
J
H
E
P
0
7
(
2
0
1
9
)
0
4
8

Springer

Received: April 25, 2019

Revised: June 22, 2019

Accepted: June 25, 2019

Published: July 9, 2019

Naturalness in D-brane inspired models

mailto:debenedettir01@lsus.edu
mailto:tli@itp.ac.cn
mailto:james.maxin@lsus.edu
mailto:dimitri@physics.tamu.edu
https://arxiv.org/abs/1904.10809
https://doi.org/10.1007/JHEP07(2019)048


J
H
E
P
0
7
(
2
0
1
9
)
0
4
8



J
H
E
P
0
7
(
2
0
1
9
)
0
4
8

mh = 125.09±0.24 GeV [2, 3] light Higgs boson mass. We now introduce a model that has

minimal electroweak fine-tuning but can handily achieve consistency with the light Higgs

boson mass constraints, as well as other key experimental measurements, and could be

flying just under the SUSY radar.

We shall study the flipped SU(5) model [4–6] in this paper, where the gauge group

SU(5) × U(1)X can be embedded into the SO(10) model. The flipped SU(5) models can

be constructed from the four-dimensional free fermionic string construction [7–9], orb-

ifold [10, 11] and Calabi-Yau [12] compactifications of the heterotic E8 ×E8 string theory,

intersecting D-brane model building [13–15], as well as F-theory model building [16, 17].

In addition, two of us (TL and DVN) with Jiang proposed the testable flipped SU(5)

models where the TeV-scale vector-like multiplets, dubbed flippons, are introduced, and

string-scale gauge coupling unification can be achieved [18]. Such kind of models can be

constructed from the four-dimensional free fermionic string construction [9], intersecting

D-brane model building [15], as well as F-theory model building [16, 17], and was referred to

as F-SU(5). This model persists in two classes: (i) the minimalistic formalism of the one-

parameter version implementing vanishing No-Scale SUGRA soft SUSY breaking terms

at the unification scale (For example, see refs. [19–22] and references therein), and (ii)

the general formalism with non-universal SUSY soft breaking terms mirroring the flipped

SU(5) GUT representation, inspired by D-brane model building, and thus informally des-

ignated the F-SU(5) D-brane inspired model [23]. This second approach endures as merely

a D-brane inspired model and not a formally constructed D-brane model by reason of

forbidden Yukawa coupling terms in the Higgs and Yukawa superpotentials, though we

discuss in the next section possible methods to elude these hurdles. The F-SU(5) D-brane

inspired model revealed a possible region of naturalness featuring small light stops and a

Higgsino-like lightest supersymmetric particle (LSP) [23], which we shall more fully unpack

here in this work. For a discussion of naturalness in a Pati-Salam model constructed from

intersecting D6-branes in Type IIA string theory, see ref. [24].

Fine-tuning in the minimalistic formalism of F-SU(5) has been explored [25]. In

ref. [25] it was shown that the contemporary measures of fine-tuning we shall employ

in this analysis are essentially structurally similar to an original fine-tuning measure,

∆EENZ [26, 27], first prescribed some 30 years ago by Ellis, Enqvist, Nanopoulos, and

Zwirner (EENZ). The one-parameter version of the model possesses an intrinsic propor-

tional dependence of all model scales on the unified gaugino mass parameter M1/2, inclusive

of the Z-boson mass expressed as a simple quadratic function of M1/2. The implication was

electroweak fine-tuning of unity scale [25]. The minimalistic version of F-SU(5) is presently

under probe at the LHC2 [28] and has thus far survived the 13TeV LHC2 137 fb−1 re-

sults [1]. Now we turn our attention to the less internally constrained version of F-SU(5),

evaluating fine-tuning in the D-brane inspired model. Our goal here is to show that this

class of F-SU(5) is inflicted with a minimal amount of fine-tuning also, and even though the

one-parameter version is presently experiencing a direct probe by the LHC, the naturalness

sector of the D-brane inspired model has been just under the reach of the LHC2.

In this work we first supply a brief review of the flipped SU(5) class of models and

the D-brane inspired model in particular. Then we delve into the comprehensive numerical
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procedure necessary to investigate naturalness. Once the numerical approach has been

wholly dissected, we expand upon the phenomenology of the naturalness sector and the

attainment of small light stops, Higgsino-like LSPs, and other associated provisions essen-

tial for low fine-tuning, accompanied by light Higgs boson masses lifted to 125GeV for

many points by the vector-like flippon contributions. Integrated into this analysis will be

evidence of our naturalness sector skirting under the LHC constraints up to this point, and

moreover, an evaluation against dark matter direct detection experiments and application

of their results as a constraint on the naturalness region. Finally, we conclude with the

fine-tuning calculations and assessment of the numerical findings.

2 Review of F-SU(5) model

We review here only the primary principles of F-SU(5). In the minimal flipped SU(5)

model [4–6], the gauge group SU(5) × U(1)X can be embedded within the SO(10) model.

Please see refs. [20–22, 25, 29] and references therein for a more in-depth analysis of the

minimal flipped SU(5) model. The generator U(1)Y ′ in SU(5) is defined as

TU(1)
Y′

= diag

(
−1
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where Hd and Hu are one pair of Higgs doublets in the MSSM.

The ensuing Higgs superpotential at the GUT scale breaks the SU(5) × U(1)X gauge

symmetry down to the SM gauge symmetry

WGUT = λ1HHh+ λ2
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where yDij , y
Uν
ij , yEij , y

N
ij , yXF , and y
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Figure 1. Depiction of the F -SU(5) D-brane inspired naturalness region, represented by the small

red points. The LUX, PandaX-II, and XENON100 dark matter direct detection upper limits on

spin-independent neutralino-nucleus cross-sections are sketched and labeled, as well the neutrino

scattering floor. The ∼ 2900 points here satisfy the constraints M(g̃) ≥ 1.6TeV, 124 ≤ mh ≤
128GeV, Ωh2 ≤ 0.1221, ∆M(t̃1, χ̃

0
1) ≤ 10GeV, and χ̃0

1 > 80% Higgsino. The cross-sections σRescaled
SI

are rescaled in accordance with eq. (3.1).
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Figure 2. Smoothly flowing contours of the Higgsino-like LSP percentage within the F -SU(5)

D-brane inspired naturalness region. The LUX, PandaX-II, and XENON100 dark matter direct

detection upper limits on spin-independent neutralino-nucleus cross-sections are sketched and la-

beled. The region illustrated here satisfies the constraints M(g̃) ≥ 1.6TeV, 124 ≤ mh ≤ 128GeV,

Ωh2 ≤ 0.1221, ∆M(t̃1, χ̃
0
1) ≤ 10GeV, and χ̃0

1 > 80% Higgsino. The cross-sections σRescaled
SI are

rescaled in accordance with eq. (3.1).
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Figure 3. Layered illustration of the F -SU(5) D-brane inspired naturalness region (represented

by the small red points) superimposed upon the ATLAS Collaboration exclusion curve plot on

t̃1 t̃1 production in the monojet search region for the channel t̃1 → cχ̃0
1, reprinted from ref. [39].

The branching fraction for g̃ → t̃1t and t̃1 → cχ̃0
1 is nearly 100% for our points shown in this

figure. The naturalness region in this diagram involves the 74 points that satisfy M(g̃) ≥ 1.6TeV,

124 ≤ mh ≤ 128GeV, Ωh2 ≤ 0.1221, σRescaled
SI ≤ 1.5 × 10−9 pb, and ∆M(t̃1, χ̃

0
1) ≤ 5GeV. All 74

points depicted here possess an LSP that is at least 92% Higgsino, but no more than 98% Higgsino.

 D

Figure 4. Layered illustration of the F -SU(5) D-brane inspired naturalness region (represented

by the small red points) superimposed upon the ATLAS exclusion curve plot in the charm jets

plus zero lepton (0L) search region for the channel t̃1 → cχ̃0
1, reprinted from ref. [40]. This ATLAS

exclusion plot also includes the monojet search region of ref. [39]. The branching fraction for g̃ → t̃1t

and t̃1 → cχ̃0
1 is nearly 100% for our points shown in this figure. The naturalness region in this

diagram involves the 74 points that satisfy M(g̃) ≥ 1.6TeV, 124 ≤ mh ≤ 128GeV, Ωh2 ≤ 0.1221,

σRescaled
SI ≤ 1.5 × 10−9 pb, and ∆M(t̃1, χ̃

0
1) ≤ 5GeV. All 74 points depicted here possess an LSP

that is at least 92% Higgsino, but no more than 98% Higgsino.
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3 Numerical approach

At the unification scale of MF ∼ 3 × 1017 GeV, the F-SU(5) general SUSY breaking soft

terms are applied, namely M5, M1X , MUcL, MEc, MQDcNc , MHu = MHd
, Aτ , At, and Ab.

The F-SU(5) unification scale MF near the string and Planck scale is in contrast to the

usual lower GUT scale of about 1016 GeV in the MSSM. All SUSY breaking soft terms are

allowed to float up to 5TeV, with the A terms varying between ±5TeV, though specifically

for the At term we establish an extended lower limit of -7TeV. A ±1.5GeV margin of error

is permitted around the top quark world average of 173.2GeV [35]. The ratio of the vacuum

energy expectation values tanβ is allowed to span its entire range of 5 ≤ tanβ ≤ 60. The

flippon vector-like decoupling scale is sampled within the range 855 ≤ MV ≤ 23, 000 GeV.

We adopt µ > 0 for all points as suggested by the results of gµ − 2 for the muon.

The model is constrained to be consistent with both the WMAP 9-year [36] and Planck

2018 [37] relic density measurements, imposing an upper limit of Ωh2 ≤ 0.1221. Given

the large annihilation cross-section of a Higgsino-like LSP, no lower limit is placed on

Ωh2. The strongest LHC gluino limits arise from the search regions g̃ → q̃q → qq̄χ̃0
1 and

g̃ → t̃1t → tt̄χ̃0
1, however, in our study here we are interested in the channel producing

a top+charm via g̃ → t̃1t → ctχ̃0
1, which persists with weaker limits. Accordingly, we

implement a somewhat weaker lower boundary of M(g̃) ≥ 1.6TeV given that these gluinos

are not easily accessible.

The theoretical calculation of the light Higgs boson mass is allowed to vary from the

experimental central value of mh = 125.09GeV, where we account for a 2σ experimental

uncertainty and theoretical uncertainty of 1.5GeV. The allocated range for the flippon

Yukawa coupling spans from its minimal value (no coupling between the flippons and

Higgs fields) to its maximal value (maximum coupling between flippons and Higgs fields).

In the maximum case, the light Higgs boson mass calculation consists of the 1-loop and

2-loop SUSY contributions, mainly from the coupling to the light stop, plus the vector-like

flippon contributions. This maximal value implies the (XD, XDc) Yukawa coupling is

fixed at YXD = 0 and the (XU, XU c) Yukawa coupling is set at YXU = 1, while the

(XD, XDc) trilinear coupling A term set at AXD = 0 and the (XU, XU c) A term is fixed

at AXU = AU = A0 [21, 38]. In total, after including all contributions, the light Higgs

boson mass calculation must return a value of 124 ≤ mh ≤ 128GeV.

We further assess the model against rare decay processes, to include the branching ratio

of the rare b-quark decay of Br(b → sγ) = (3.43±0.21stat ±0.24th±0.07sys)×10−4 [41], the

branching ratio of the rare B-meson decay to a dimuon of Br(B0
s → µ+µ−) = (2.9± 0.7±

0.29th)×10−9 [42], and the 3σ intervals around the Standard Model result 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 [43]. We only inspect the model versus these rare

decay processes, and do not explicitly constrain the model per these experimental limits.

The naturalness region is also evaluated against dark matter direct detection con-

straints on spin-independent cross-sections σSI for neutralino-nucleus interactions es-

tablished by the Large Underground Xenon (LUX) experiment [44], PandaX-II Experi-

ment [45], and XENON100 Collaboration [46]. The relic density calculations involve only
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the SUSY lightest neutralino χ̃0
1 abundance, hence all points must admit alternative com-

ponents to maintain compatibility with the WMAP 9-year and 2018 Planck total observed

relic density, thus the spin-independent cross-section calculations are rescaled as follows:

σRescaled
SI = σSI

Ωh2
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Figure 5. Electroweak fine-tuning measure ∆EW plot as a function of σRescaled
SI , M(χ̃0

1), M(t̃1),

and M(g̃) for the F -SU(5) D-brane inspired naturalness region. The naturalness region in this

diagram involves the 74 points that satisfy M(g̃) ≥ 1.6TeV, 124 ≤ mh ≤ 128GeV, Ωh2 ≤ 0.1221,

σRescaled
SI ≤ 1.5 × 10−9 pb, and ∆M(t̃1, χ̃

0
1) ≤ 5GeV. All 74 points depicted here possess an LSP

that is at least 92% Higgsino, but no more than 98% Higgsino. The ∆EW stem exclusively from

either M2
Hu

(EW ) or µ2(EW ). These plots highlight a region with ∆EW < 30, regarded as low

electroweak fine-tuning.

below the gaugino mass terms M1 and M2 at the electroweak scale via RGE running,

sending χ̃0
2 to negative values. Another characteristic of spectra with a Higgsino-like LSP

is the compressed nature of the χ̃0
1, χ̃

±

1 , and χ̃0
2. The mass deltas expected to produce a

Higgsino-like LSP are ∆M(χ̃±

1 , χ̃
0
1) ∼ 5GeV and ∆M(χ̃0

2, χ̃
0
1) ∼ 17GeV. Accompanying

the Higgsino-like LSP, we further require the condition ∆M(t̃1, χ̃
0
1) ≤ 10GeV to restrict

the results to only those light stops nearly degenerate with the LSP, fulfilling the requisite

small light stop limitation. Out of the 400 million points scanned, the intersection of the

experimentally viable constraints on M(g̃), mh, and Ωh2 in tandem with an LSP that is

> 80% Higgsino and ∆M(t̃1, χ̃
0
1) ≤ 10GeV only surrenders ∼ 2900 points. The resulting

region is illustrated in figure 1 and figure 2, where the dark matter direct detection upper

limits on spin-independent neutralino-nucleus cross-sections are superimposed, along with

the neutrino scattering floor. All ∼ 2900 points are discretely depicted in figure 1, whilst

– 10 –
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figure 2 delineates smoothly flowing contours of this region highlighting Higgsino percentage

of the LSP. It is clear in figure 2 that the more favorable SUSY spectra in terms of smaller

spin-independent cross-sections are the larger Higgsino percentages, exhibiting positive

accommodation with both characteristics. All points in figure 1 and figure 2 have been

rescaled in accordance with eq. (3.1).

The analysis from this point forward now enforces two more rather strong restrictions.

We want to retain only those points possessing σRescaled
SI ≤ 1.5 × 10−9 pb, ensuring consis-

tency with the LUX [44], PandaX-II [45], and XENON100 [46] upper limits illuminated in

figure 1 and figure 2. In the region we are exploring here, σRescaled
SI ∼ 1.5×10−9 pb prevails

as an approximate upper limit, so we shall now only consider points less than this boundary.

We additionally aim to filter out those points inconsistent with LHC model-independent

constraints on t̃1 → cχ̃0
1. The nearly degenerate light stop and LSP induce a branching

fraction of nearly 100% for g̃ → t̃1t and t̃1 → cχ̃0
1. However, given the compression between

the light stop and LSP, we expect a rather hard top quark but a very soft charm jet, making

extraction of this signal from the SM background challenging to say the least. To assist in

comparing our naturalness region to the LHC constraints on t̃1 → cχ̃0
1, post application of

σRescaled
SI ≤ 1.5×10−9 pb we overlay the remaining points onto the ATLAS Collaboration ex-

clusion curve plot on t̃1t̃1 production in the monojet search region for the channel t̃1 → cχ̃0
1,

reprinted from ref. [39] and displayed in figure 3. In addition, we superimpose our points

onto the ATLAS exclusion curve plot in the charm jets plus zero lepton (0L) search region

for the channel t̃1 → cχ̃0
1, reprinted from ref. [40] and shown in figure 4. The common ele-

ment in both these ATLAS figures is the maximum delta between the light stop and LSP of

about 5GeV, with ∆M(t̃1, χ̃
0
1) . 5GeV persisting as viable due to the soft nature of these

events and difficulty in differentiation from the SM background. This theme is uniform

between both ATLAS and the CMS Collaboration, as the t̃1 → cχ̃0
1 CMS search regions of

refs. [51–53] paint the same picture of viability for ∆M(t̃1, χ̃
0
1) . 5GeV. The CMS ref. [54]

for pair production of third-generation squarks states that “Top squark masses below

510GeV are excluded for the scenario in which t̃1 → cχ̃0
1 and the mass splitting between the

top squark and the LSP is small”, though ref. [54] does not explicitly enumerate the value

of “small”, hence we shall consider ∆M(t̃1, χ̃
0
1) . 5GeV to remain experimentally viable.

The administering of σRescaled
SI ≤ 1.5× 10−9 pb and ∆M(t̃1, χ̃

0
1) ≤ 5GeV trims the number

of residual points from ∼ 2900 down to only 74 out of 400 million scan! All 74 points have

an LSP composition of at least 92% Higgsino, as figure 2 had indicated, though no point is

greater than 98% Higgsino, supporting small but non-negligible bino and wino components.

We highlight nine benchmark points in tables 1–2. All nine benchmarks are amongst

the remaining 74 points satisfying all the constraints applied. It should be noted that the

light Higgs boson mass mh in table 2 includes all SUSY contributions and the vector-like

flippon contribution, lifting the Higgs mass for most of the points to their observed value.

This is rather beneficial given the smallness of the light stop and hence its diminished

loop-level contribution to the Higgs mass. Notice that there is a repetitive pattern to the

At and M2
Hu

= M2
Hd

terms at MF such that we need At ∼ −2000GeV and MHu = MHd
∼

3500GeV at high scale. This propels consistency within the region for our fine-tuning

calculations outlined in the next section.

– 11 –



JHEP07(2019)048



JHEP07(2019)048



J
H
E
P
0
7
(
2
0
1
9
)
0
4
8

 t1

 t2

0 200 400 600 800 1000
0

1

2

3

4

5

6

7

8

9

10

~

~
~

~

 t1
,2

(t1)  (GeV)

Figure 6. Electroweak fine-tuning measure ∆t̃1,2
for only the top squarks t̃1 and t̃2, plot as a

function of M(t̃1) for the F -SU(5) D-brane inspired naturalness region. The naturalness region in

this diagram involves the 74 points that satisfy M(g̃) ≥ 1.6TeV, 124 ≤ mh ≤ 128GeV, Ωh2 ≤
0.1221, σRescaled

SI ≤ 1.5× 10−9 pb, and ∆M(t̃1, χ̃
0
1) ≤ 5GeV. All 74 points depicted here possess an

LSP that is at least 92% Higgsino, but no more than 98% Higgsino. This graph shows that the top

squarks contribute very little, if any, fine-tuning to the F -SU(5) D-brane inspired naturalness region.

The entire naturalness model space handily satisfies the B-meson decay and anomalous

magnetic moment of the muon boundaries highlighted in the prior section, with our 74

surviving points falling within 3.2×10−9 ≤ Br(B0
s → µ+µ−) ≤ 3.5×10−9 and 1.5×10−10 ≤

∆aµ ≤ 2.9×10−10. However, with regard to the rare b-quark decay, all remaining 74 points

compute to Br(b → sγ) ≤ 2.34 × 10−4, less than the approximate lower 2σ experimental

bound of Br(b → sγ) ∼ 2.77 × 10−4, with the smallest of the light stop points returning

a value as low as Br(b → sγ) ∼ 10−6. This is not surprising, given the smallness of the

light stop and chargino. The charged heavy Higgs bosons H± additionally contribute, but

not of sufficient magnitude to offset the minimal SUSY contribution from loops regarding

stops and charginos. We emphasize that no points have been excluded from this analysis

per the inconsistency with experimental limits on the Br(b → sγ), as we merely note that

the SUSY contribution to the total branching ratio is light, thereby suggesting tension with

the experimental result.

5 Fine-tuning

It was discussed in the prior section that low fine-tuning conforms with small values for

M(t̃1), M(t̃2), µ, and M2
Hu

, thus we shall conclude this work with an analytical study

of how the naturalness region we uncovered here performs in this realm. We follow the

prescription offered in refs. [55, 56], calculating measures for electroweak scale fine-tuning.

Examining each term on the right-hand side of eq. (4.1), we have interest in the three

– 14 –
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electroweak scale tree-level terms

CHu =

∣∣∣∣∣
−M2

Hu
(EW )tan2β
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Could natural SUSY be obscured by the dense Standard Model background in this

region heretofore inaccessible at the LHC? Time will tell whether the LHC will yield an

affirmative answer to this provocative question. Our imperative here was to merely present

a viable physical model that thrives within this elusive space, furnishing motivation to

develop enhanced methods of detection for probing concealed SUSY models such as the

D-brane inspired model we explored in this work.

Acknowledgments

Portions of this research were conducted with high performance computational resources

provided by the Louisiana Optical Network Infrastructure (http://www.loni.org). This

research was supported in part by the Projects 11475238, 11647601, and 11875062 sup-

ported by the National Natural Science Foundation of China (TL), by the Key Research

Program of Frontier Science, Chinese Academy of Sciences (TL), and by the DOE grant

DE-FG02-13ER42020 (DVN).

Open Access. This article is distributed under the terms of the Creative Commons

Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in

any medium, provided the original author(s) and source are credited.

References

[1] ATLAS and CMS collaborations, Strong SUSY results in ATLAS and CMS @ LHC run II,

presented at conference Moriond EW 2019, La Thuile, Italy 16–23 March 2019.

[2] ATLAS collaboration, Observation of a new particle in the search for the Standard Model

Higgs boson with the ATLAS detector at the LHC, Phys. Lett. B 716 (2012) 1

[arXiv:1207.7214] [INSPIRE].

[3] CMS collaboration, Observation of a new boson at a mass of 125GeV with the CMS

experiment at the LHC, Phys. Lett. B 716 (2012) 30 [arXiv:1207.7235] [INSPIRE].

[4] S.M. Barr, A new symmetry breaking pattern for SO(10) and proton decay,

Phys. Lett. B 112 (1982) 219 [INSPIRE].

[5] J.P. Derendinger, J.E. Kim and D.V. Nanopoulos, Anti-SU(5), Phys. Lett. B 139 (1984) 170

[INSPIRE].

[6] I. Antoniadis, J.R. Ellis, J.S. Hagelin and D.V. Nanopoulos, Supersymmetric flipped SU(5)

revitalized, Phys. Lett. B 194 (1987) 231 [INSPIRE].

[7] I. Antoniadis, J.R. Ellis, J.S. Hagelin and D.V. Nanopoulos, An improved SU(5)×U(1)

model from four-dimensional string, Phys. Lett. B 208 (1988) 209 [Addendum ibid. B 213

(1988) 562] [INSPIRE].

[8] I. Antoniadis, J.R. Ellis, J.S. Hagelin and D.V. Nanopoulos, The flipped SU(5)×U(1) string

model revamped, Phys. Lett. B 231 (1989) 65 [INSPIRE].

[9] J.L. Lopez, D.V. Nanopoulos and K.-J. Yuan, The search for a realistic flipped SU(5) string

model, Nucl. Phys. B 399 (1993) 654 [hep-th/9203025] [INSPIRE].

– 17 –

http://www.loni.org
https://creativecommons.org/licenses/by/4.0/
http://moriond.in2p3.fr/2019/EW/slides/2_Monday/2_afternoon/5_Mario-Masciovecchio.pdf
https://doi.org/10.1016/j.physletb.2012.08.020
https://arxiv.org/abs/1207.7214
https://inspirehep.net/search?p=find+EPRINT+arXiv:1207.7214
https://doi.org/10.1016/j.physletb.2012.08.021
https://arxiv.org/abs/1207.7235
https://inspirehep.net/search?p=find+EPRINT+arXiv:1207.7235
https://doi.org/10.1016/0370-2693(82)90966-2
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B112,219%22
https://doi.org/10.1016/0370-2693(84)91238-3
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B139,170%22
https://doi.org/10.1016/0370-2693(87)90533-8
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B194,231%22
https://doi.org/10.1016/0370-2693(88)90419-4
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B208,209%22
https://doi.org/10.1016/0370-2693(89)90115-9
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B231,65%22
https://doi.org/10.1016/0550-3213(93)90513-O
https://arxiv.org/abs/hep-th/9203025
https://inspirehep.net/search?p=find+EPRINT+hep-th/9203025


J
H
E
P
0
7
(
2
0
1
9
)
0
4
8

[10] J.E. Kim and B. Kyae, Flipped SU(5) from Z12−I orbifold with Wilson line,

Nucl. Phys. B 770 (2007) 47 [hep-th/0608086] [INSPIRE].

[11] J.-H. Huh, J.E. Kim and B. Kyae, SU(5)flip × SU(5)′ from Z12−I ,

Phys. Rev. D 80 (2009) 115012 [arXiv:0904.1108] [INSPIRE].

[12] R. Blumenhagen, S. Moster and T. Weigand, Heterotic GUT and Standard Model vacua from

simply connected Calabi-Yau manifolds, Nucl. Phys. B 751 (2006) 186 [hep-th/0603015]

[INSPIRE].

[13] C.M. Chen, G.V. Kraniotis, V.E. Mayes, D.V. Nanopoulos and J.W. Walker, A

supersymmetric flipped SU(5) intersecting brane world, Phys. Lett. B 611 (2005) 156

[hep-th/0501182] [INSPIRE].

[14] C.-M. Chen, V.E. Mayes and D.V. Nanopoulos, Flipped SU(5) from D-branes with type IIB

fluxes, Phys. Lett. B 633 (2006) 618 [hep-th/0511135] [INSPIRE].

[15] C.-M. Chen, T. Li and D.V. Nanopoulos, Flipped and unflipped SU(5) as type IIA flux vacua,

Nucl. Phys. B 751 (2006) 260 [hep-th/0604107] [INSPIRE].

[16] J. Jiang, T. Li, D.V. Nanopoulos and D. Xie, F -SU(5), Phys. Lett. B 677 (2009) 322

[arXiv:0811.2807] [INSPIRE].

[17] J. Jiang, T. Li, D.V. Nanopoulos and D. Xie, Flipped SU(5)×U(1)X models from F-theory,

Nucl. Phys. B 830 (2010) 195 [arXiv:0905.3394] [INSPIRE].

[18] J. Jiang, T. Li and D.V. Nanopoulos, Testable flipped SU(5)×U(1)X models,

Nucl. Phys. B 772 (2007) 49 [hep-ph/0610054] [INSPIRE].

[19] T. Li, J.A. Maxin, D.V. Nanopoulos and J.W. Walker, The golden point of no-scale and

no-parameter F -SU(5), Phys. Rev. D 83 (2011) 056015 [arXiv:1007.5100] [INSPIRE].

[20] T. Li, J.A. Maxin, D.V. Nanopoulos and J.W. Walker, The ultra-high jet multiplicity signal

of stringy no-scale F -SU(5) at the
√

https://doi.org/10.1016/j.nuclphysb.2007.02.008
https://arxiv.org/abs/hep-th/0608086
https://inspirehep.net/search?p=find+EPRINT+hep-th/0608086
https://doi.org/10.1103/PhysRevD.80.115012
https://arxiv.org/abs/0904.1108
https://inspirehep.net/search?p=find+EPRINT+arXiv:0904.1108
https://doi.org/10.1016/j.nuclphysb.2006.06.005
https://arxiv.org/abs/hep-th/0603015
https://inspirehep.net/search?p=find+EPRINT+hep-th/0603015
https://doi.org/10.1016/j.physletb.2005.02.041
https://arxiv.org/abs/hep-th/0501182
https://inspirehep.net/search?p=find+EPRINT+hep-th/0501182
https://doi.org/10.1016/j.physletb.2005.12.037
https://arxiv.org/abs/hep-th/0511135
https://inspirehep.net/search?p=find+EPRINT+hep-th/0511135
https://doi.org/10.1016/j.nuclphysb.2006.06.011
https://arxiv.org/abs/hep-th/0604107
https://inspirehep.net/search?p=find+EPRINT+hep-th/0604107
https://doi.org/10.1016/j.physletb.2009.05.012
https://arxiv.org/abs/0811.2807
https://inspirehep.net/search?p=find+EPRINT+arXiv:0811.2807
https://doi.org/10.1016/j.nuclphysb.2009.12.028
https://arxiv.org/abs/0905.3394
https://inspirehep.net/search?p=find+EPRINT+arXiv:0905.3394
https://doi.org/10.1016/j.nuclphysb.2007.02.025
https://arxiv.org/abs/hep-ph/0610054
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0610054
https://doi.org/10.1103/PhysRevD.83.056015
https://arxiv.org/abs/1007.5100
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D83,056015%22
https://doi.org/10.1103/PhysRevD.84.076003
https://arxiv.org/abs/1103.4160
https://inspirehep.net/search?p=find+EPRINT+arXiv:1103.4160
https://doi.org/10.1016/j.physletb.2012.02.086
https://arxiv.org/abs/1112.3024
https://inspirehep.net/search?p=find+EPRINT+arXiv:1112.3024
https://doi.org/10.1016/j.physletb.2016.11.022
https://arxiv.org/abs/1609.06294
https://inspirehep.net/search?p=find+EPRINT+arXiv:1609.06294
https://doi.org/10.1140/epjc/s10052-018-6443-3
https://arxiv.org/abs/1809.09695
https://inspirehep.net/search?p=find+EPRINT+arXiv:1809.09695
https://doi.org/10.1007/JHEP06(2018)126
https://arxiv.org/abs/1711.10225
https://inspirehep.net/search?p=find+EPRINT+arXiv:1711.10225
https://doi.org/10.1016/j.physletb.2014.11.023
https://arxiv.org/abs/1408.4459
https://inspirehep.net/search?p=find+EPRINT+arXiv:1408.4459
https://doi.org/10.1142/S0217732386000105
https://inspirehep.net/search?p=find+J+%22Mod.Phys.Lett.,A1,57%22


J
H
E
P
0
7
(
2
0
1
9
)
0
4
8

[27] R. Barbieri and G.F. Giudice, Upper bounds on supersymmetric particle masses,

Nucl. Phys. B 306 (1988) 63 [INSPIRE].

[28] T. Li, J.A. Maxin and D.V. Nanopoulos, Probing the no-scale F -SU(5) one-parameter model

via gluino searches at the LHC2, Phys. Lett. B 773 (2017) 54 [arXiv:1705.07973]

[INSPIRE].

[29] T. Li, J.A. Maxin, D.V. Nanopoulos and J.W. Walker, No-scale F -SU(5) in the light of

LHC, Planck and XENON, J. Phys. G 40 (2013) 115002 [arXiv:1305.1846] [INSPIRE].

[30] ATLAS collaboration, Exotics combined summary plots webpage,

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/, (2016).

[31] R. Harnik, D.T. Larson, H. Murayama and M. Thormeier, Probing the Planck scale with

proton decay, Nucl. Phys. B 706 (2005) 372 [hep-ph/0404260] [INSPIRE].

[32] J.R. Ellis, D.V. Nanopoulos and K.A. Olive, Flipped heavy neutrinos: from the solar neutrino

problem to baryogenesis, Phys. Lett. B 300 (1993) 121 [hep-ph/9211325] [INSPIRE].

[33] J.R. Ellis, J.L. Lopez, D.V. Nanopoulos and K.A. Olive, Flipped angles and phases: a

systematic study, Phys. Lett. B 308 (1993) 70 [hep-ph/9303307] [INSPIRE].

[34] T. Li, J.A. Maxin, D.V. Nanopoulos and J.W. Walker, Dark matter, proton decay and other

phenomenological constraints in F -SU(5), Nucl. Phys. B 848 (2011) 314 [arXiv:1003.4186]

[INSPIRE].

[35] Tevatron Electroweak Working Group, CDF and D0 collaborations, Combination

of CDF and DO results on the mass of the top quark using up to 8.7 fb−1 at the Tevatron,

arXiv:1305.3929 [INSPIRE].

[36] WMAP collaboration, Nine-year Wilkinson Microwave Anisotropy Probe (WMAP)

observations: cosmological parameter results, Astrophys. J. Suppl. 208 (2013) 19

[arXiv:1212.5226] [INSPIRE].

[37] Planck collaboration, Planck 2018 results. VI. Cosmological parameters,

arXiv:1807.06209 [INSPIRE].

[38] Y. Huo, T. Li, D.V. Nanopoulos and C. Tong, The lightest CP-even Higgs boson mass in the

testable flipped SU(5)×U(1)X models from F-theory, Phys. Rev. D 85 (2012) 116002

[arXiv:1109.2329] [INSPIRE].

[39] ATLAS collaboration, Search for dark matter and other new phenomena in events with an

energetic jet and large missing transverse momentum using the ATLAS detector,

JHEP 01 (2018) 126 [arXiv:1711.03301] [INSPIRE].

[40] ATLAS collaboration, Search for supersymmetry in final states with charm jets and missing

transverse momentum in 13TeV pp collisions with the ATLAS detector,

JHEP 09 (2018) 050 [arXiv:1805.01649] [INSPIRE].

[41] Heavy Flavor Averaging Group collaboration, Compilation of B+ semi-leptonic and

radiative branching fractions, http://www.slac.stanford.edu/xorg/hfag/rare/2013/

radll/OUTPUT/TABLES/radll.pdf, (2013).

[42] CMS and LHCb collaborations, Observation of the rare B0
s → µ+µ− decay from the

combined analysis of CMS and LHCb data, Nature 522 (2015) 68 [arXiv:1411.4413]

[INSPIRE].

– 19 –

https://doi.org/10.1016/0550-3213(88)90171-X
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B306,63%22
https://doi.org/10.1016/j.physletb.2017.08.005
https://arxiv.org/abs/1705.07973
https://inspirehep.net/search?p=find+EPRINT+arXiv:1705.07973
https://doi.org/10.1088/0954-3899/40/11/115002
https://arxiv.org/abs/1305.1846
https://inspirehep.net/search?p=find+EPRINT+arXiv:1305.1846
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/
https://doi.org/10.1016/j.nuclphysb.2004.11.010
https://arxiv.org/abs/hep-ph/0404260
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0404260
https://doi.org/10.1016/0370-2693(93)90758-A
https://arxiv.org/abs/hep-ph/9211325
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9211325
https://doi.org/10.1016/0370-2693(93)90603-F
https://arxiv.org/abs/hep-ph/9303307
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9303307
https://doi.org/10.1016/j.nuclphysb.2011.02.021
https://arxiv.org/abs/1003.4186
https://inspirehep.net/search?p=find+EPRINT+arXiv:1003.4186
https://arxiv.org/abs/1305.3929
https://inspirehep.net/search?p=find+EPRINT+arXiv:1305.3929
https://doi.org/10.1088/0067-0049/208/2/19
https://arxiv.org/abs/1212.5226
https://inspirehep.net/search?p=find+EPRINT+arXiv:1212.5226
https://arxiv.org/abs/1807.06209
https://inspirehep.net/search?p=find+EPRINT+arXiv:1807.06209
https://doi.org/10.1103/PhysRevD.85.116002
https://arxiv.org/abs/1109.2329
https://inspirehep.net/search?p=find+EPRINT+arXiv:1109.2329
https://doi.org/10.1007/JHEP01(2018)126
https://arxiv.org/abs/1711.03301
https://inspirehep.net/search?p=find+EPRINT+arXiv:1711.03301
https://doi.org/10.1007/JHEP09(2018)050
https://arxiv.org/abs/1805.01649
https://inspirehep.net/search?p=find+EPRINT+arXiv:1805.01649
http://www.slac.stanford.edu/xorg/hfag/rare/2013/radll/OUTPUT/TABLES/radll.pdf
http://www.slac.stanford.edu/xorg/hfag/rare/2013/radll/OUTPUT/TABLES/radll.pdf
https://doi.org/10.1038/nature14474
https://arxiv.org/abs/1411.4413
https://inspirehep.net/search?p=find+EPRINT+arXiv:1411.4413


J
H
E
P
0
7
(
2
0
1
9
)
0
4
8

[43] T. Aoyama, M. Hayakawa, T. Kinoshita and M. Nio, Complete tenth-order QED contribution

to the muon g − 2, Phys. Rev. Lett. 109 (2012) 111808 [arXiv:1205.5370] [INSPIRE].

[44] LUX collaboration, Results from a search for dark matter in the complete LUX exposure,

Phys. Rev. Lett. 118 (2017) 021303 [arXiv:1608.07648] [INSPIRE].

[45] PandaX-II collaboration, Dark matter results from first 98.7 days of data from the

PandaX-II experiment, Phys. Rev. Lett. 117 (2016) 121303 [arXiv:1607.07400] [INSPIRE].

[46] XENON collaboration, Dark matter search results from a one ton-year exposure of

XENON1T, Phys. Rev. Lett. 121 (2018) 111302 [arXiv:1805.12562] [INSPIRE].

[47] G. Bélanger, F. Boudjema, A. Pukhov and A. Semenov, Dark matter direct detection rate in

a generic model with MicrOMEGAs 2.2, Comput. Phys. Commun. 180 (2009) 747

[arXiv:0803.2360] [INSPIRE].

[48] A. Djouadi, J.-L. Kneur and G. Moultaka, SuSpect: a fortran code for the supersymmetric

and Higgs particle spectrum in the MSSM, Comput. Phys. Commun. 176 (2007) 426

[hep-ph/0211331] [INSPIRE].

[49] A. Djouadi, M.M. Muhlleitner and M. Spira, Decays of supersymmetric particles: the

program SUSY-HIT (SUspect-SdecaY-HDECAY-InTerface), Acta Phys. Polon. B 38 (2007)

635 [hep-ph/0609292] [INSPIRE].

[50] Particle Data Group collaboration, Review of particle physics,

Phys. Rev. D 98 (2018) 030001 [INSPIRE].

[51] CMS collaboration, Search for new phenomena with the MT2 variable in the all-hadronic

final state produced in proton-proton collisions at
√

https://doi.org/10.1103/PhysRevLett.109.111808
https://arxiv.org/abs/1205.5370
https://inspirehep.net/search?p=find+EPRINT+arXiv:1205.5370
https://doi.org/10.1103/PhysRevLett.118.021303
https://arxiv.org/abs/1608.07648
https://inspirehep.net/search?p=find+EPRINT+arXiv:1608.07648
https://doi.org/10.1103/PhysRevLett.117.121303
https://arxiv.org/abs/1607.07400
https://inspirehep.net/search?p=find+EPRINT+arXiv:1607.07400
https://doi.org/10.1103/PhysRevLett.121.111302
https://arxiv.org/abs/1805.12562
https://inspirehep.net/search?p=find+EPRINT+arXiv:1805.12562
https://doi.org/10.1016/j.cpc.2008.11.019
https://arxiv.org/abs/0803.2360
https://inspirehep.net/search?p=find+EPRINT+arXiv:0803.2360
https://doi.org/10.1016/j.cpc.2006.11.009
https://arxiv.org/abs/hep-ph/0211331
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0211331
https://arxiv.org/abs/hep-ph/0609292
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0609292
https://doi.org/10.1103/PhysRevD.98.030001
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D98,030001%22
https://doi.org/10.1140/epjc/s10052-017-5267-x
https://arxiv.org/abs/1705.04650
https://inspirehep.net/search?p=find+EPRINT+arXiv:1705.04650
https://doi.org/10.1007/JHEP10(2017)005
https://arxiv.org/abs/1707.03316
https://inspirehep.net/search?p=find+EPRINT+arXiv:1707.03316
https://doi.org/10.1007/JHEP05(2018)025
https://arxiv.org/abs/1802.02110
https://inspirehep.net/search?p=find+EPRINT+arXiv:1802.02110
https://doi.org/10.1016/j.physletb.2018.01.012
https://arxiv.org/abs/1707.07274
https://inspirehep.net/search?p=find+EPRINT+arXiv:1707.07274
https://doi.org/10.1103/PhysRevLett.109.161802
https://arxiv.org/abs/1207.3343
https://inspirehep.net/search?p=find+EPRINT+arXiv:1207.3343
https://doi.org/10.1103/PhysRevD.87.035017
https://arxiv.org/abs/1210.3019
https://inspirehep.net/search?p=find+EPRINT+arXiv:1210.3019

	Introduction
	Review of F-SU(5) model
	Numerical approach
	Naturalness phenomenology
	Fine-tuning
	Conclusion

