied as | B μ | ≤ 1 GeV, which is consistent with the induced variation from ﬂuctuation of the strong coupling within its
error bounds, and likewise with the expected scale of radiative EW
corrections. While there is a rather small tolerance around these
ﬁtted lines resulting from the very narrow condition | B μ | ≤ 1 GeV,
the actual points themselves for the sparticle masses are deﬁnitively linear as shown in the ﬁgure. It is clear that the mass difference between the lightest neutralino and light stau, deﬁned here
as  M = M (
τ1± ) − M (
χ10 ), approaches zero and subsequently further decreases to negative values. The requirement of neutralino
dark matter necessitates  M ≥ 0, therefore providing a maximum
gluino mass of 2.27 TeV, given an explicit WMAP9 and Planck 1σ
relic density constraint on the model space. If the relic density
measurements are relaxed, then the upper boundary of the model
space could be extended. However, for the purposes of this work,
we shall strictly adhere to the 1σ ranges on the WMAP9 and 2015
Planck measurements. The Fig. 1 also exhibits the rather elegant
proportionality of the entire SUSY spectrum as a function of the
sole model parameter, M 1/2 . This is illustrated in Fig. 1 for the
10 , light stop 
lightest neutralino χ
t 1 , gluino 
g, and right-handed
up squark 
u R , where all are linear functions of the sole model

parameter M 1/2 . The naive puzzle is that  M may be linearly proportional to M 1/2 as well, which will be addressed in the last part
of this Section.
The chief thrust of this work though can be found via an examination of Fig. 2, prominently displaying the remarkable relationship between the gluino mass and light Higgs boson mass mh
in No-Scale F -SU (5). In fact, the light Higgs boson mass experiences a smooth increase with increasing gluino mass, with both
the gluino and Higgs boson mass entering into their experimentally viable ranges simultaneously. Indeed, the theoretical calculation of the light Higgs boson mass in the model does not reach the
1σ experimental range of mh = 125.09 ± 0.24 GeV [1,2] until the
calculated gluino mass surpasses 1.9 TeV! Hence, given a potential
substantiation of F -SU (5) in the near future at the LHC, it is of
no surprise that deﬁnitive signals of SUSY have not been uncovered yet. The reach of the LHC is just now presently entering into
the viable model space that computes the correct light Higgs boson
mass. We base this analysis on the central value of the experimental Higgs mass of mh = 125.09 GeV, though even the narrow 1σ
tolerance of ±0.24 GeV delivers the same message that the LHC
is currently probing the viable region of the model space where
a SUSY discovery would be expected. It should be noted that our
Higgs boson mass calculations assume a minimal coupling of the
ﬂippon vector-like multiplets. Although this has no effect on the
Higgs mass calculations for a gluino mass greater than 1.9 TeV due
to the rather large ﬂippon mass M V required to satisfy the theoretical constraint of | B μ | ≤ 1 GeV, it would though provide a larger
contribution to those excluded regions for M
g  1 TeV, raising the
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Table 1
Sample No-Scale F -SU (5) benchmark points for mt = 173.3 GeV and mt = 174.4 GeV that satisfy all experimental constraints imposed by the LHC and other essential
experiments. All masses are in GeV. The numerical values given for aμ are ×10−10 , Br (b → sγ ) are ×10−4 , Br ( B 0s → μ+ μ− ) are ×10−9 , spin-independent cross-sections
σ S I are ×10−11 pb, spin-dependent cross-sections σ S D are ×10−9 pb, and proton decay rate p → e+ π 0 are in units of 1035 years. The  M represents the mass difference
between the light stau and lightest neutralino, given here to suﬃcient precision.
M 1/2

MV

tanβ

mtop

Mχ 0

M
τ±

M

Mt 1

M
uR

M
g

Mh

h2

aμ

Br (b → sγ )

Br ( B 0s → μ+ μ− )

σS I

σS D

τp

1532
1577
1592

80861
92472
96597

24.95
25.03
25.05

173.3
173.3
173.3

371
385
389

372
385
390

1.10
0.73
0.59

1693
1742
1758

2585
2648
2669

2095
2158
2179

124.00
124.05
124.06

0.1177
0.1184
0.1182

2.24
2.13
2.10

3.50
3.51
3.51

3.21
3.21
3.20

1.5
1.4
1.4

6.2
5.7
5.6

1.34
1.37
1.38

1514
1569
1620
1653
1685

30195
35122
40350
44180
48307

24.69
24.79
24.88
24.94
25.00

174.4
174.4
174.4
174.4
174.4

353
369
383
393
403

355
370
384
394
403

1.77
1.20
0.79
0.50
0.21

1675
1734
1787
1822
1857

2619
2699
2771
2817
2863

2031
2107
2177
2222
2268

125.17
125.28
125.37
125.39
125.45

0.1190
0.1180
0.1186
0.1183
0.1172

2.18
2.06
1.95
1.89
1.83

3.51
3.52
3.52
3.53
3.53

3.27
3.26
3.26
3.25
3.25

1.2
1.1
1.0
1.0
1.0

5.1
4.7
4.3
4.1
3.9

1.23
1.26
1.30
1.32
1.34

1

Higgs mass to about 125 GeV for these lighter regions of the model
space [15].
The SUSY mass spectra, relic density, rare decay processes, and
direct dark matter detection cross-sections are calculated with
MicrOMEGAs 2.1 [34] utilizing a proprietary modiﬁcation of
the SuSpect 2.34 [35] codebase to run ﬂippon and No-Scale
F -SU (5) enhanced RGEs. The theoretically computed light Higgs
boson mass consists of only the 1-loop and 2-loop SUSY contributions, primarily from the coupling to the light stop. We also
take into account a theoretical uncertainty on our calculations of
1.5 GeV, shown for the model space extremes in Fig. 2, though for
clarity we base our primary conclusions stated here on our centrally computed value. The theoretical uncertainty of 1.5 GeV in
our calculations gives a lower bound on the gluino mass in the
model space of about 1.5 TeV, and an upper bound just above
2.3 TeV, ironically the range of gluino mass currently under probe
at the LHC.
The resiliency of No-Scale F -SU (5) is exempliﬁed by a persistent consistency with all presently running experiments. The
slender cross-hatched region depicted in Fig. 2 highlights the viable region currently under test and the associated rare decay,
direct detection, and proton lifetime numerical results, which satisfy the experimental constraints on the branching ratio of the
rare b-quark decay of Br (b → sγ ) = (3.43 ± 0.21stat ± 0.24th ±
0.07sys ) × 10−4 [36], the branching ratio of the rare B-meson decay
to a dimuon of Br ( B 0s → μ+ μ− ) = (2.9 ± 0.7 ± 0.29th ) × 10−9 [37],
the 3σ intervals around the SM value and experimental measurement of the SUSY contribution to the anomalous magnetic moment of the muon of −17.7 × 10−10 ≤ aμ ≤ 43.8 × 10−10 [38],
limits on spin-independent cross-sections for neutralino-nucleus
interactions derived by the LUX experiment [39], limits on the proton spin-dependent cross-sections by the COUPP Collaboration [40]
and XENON100 Collaboration [41], and current limits of about
1.7 × 1034 yrs on the proton decay rate p → e + π 0 in the context of ﬂipped SU (5) grand uniﬁcation [42]. In short, there is no
prominent SUSY related experiment that No-Scale F -SU (5) is not
consistent with. Results of all these detailed calculations along
with the primary sparticle masses are listed in Table 1 for a set
of eight viable sample benchmark points for a given set of input
parameters ( M 1/2 , M V , mt , tanβ). While a top quark mass of
mt = 173.3 GeV does generate a Higgs mass just within its lower
experimental 2σ boundary of about mh  124 GeV, certainly the
better ﬁt to the 1σ Higgs mass experimental value is given by
a top quark mass of mt  174.4 GeV, as highlighted by the two
points annotated in Fig. 2. The striking correlation between the
gluino and Higgs masses in their respective columns in Table 1 is
unmistakable, presenting a rather natural solution to the chronic
dilemma at the LHC regarding the absence thus far of a conclusive
SUSY signal.

From Table 1 it can be seen that the mass difference  M
between the light stau and lightest neutralino for the viable region we analyze in this work spans from a degenerate light stau
and lightest neutralino at the upper bound of the model space,
to a mass delta equivalent to the tau mass τ ± = 1.777 GeV. The
branching fraction of a light stau decay to the lightest neutralino

10 is 100%, therefore, in this particular region we
τ1± → τ ± + χ
study, this decay mode consists of an off-shell tau.
The recently excluded possibility of a 750 GeV diphoton resonance seemed to prefer rather light vector-like masses in order
to generate the temporarily observed cross section [43,44]. In the
event the diphoton resonance would have been conﬁrmed, this requirement of light vector-like masses would have surely excluded
our one-parameter version of No-Scale F -SU (5) since the viable
vector-like mass M V is larger than about 23 TeV from Fig. 3 due to
mostly the B μ = 0 condition. However, as would be necessary for
No-Scale F -SU (5) to remain viable as a natural GUT candidate, the
diphoton resonance curiously faded into oblivion. The reasoning
behind the assertion noted above is depicted in Fig. 3, delineating
the dependent relationship between the vector-like ﬂippon mass
decoupling scale M V , the SU (3)C × SU (2) L secondary uniﬁcation
scale M 32 , and the SU (5) × U (1) X uniﬁcation scale M F . This ﬁgure graphically illustrates the required largeness of M V near the
upper boundary of the model space when the strict WMAP9, 2015
Planck, and world average top quark mass constraints are applied.
The dominant effect leading to such large numerical values of
M V relates to the rather tight theoretical constraint | B μ | ≤ 1 GeV,
where contours of constant B μ are generated as a function of the
gluino mass, as shown in Fig. 3 for the speciﬁc constant value of
B μ  0. While the top quark mass mt and tanβ induce smaller corrections to these contours that must be taken into account when
adhering to the 1σ relic density and top mass constraints, the
dominant effect certainly resides with the B μ  0 condition. In
fact, those regions below the M V contours in Fig. 3 for smaller
M V produce contours of constant B μ for B μ > 0, with values as
large as B μ ∼ 10, whereas those regions above the M V contours in
Fig. 3 for larger M V produce contours of constant B μ for B μ < 0,
with values as small as B μ ∼ −20. Regarding the non-linear proportionality of  M as a function of M 1/2 , it can be seen in Fig. 3
that when M 1/2 or M g̃ increases, M V will also increase and thus
M F decreases. With smaller M F , the renormalization scale range
for RGE running becomes shorter and then  M will decrease as
well.
4. Conclusions
We revisited the viable parameter space in No-Scale F -SU (5),
examining the GUT model given the updated gluino mass limit of
M
g  1.9 TeV established by the LHC. To satisfy both the No-Scale
boundary condition and the experimentally measured Higgs boson mass, we discovered that the lower limit on the gluino mass
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Fig. 3. Representation of the three signiﬁcant mass scales in No-Scale F -SU (5) as a function of the gluino mass. Included here are the vector-like ﬂippon mass scale M V ,
the SU (3)C × SU (2) L secondary uniﬁcation scale M 32 , and the SU (5) × U (1) X uniﬁcation scale M F . All points included adhere to the constraints on the relic density
0.1093 ≤ h2 ≤ 0.1221 and top quark mass 172.2 ≤ mt ≤ 174.4 GeV. Contours shown are for three discrete values of the top quark mass mt = {172.2, 173.3, 174.4} GeV.
Contours shown are numerical ﬁts, though the full compilation of points only show a small tolerance around these ﬁtted lines due to the strict condition | B μ | ≤ 1 GeV, thus
the numerical ﬁts are rather representative of the actual model space. The plot space is segregated into viable and excluded as established by the LHC given the current
gluino mass limit of about 1.9 TeV.

in the model space is curiously also about 1.9 TeV, rather similar to the current LHC supersymmetry search bound. This does
present a legitimate explanation as to why no supersymmetry signal has been observed at the LHC to date. Moreover, due to the
fact that the vector-like ﬂippon particles are relatively heavy, primarily resulting from the No-Scale boundary condition B μ = 0 at
the uniﬁcation scale, the model appropriately excludes the recently
ﬁzzled 750 GeV diphoton resonance at the 13 TeV LHC, as is required of any viable GUT candidate. The natural union of the LHC
gluino mass limit and experimentally measured Higgs boson mass
in No-Scale F -SU (5) serves as a prime region for SUSY probing
at the LHC, given also this region’s quite favorable consistency
with all other essential SUSY experiments involving relic density
observations, rare decay processes, direct dark matter detection,
and proton lifetime measurements. While SUSY enthusiasts have
endured several setbacks over the prior few years amidst the discouraging results at the LHC in the search for supersymmetry, it is
axiomatic that as a matter of course, great triumph emerges from
momentary defeat. As the precession of null observations at the
LHC has surely dampened the spirits of SUSY proponents, the conclusion of our analysis here indicates that the quest for SUSY may
just be getting interesting.
Acknowledgements
The computing for this project was performed at the Tandy Supercomputing Center, using dedicated resources provided by The
University of Tulsa. This research was supported in part by the Natural Science Foundation of China under grant numbers 11135003,

11275246, and 11475238 (TL), and by the DOE grant DE-FG0213ER42020 (DVN).
References
[1] G. Aad, et al., ATLAS Collaboration, Phys. Lett. B 716 (2012) 1, arXiv:1207.7214
[hep-ex].
[2] S. Chatrchyan, et al., CMS Collaboration, Phys. Lett. B 716 (2012) 30, arXiv:1207.
7235 [hep-ex].
[3] M. Carena, S. Gori, N.R. Shah, C.E.M. Wagner, J. High Energy Phys. 1203 (2012)
014, arXiv:1112.3336 [hep-ph].
[4] Wolfgang Adam, Searches for SUSY, talk at the 38th International Conference
on High Energy Physics.
[5] ATLAS note, ATLAS-CONF-2015-081, Search for resonances decaying to photon
√
pairs in 3.2 fb−1 of pp collisions at s = 13 TeV with the ATLAS detector.
[6] CMS note, CMS PAS EXO-15-004, Search for new physics in high mass diphoton
events in proton–proton collisions at 13 TeV.
[7] V. Khachatryan, et al., CMS Collaboration, arXiv:1609.02507 [hep-ex].
[8] S.M. Barr, Phys. Lett. B 112 (1982) 219.
[9] J.P. Derendinger, J.E. Kim, D.V. Nanopoulos, Phys. Lett. B 139 (1984) 170.
[10] I. Antoniadis, J.R. Ellis, J.S. Hagelin, D.V. Nanopoulos, Phys. Lett. B 194 (1987)
231.
[11] J. Jiang, T. Li, D.V. Nanopoulos, Nucl. Phys. B 772 (2007) 49.
[12] J. Jiang, T. Li, D.V. Nanopoulos, D. Xie, Phys. Lett. B 677 (2009) 322, arXiv:0811.
2807 [hep-th].
[13] J. Jiang, T. Li, D.V. Nanopoulos, D. Xie, Nucl. Phys. B 830 (2010) 195, arXiv:0905.
3394 [hep-th].
[14] J.L. Lopez, D.V. Nanopoulos, K.J. Yuan, Nucl. Phys. B 399 (1993) 654;
D.V. Nanopoulos, arXiv:hep-ph/0211128.
[15] T. Li, J.A. Maxin, D.V. Nanopoulos, J.W. Walker, Phys. Lett. B 710 (2012) 207,
arXiv:1112.3024 [hep-ph].
[16] Y. Huo, T. Li, D.V. Nanopoulos, C. Tong, Phys. Rev. D 85 (2012) 116002, arXiv:
1109.2329 [hep-ph].
[17] T. Li, D.V. Nanopoulos, J.W. Walker, Phys. Lett. B 693 (2010) 580, arXiv:0910.
0860 [hep-ph].
[18] T. Li, D.V. Nanopoulos, J.W. Walker, Nucl. Phys. B 846 (2011) 43, arXiv:1003.
2570 [hep-ph].

T. Li et al. / Physics Letters B 764 (2017) 167–173

[19] E. Cremmer, S. Ferrara, C. Kounnas, D.V. Nanopoulos, Phys. Lett. B 133 (1983)
61;
J.R. Ellis, A.B. Lahanas, D.V. Nanopoulos, K. Tamvakis, Phys. Lett. B 134 (1984)
429;
J.R. Ellis, C. Kounnas, D.V. Nanopoulos, Nucl. Phys. B 241 (1984) 406;
J.R. Ellis, C. Kounnas, D.V. Nanopoulos, Nucl. Phys. B 247 (1984) 373;
A.B. Lahanas, D.V. Nanopoulos, Phys. Rep. 145 (1987) 1.
[20] T. Li, J.A. Maxin, D.V. Nanopoulos, J.W. Walker, Phys. Rev. D 83 (2011) 056015,
arXiv:1007.5100 [hep-ph].
[21] T. Li, J.A. Maxin, D.V. Nanopoulos, J.W. Walker, Phys. Lett. B 699 (2011) 164,
http://dx.doi.org/10.1016/j.physletb.2011.03.070, arXiv:1009.2981 [hep-ph].
[22] T. Li, J.A. Maxin, D.V. Nanopoulos, J.W. Walker, Phys. Rev. D 85 (2012) 056007,
arXiv:1105.3988 [hep-ph].
[23] T. Li, J.A. Maxin, D.V. Nanopoulos, J.W. Walker, Phys. Rev. D 84 (2011) 076003,
arXiv:1103.4160 [hep-ph].
[24] G.F. Giudice, A. Masiero, Phys. Lett. B 206 (1988) 480.
[25] T. Leggett, T. Li, J.A. Maxin, D.V. Nanopoulos, J.W. Walker, arXiv:1403.3099 [hepph].
[26] T. Leggett, T. Li, J.A. Maxin, D.V. Nanopoulos, J.W. Walker, Phys. Lett. B 740
(2015) 66, arXiv:1408.4459 [hep-ph].
[27] S. Ferrara, C. Kounnas, F. Zwirner, Nucl. Phys. B 429 (1994) 589, arXiv:hep-th/
9405188, Nucl. Phys. B 433 (1995) 255 (Erratum).
[28] E. Witten, Phys. Lett. B 155 (1985) 151.
[29] T.j. Li, J.L. Lopez, D.V. Nanopoulos, Phys. Rev. D 56 (1997) 2602, arXiv:hep-ph/
9704247.
[30] T. Li, J.A. Maxin, D.V. Nanopoulos, J.W. Walker, J. Phys. G 40 (2013) 115002,
http://dx.doi.org/10.1088/0954-3899/40/11/115002, arXiv:1305.1846 [hep-ph].
[31] G. Hinshaw, et al., WMAP Collaboration, Astrophys. J. Suppl. Ser. 208 (2013) 19,
http://dx.doi.org/10.1088/0067-0049/208/2/19, arXiv:1212.5226 [astro-ph.CO].
[32] P.A.R. Ade, et al., Planck Collaboration, arXiv:1502.01589 [astro-ph.CO].

173

[33] T.A. Aaltonen, Tevatron Electroweak Working Group, CDF, D0 Collaborations,
arXiv:1305.3929 [hep-ex].
[34] G. Belanger, F. Boudjema, A. Pukhov, A. Semenov, Comput. Phys. Commun. 180
(2009) 747, http://dx.doi.org/10.1016/j.cpc.2008.11.019, arXiv:0803.2360 [hepph].
[35] A. Djouadi, J.L. Kneur, G. Moultaka, Comput. Phys. Commun. 176 (2007) 426,
http://dx.doi.org/10.1016/j.cpc.2006.11.009, arXiv:hep-ph/0211331.
[36] HFAG2013,
http://www.slac.stanford.edu/xorg/hfag/rare/2013/radll/OUTPUT/
TABLES/radll.pdf.
[37] V. Khachatryan, et al., CMS and LHCb Collaborations, Nature 522 (2015) 68,
http://dx.doi.org/10.1038/nature14474, arXiv:1411.4413 [hep-ex].
[38] T. Aoyama, M. Hayakawa, T. Kinoshita, M. Nio, Phys. Rev. Lett. 109 (2012)
111808, http://dx.doi.org/10.1103/PhysRevLett.109.111808, arXiv:1205.5370
[hep-ph].
[39] D.S. Akerib, et al., LUX Collaboration, Phys. Rev. Lett. 112 (2014) 091303, http://
dx.doi.org/10.1103/PhysRevLett.112.091303, arXiv:1310.8214 [astro-ph.CO].
[40] E. Behnke, et al., COUPP Collaboration, Phys. Rev. D 86 (5) (2012) 052001,
http://dx.doi.org/10.1103/PhysRevD.90.079902, arXiv:1204.3094 [astro-ph.CO],
Phys. Rev. D 90 (7) (2014) 079902 (Erratum).
[41] E. Aprile, et al., XENON100 Collaboration, Phys. Rev. Lett. 111 (2) (2013)
021301, http://dx.doi.org/10.1103/PhysRevLett.111.021301, arXiv:1301.6620
[astro-ph.CO].
[42] V. Takhistov, Super-Kamiokande Collaboration, arXiv:1605.03235 [hep-ex].
[43] T. Li, J.A. Maxin, V.E. Mayes, D.V. Nanopoulos, J. High Energy Phys. 1606 (2016)
167, http://dx.doi.org/10.1007/JHEP06(2016)167, arXiv:1602.01377 [hep-ph].
[44] T. Li, J.A. Maxin, V.E. Mayes, D.V. Nanopoulos, Phys. Rev. D 94 (2) (2016)
025002, http://dx.doi.org/10.1103/PhysRevD.94.025002, arXiv:1602.09099 [hepph].

