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myp, = 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) x 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 Eg x Eg 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 ITA 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,
Aggnz [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 M/, inclusive
of the Z-boson mass expressed as a simple quadratic function of M /5. 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 13 TeV LHC2 137 fb! 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



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 125 GeV 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) x 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

. 1
TU(l)Y/ = dlag (—



where Hy and H, are one pair of Higgs doublets in the MSSM.
The ensuing Higgs superpotential at the GUT scale breaks the SU(5) x U(1)x gauge
symmetry down to the SM gauge symmetry

Wour = MMHHR + Mo
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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(g) > 1.6TeV, 124 < my <
128 GeV, Qh? < 0.1221, AM (t1,X3) < 10GeV, and X9 > 80% Higgsino. The cross-sections oLyealed
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 (g) > 1.6 TeV, 124 < m;, < 128 GeV,
Qh? < 0.1221, AM(t1,X9) < 10GeV, and X9 > 80% Higgsino. The cross-sections ohs*e@ed 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
t1t; production in the monojet search region for the channel t; — ¢X9, reprinted from ref. [39].
The branching fraction for § — &1t and t; — cx? is nearly 100% for our points shown in this
figure. The naturalness region in this diagram involves the 74 points that satisfy M (g) > 1.6 TeV,
124 < my, < 128GeV, Qh? < 0.1221, gBescaled < 1.5 x 1079 pb, and AM(t1,X9) < 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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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 (OL) search region for the channel t; — ¢x?, reprinted from ref. [40]. This ATLAS
exclusion plot also includes the monojet search region of ref. [39]. The branching fraction for g — tit
and t; — cxy is nearly 100% for our points shown in this figure. The naturalness region in this
diagram involves the 74 points that satisfy M (g) > 1.6 TeV, 124 < mj, < 128 GeV, Qh? < 0.1221,
gRescaled < 1.5 % 1079 pb, and AM (#1,%}) < 5GeV. All 74 points depicted here possess an LSP
that is at least 92% Higgsino, but no more than 98% Higgsino.



3 Numerical approach

At the unification scale of Mz ~ 3 x 1017 GeV, the F-SU(5) general SUSY breaking soft
terms are applied, namely Ms, Mix, Myer, Mge, Mgpene, Mp, = Mpy,, A, Ay, and A,
The F-SU(5) unification scale Mz near the string and Planck scale is in contrast to the
usual lower GUT scale of about 10'6 GeV in the MSSM. All SUSY breaking soft terms are
allowed to float up to 5 TeV, with the A terms varying between +5 TeV, though specifically
for the A; term we establish an extended lower limit of -7 TeV. A £1.5 GeV margin of error
is permitted around the top quark world average of 173.2 GeV [35]. The ratio of the vacuum
energy expectation values tang is allowed to span its entire range of 5 < tanfS < 60. The
flippon vector-like decoupling scale is sampled within the range 855 < My < 23,000 GeV.
We adopt i > 0 for all points as suggested by the results of g, — 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 Qh? < 0.1221. Given
the large annihilation cross-section of a Higgsino-like LSP, no lower limit is placed on
Qh2%. The strongest LHC gluino limits arise from the search regions § — gg — qgx} and
g — it — ttx}, however, in our study here we are interested in the channel producing
a top+charm via § — &1t — ctx?}, which persists with weaker limits. Accordingly, we
implement a somewhat weaker lower boundary of M (g) > 1.6 TeV 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 my = 125.09 GeV, where we account for a 20 experimental
uncertainty and theoretical uncertainty of 1.5 GeV. 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, X D¢ Yukawa coupling is
fixed at Yxp = 0 and the (XU, XU€) Yukawa coupling is set at Yxy = 1, while the
(XD, XD°) trilinear coupling A term set at Axp = 0 and the (XU, XU¢) A term is fixed
at Axy = Ay = Ag [21, 38]. In total, after including all contributions, the light Higgs
boson mass calculation must return a value of 124 < m;, < 128 GeV.

We further assess the model against rare decay processes, to include the branching ratio
of the rare b-quark decay of Br(b — s7v) = (3.43+0.215%¢ £0.24!"4-0.075Y) x 10~* [41], the
branching ratio of the rare B-meson decay to a dimuon of Br(B? — utu~) = (29+0.7+
0.29'") x 107 [42], and the 3¢ intervals around the Standard Model result and experimental
measurement of the SUSY contribution to the anomalous magnetic moment of the muon
of —17.7 x 1071% < Aq,, < 43.8 x 10719 [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 og; 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



the SUSY lightest neutralino xJ 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:
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Figure 5. Electroweak fine-tuning measure Apy, plot as a function of oR¢%ed M (XY), M(ty),
and M(g) for the F-SU(5) D-brane inspired naturalness region. The naturalness region in this
diagram involves the 74 points that satisfy M (g) > 1.6 TeV, 124 < my, < 128 GeV, Qh? < 0.1221,
oRescaled < 1.5 5 107 pb, and AM (#1,%}) < 5GeV. All 74 points depicted here possess an LSP
that is at least 92% Higgsino, but no more than 98% Higgsino. The Agy stem exclusively from
either M7 (EW) or p?(EW). These plots highlight a region with Apy < 30, regarded as low
electroweak fine-tuning.

below the gaugino mass terms M1 and M2 at the electroweak scale via RGE running,
sending Y5 to negative values. Another characteristic of spectra with a Higgsino-like LSP
is the compressed nature of the Y9, jac, and Y9. The mass deltas expected to produce a
Higgsino-like LSP are AM(%?,%&]) ~ 5GeV and AM(XY,X}) ~ 17GeV. Accompanying
the Higgsino-like LSP, we further require the condition AM (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(g), my, and Qh? in tandem with an LSP that is
> 80% Higgsino and AM(ﬁ,)??) < 10 GeV 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,



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 astscaled < 1.5 x 107 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, Jgfscaled ~ 1.5x 1079 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 ; — cX?. The nearly degenerate light stop and LSP induce a branching
fraction of nearly 100% for § — 1t and t; — cx). 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 ¢ — cxY, post application of
aglescaled < 1.5x107? pb we overlay the remaining points onto the ATLAS Collaboration ex-
clusion curve plot on ¢¢; production in the monojet search region for the channel ¢; — exy,
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 t; — ex?, 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 5 GeV, with AM(t~1, X)) < 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 t; — ¢x CMS search regions of
refs. [51-53] paint the same picture of viability for AM (t1, X)) < 5GeV. The CMS ref. [54]
for pair production of third-generation squarks states that “Top squark masses below
510 GeV are excluded for the scenario in which ¢; — cxY 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 AM (?1, X)) < 5GeV to remain experimentally viable.
The administering of Jg{?scaled < 1.5%x 107 pb and AM(t1,%}) < 5CGeV 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 my, 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
A; and M2u = MIQ{d terms at Mz such that we need A; ~ —2000 GeV and My, = Mg, ~
3500 GeV at high scale. This propels consistency within the region for our fine-tuning
calculations outlined in the next section.

— 11 —
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Figure 6. Electroweak fine-tuning measure Az = for only the top squarks t1 and t, plot as a

function of M (t;) for the F-SU(5) D-brane inspired naturalness region. The naturalness region in
this diagram involves the 74 points that satisfy M(g) > 1.6 TeV, 124 < my;, < 128GeV, QA2 <
0.1221, gRescaled < 1.5 % 1072 pb, and AM (£, X9) < 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 3.2x107% < Br(BY — p*pu~) <3.5x107? and 1.5x 10710 <
Aay, <2.9x 1010, However, with regard to the rare b-quark decay, all remaining 74 points
compute to Br(b — s7) < 2.34 x 1074, less than the approximate lower 20 experimental
bound of Br(b — svy) ~ 2.77 x 107%, with the smallest of the light stop points returning
a value as low as Br(b — s7) ~ 1075, 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 — s7), 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(ty), M(t3), p, and M?{u, 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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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.
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