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Supersymmetric models with low electroweak fine-tuning are expected to be more prevalent on the
string landscape than fine-tuned models. We assume a fertile patch of landscape vacua containing the
minimal supersymmetric standard model as low energy/weak scale effective field theory. Then, a
statistical pull by the landscape to large soft terms is balanced by the requirement of a derived
value of the weak scale which is not too far from its measured value in our Universe. Such models
are characterized by light Higgsinos in the few hundred GeV range whilst top squarks are in the
1–2.5 TeV range with large trilinear soft terms which helps to push mh ∼ 125 GeV. Other sparticles
are generally beyond current LHC reach and the BRðb → sγÞ branching fraction is nearly equal to its
standard model value. The light top-squarks decay comparably via t̃1 → bχ̃þ1 and t̃1 → tχ̃01;2 yielding

mixed final states of bb̄þ =ET , tb̄=t̄bþ =ET , and tt̄þ =ET . We evaluate prospects for top squark
discovery at high-luminosity LHC for the well-motivated case of natural SUSY from the landscape.
We find for high luminosity LHC a 5σ reach out to mt̃1 ∼ 1.65 TeV and a 95% CL exclusion
reach to mt̃1 ∼ 1.95 TeV. These reaches cover most (but not all) of the allowed stringy natural
parameter space.

DOI: 10.1103/PhysRevD.108.075027

I. INTRODUCTION

The lightest supersymmetric (SUSY) partner of the
top quark, the so-called top-squark t̃1, has for long been a
lucrative target for supersymmetry searches at hadron
colliders. Early estimates of Ellis, Enqvist, Nanopoulos
and Zwirner/background (BG) [1,2] naturalness, using the

measure ΔBG ≡maxij pi
m2

Z

∂m2
Z

∂pi
j < ΔBGðmaxÞ (where the pi

are taken as fundamental theory parameters, usually assumed
to be a set of high scale soft SUSY breaking terms) found
mt̃1 ≲ 300–400 GeV for ΔBG < 10–30 [3]. Using an alter-
native measure δm2

h=m
2
h < ΔHS, it was expected that three

third generation squarks should all have mass mt̃1;2;b̃1
≲

500 GeV [4–6]. These theoretical naturalness computations

may be compared to recent limits from LHC searches where
both ATLAS [7,8] and CMS [9] find that mt̃1 ≳ 1.2 TeV
from pp collisions at

ffiffiffi
s

p ¼ 13 TeV and with ∼139 fb−1 of
integrated luminosity.1 Taken at facevalue, this confrontation
between theory and experiment would indicate that the
paradigm of weak scale supersymmetry [10] is highly
implausible as a route to physics beyond the Standard
Model (SM) [11].
One resolution to the supersymmetry naturalness con-

flict is that the early theoretical naturalness calculations
turned out to be large overestimates of the actual fine-
tuning [12,13]. For the BG measure, it is emphasized in
Refs. [12–15] that the fundamental theory parameters pi
should not be taken as a set of independent soft SUSY
breaking terms, since in any more UV-complete theory,
these are all correlated. For example, in gravity-mediation
SUSY breaking models with a well-specified SUSY*baer@ou.edu
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1The ATLAS and CMS experiments have published several
different recent limits for different assumed simplified models
[7–9]. The references quoted here assume stop pair produc-
tion followed by 100% decay t̃1 → tχ̃01, but with different
assumptions for the t → bW final state (hadronic or leptonic).
The 95% CL exclusion limits from simplified models hover
around mt̃1 ≳ 1.1–1.3 TeV. In the following plots, we will adopt
mt̃1 ≳ 1.2 TeV and mark the limit by a wiggly line to denote its
inherent uncertainty.
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breaking sector, then the soft terms are all computed as
multiples of the gravitino mass m3=2.

2 Adopting indepen-
dent soft terms as the pi just parametrizes our ignorance
of the SUSY breaking mechanism, but can lead to over-
estimates of finetuning by up to three orders of magni-
tude [13]. Alternatively, the ΔHS measure attempts to tune
dependent quantities m2

Hu
and δm2

Hu
one against the other,

which again leads to up to three orders of magnitude
overestimates of fine-tuning [13]. If one instead adopts
the more conservative electroweak fine-tuning measure
ΔEW [17,18], then top-squark masses are allowed up to
several TeV at little cost to fine-tuning since their con-
tributions to the weak scale are suppressed by loop factors
(for a recent review, see, e.g., Ref. [19]).
Inmost supersymmetricmodels of particle physics—even

in the case of high scale scalar mass universality—the lighter
top squark t̃1 is expected to be the lightest of all the squarks. It
thus presents a lucrative target for supersymmetry discovery
at hadron collider experiments such as the CERN LHC. The
lightness of the top squark, relative to other squarks, arises
from two reasons: 1. the large top-quark Yukawa coupling ft
acts to drive top squark soft terms to lower values than other
squarks (assuming an initial degeneracy amongst all squark
soft terms at the high scale) and 2. the large top Yukawa
enhances the mixings amongst the top squarks, and large
mixing typically acts to further split the top squark eigen-
masses, driving the lighter one down and the heavier stop t̃2
to larger values (relative to the no mixing case).
A third effect arises from the string landscape picture

[20–22]. In the string landscape, where of order 10500 vacua
solutions [23] arise from compactification from 10 to 4
spacetime dimensions, then each vacuum solution corre-
sponds to a different set of 4 − d low energy effective field
theory law of physics. The string landscape provides a
natural setting for Weinberg’s anthropic solution to the
cosmological constant problem [24] in an eternally inflat-
ing multiverse. If similar reasoning is applied to the origin
of the SUSY breaking scale, then it is expected that no
particular value of the (complex-valued) SUSY breaking F
terms or (real-valued) SUSY breaking D terms are favored
over any other. In that case, then on rather general grounds,
the landscape is expected to statistically favor large soft
terms via a power law [25]

fSUSY ∼m2nFþnD−1
soft ; ð1Þ

where fSUSY encodes the expected statistical distribution
of landscape soft terms. Thus, even the textbook case of
SUSY breaking via a single F-term field would yield a
linear draw to large soft terms.
Naively, one might expect such a distribution to favor

high scale SUSY breaking. However, the weak scale soft

terms and SUSY-preserving μ parameter determine the
magnitude of the weak scale via the scalar potential
minimization conditions under the radiative breaking of
electroweak symmetry:

mPU2
Z ¼ m2

Hd
þ Σd

d − ðm2
Hu

þ Σu
uÞtan2β

tan2β − 1
− μ2PU ð2Þ

where the label PU stands for parameter values in each
separate pocket universe within the greater multiverse. Here,
following Weinberg, we assume a so-called fertile patch of
the multiverse wherein the low energy/weak scale effective
field theory consists of the minimal supersymmetric SM
(MSSM) (plus some additional fields such as a Peccei-Quinn
(PQ) sector) but with variable soft terms and hence variable
values for the associated weak scale mPU

weak. The value of
mPU

weak is typically≠ mOU
weak, where OU stands for a quantity’s

value in our Universe. Agrawal et al. (ABDS) [26] have
shown that for complex nuclei—and hence atoms as we
know them—to form in a PU, that the value ofmPU

weak must lie
within the ABDSwindow, typicallymPU

weak ∼ ð0.5 − 5ÞmOU
weak

(the atomic principle). The ABDS anthropic window thus
vetoes vacua with improper electroweak symmetry breaking
(EWSB), such as solutions with no EWSB or charge or color
breaking (CCB)minima; it also excludes the vast majority of
high scale SUSY solutions that typically lead to mPU

weak far
beyond the ABDS window. The string landscape approach
to soft SUSY breaking within the MSSM has led to some
success in that it statistically predicts a Higgs boson mass
mh ≃ 125 GeV whilst sparticles are typically well beyond
current LHC search bounds [27].
Returning to top squarks, the large value of the top quark

Yukawa coupling enhances the radiative correction terms
Σu
uðt̃1;2Þ in Eq. (2) relative to Σu

uðq̃iÞ (where q̃i denotes
squark masses of the first two generations). Thus, for
independent soft terms for each generation (as is generic in
gravity mediation [16,28,29]) then the squark and slepton
masses of the first two generations will get pulled to much
higher values, typically mq̃i ∼ 10–40 TeV (providing a
mixed decoupling/quasidegeneracy solution to the SUSY
flavor and CP problems [30]) whilst mt̃1 ∼ 1–2.5 TeV.
As such, the string landscape provides additional strong
motivation for top-squark pair searches at LHC as com-
pared to other sparticle searches (although the search for
light Higgsinos with mðHiggsinoÞ ∼ 100–400 GeV is also
especially lucrative [31–36]).
In this paper, after a brief review of some previous relevant

works in Sec. I A, in Sec. II we will present landscape
predictions for some of the relevant properties of light top
squarks as derived from string landscape predictions with a
simplen ¼ 1 power lawdraw to large soft terms.Wewill find
that while large stop mixing terms mtAt are expected at the
weak scale (and indeed these help boost up the light Higgs
mass to mh ∼ 125 GeV), the lighter top squark t̃1 is still
typically mainly a right-top squark [assuming high scale

2For instance, in dilaton-dominated SUSY breaking, then
m0 ¼ m3=2 with A0 ¼ −m1=2 ¼

ffiffiffi
3

p
m3=2 [16].
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degeneracy of left and right top squark soft terms mt̃L and
mt̃R , as expected by intragenerational degeneracy since the
elements of each generation fill out the 16-dimensional
spinor-rep of SOð10Þ]. Also, we will find that the branching
fractionBRðb → sγÞ is expected to be very near its SMvalue
(in agreement with data and in accord with the general
expectation for TeV-scale top squarks). We will also deter-
mine the expected t̃1 branching fractions which will deter-
mine the associated LHC search signatures. In Sec. III, we
examine top-squarkpair production rates and expected signal
channels which are expected for high-luminosity LHC
(HL-LHC) searches. In Sec. IV we introduce a natural
top-squark benchmark point and associated model line.
In Sec. V, we give cuts and mT2 distributions for each of
the three major signal channels. By combining results, we
present 5σ reach and 95% CL exclusion limits versusmt̃1 . In
Sec. VI, we present a brief summary and conclusions from
our results.

A. A brief review of some previous relevant works

The first few papers on top-squark phenomenology
focused on the possibility for t → t̃1χ̃0i decays which could
disrupt top-quark discovery signatures at the CERN Spp̄S
[37,38] and Fermilab Tevatron colliders [39]. Direct top-
squark pair production at the Tevatron within the frame-
work of simplified models was already examined in
Ref. [40] shortly before the actual discovery of the top-
quark. In Ref. [41], the capability of LHC to measure the
top-quark mixing angle θt was examined: the strategy
promoted was to as best as one can measure the various top-
squark branching fractions into different decay modes
which depend on stop mixing. In Ref. [42], the scenario
of maximal stop mixing, which provides an explanation for
the rather high Higgs mass mh ≃ 125 GeV, was examined
with a view towards resolving the apparent tension between
naturalness and the light Higgs mass. In Ref. [43], Graesser
and Shelton examined top squark pair production followed
by mixed top-squark decay modes t̃1 → bχ̃þ1 with t̃�1 → t̄χ̃01
and suggested a new search variable t ¼ topness to aid in
identifying top jets in the final state. In Ref. [44], it is
argued that conventional fine-tuning measures overesti-
mated the severeness of top-squark mass upper bounds and
instead examined implications of the ΔEW measure for top-
squark properties. Using ΔEW ≲ 30, then top squarks may
range up to mt̃1 ≲ 3 TeV provided there is a rather large
weak scale At soft term mixing value which also elevates
the Higgs mass mh → ∼125 GeV. Thus, there exists a
significant portion of natural SUSY parameter space that
lies beyond ATLAS/CMS limits as displayed in the mt̃1 vs
mχ̃0

1
simplified model parameter plane. In C. Han et al. [45],

the authors recast various ATLAS/CMS top squark search
results into the mt̃1 vs mχ̃0

1
top-squark search plane and

compare against naturalness using ΔEW. In Ref. [46],
assuming t̃1 → tχ̃01 decay, Bai et al. impose a very strong

=ET cut against which two top jets merge. Cuts on the
resulting configuration boost signal over background by
40% over conventional analyses.
In Ref. [47], the ATLAS collaboration examined the

reach of HL-LHC for top-squark pair production followed
by t̃1 → tχ̃01 in the top-squark search plane: for light mχ̃0

1
,

they find using LHC14 with 3000 fb−1 a 5σ reach to mt̃1 ∼
1.25 TeV and a 95% CL exclusion to mt̃1 ∼ 1.7 TeV.
Similar results from CMS are shown in Ref. [48].

II. PROPERTIES OF TOP SQUARKS
FROM THE LANDSCAPE

A. Scan over landscape

In this section, we wish to explore the predictions from
the string landscape for top squark properties. To this end,
we will generate the distribution

dNvac ¼ fSUSY · fEWSB · fcc · dmsoft; ð3Þ
where dNvac=dmsoft stands for the distribution of string
vacua with respect to the soft SUSY breaking parameters.
We will assume a fertile patch of the string landscape where
the low energy/weak scale effective field theory consists of
the MSSM (possibly augmented with a PQ sector that is
only relevant for dark matter considerations), but where in
the string landscape the various soft terms

m0ð1; 2Þ; m0ð3Þ; m1=2; A0; tan β; mA; μ ð4Þ
will scan independently [49]. (Note that while the soft terms
would all be correlated and hence dependent in our Universe,
as discussed earlier, they should scan independently within
the various pocket universes within the greater multiverse.)
The various independent soft terms scan as a power law

fSUSY ∼m2nFþnD−1
soft ; ð5Þ

where nF is the number of hidden sector F-breaking fields
(distributed as complex numbers) and nD is the number of
D-breaking fields (distributed as real numbers). For simplic-
ity, we will adopt the textbook case nF ¼ 1, a single F
breaking field, and nD ¼ 0 so that fSUSY ∼m1

soft, i.e., a linear
statistical draw to large soft terms. We will take the nonsoft
term tan β to scan uniformly and will fix the μ parameter to a
natural value μ ¼ 200 GeV. The cosmological constant
selection embedded in fcc does not impact the soft term
selection as emphasized by Douglas [25].
For the (anthropic) selection fEWSB, we require the

derived value of the weak scale in each pocket universe
to have 1. no charge or color breaking minima (no CCB),
2. an appropriate breakdown of EW symmetry to Uð1ÞEM,
and 3. a derived value for the pocket universe lies within
the ABDS window [26], i.e., that mPU

weak ≲ ð0.5 − 5ÞmOU
weak.

To be precise, in a pocket universe with no fine-tuning, this
corresponds to ΔEW ≲ 30 since mPU

weak ∼mZ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔEW=2

p
.
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By combining the various effects in Eq. (3), we are able
to obtain a measure of what Douglas calls stringy natu-
ralness [50,51]. While stringy naturalness is not measured
by a number, we can measure it via a scan over SUSY
model soft terms in accord with Eq. (3). Here, we imple-
ment the n≡ 2nF þ nD − 1 ¼ 1 linear scan over the
NUHM3 [52] parameter space:
(1) m0ð1; 2Þ∶0.1–45 TeV,
(2) m0ð3Þ∶0.1–10 TeV,
(3) m1=2∶ 0.5–3 TeV,
(4) A0∶ 0 − ð−20Þ TeV,
(5) tan β∶3 − 60 (uniform scan),
(6) mA∶ 0.3–10 TeV,

with μ fixed at a natural value of 200 GeV.3 For each set of
input parameters in the NUHM3 model, we use Isajet 7.88
[54] to compute the corresponding sparticle and Higgs
boson masses and other properties.

B. Top squark mass and mixing

Next, we wish to display properties of top squarks from
probability distributions reflecting stringy naturalness. After
our landscape scan, we display in Fig. 1 histograms of
probability (a) dP=dmh and (b) dP=dmt̃1 . From frame (a),
we see that the stringy naturalness prefers a lightHiggs boson
h with mass between 120 GeV < mh < 126 GeV with a
peak at mh ∼ 125 GeV. This behavior arises due to maxi-
mizing the soft terms that enter into the radiatively corrected
Higgs mass

m2
h ≃m2

Zcos
22β þ 3g2

8π2
m4

t

m2
W

�
ln
m2

t̃

m2
t
þ x2t
m2

t̃

�
1 −

x2t
12m2

t̃

��
;

ð6Þ
where xt ¼ At − μ cot β and m2

t̃ ¼ mQ3
mU3

is an effective
stop mass which minimizes log corrections to the scalar
potential (here,mQ3

andmU3
are the third generation doublet

and up-squark soft terms and At is theweak scale top-squark
trilinear soft term). For a given value of m2

t̃ , this expression
gives a maximal value for mh when xmax

t ¼ ffiffiffi
6

p
mt̃ [55–57].

The pull on the A0 term to large values (but not so large as to
enter CCB minima in the scalar potential) helps pull mh up
into the ∼125 GeV range.
In frame (b), we show the probability distribution formt̃1

from the string landscape with an n ¼ 1 draw to large soft
terms. While there is just a small probability to have a top
squark with mass below a TeV, the distribution rises to
a peak at mt̃1 ∼ 1.5 TeV followed by a slow dropoff ending
around mt̃1 ∼ 2.5 TeV. We also show the present mt̃1 ≳
1.2 TeV limit from ATLAS/CMS searches (as a wiggly line
to denote the inherent uncertainty associated with simplified

model limits). By comparing, we see that LHC experiments
are only beginning to probe the range of top squark masses
predicted by the landscape. The reach of LHC run 3 and
HL-LHC should push into the peak probability region in the
coming years, making the search for light top squarks of
supersymmetry a highly motivated priority.

FIG. 1. (a) Probability distribution for light Higgs mass mh.
(b) Probability distribution for lighter top squark mass mt̃1 . We
assume statistical selection of soft terms from the string landscape
with an n ¼ 1 power-law draw to large soft terms.

FIG. 2. Probability distribution dP=dðxt=mt̃Þ. The vertical
dashed line denotes where xt ¼

ffiffiffi
6

p
mt̃ where the Higgs mass

radiative corrections becomes maximal. We assume statistical
selection of soft terms from the string landscape with an n ¼ 1
power-law draw to large soft terms.

3The SUSY conserving μ parameter arises from whatever
solution to the SUSY μ problem is imposed. For a review of 20
solutions to the SUSY μ problem, see Ref. [53].
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In Fig. 2, we show the differential probability distribu-
tion dP=dðxt=mt̃Þ, where mt̃ ≡ ffiffiffiffiffiffiffiffiffiffiffiffiffimt̃1mt̃2

p . The vertical

dashed line denotes where xt ¼
ffiffiffi
6

p
mt̃, which is where

the radiative corrections to the Higgs mass from top squarks
are maximal. The distribution peaks just below this point
due to the landscape selection of large trilinear soft terms
At. This draw to large At, and hence large xt, helps to
understand why the Higgs mass mh is pushed up to mh ∼
125 GeV in the string landscape.
In Fig. 3, we plot dots of stringy naturalness in themt̃1 vs

cos θt plane where the light top squark

t̃1 ¼ cot θtt̃L − sin θtt̃R ð7Þ
in the notation of Ref. [10], and where θt is the top squark
mixing angle and t̃L and t̃R are theweak scale left- and right-
stop eigenstates. From the plot, we see that cos θt ∼ 0.1 over
the entire expected range of light top squark masses so that
we expect the light top-squark to be predominantly of t̃R
variety in spite of the expected large stop mixing. This is
because, starting with common soft top-squark masses at the
high scalemQ3

¼ mU3
¼ mD3

≡m0ð3Þ, the renormalization
group evolution suppresses the right top-squark soft mass
mU3

more than the left top squark soft mass mQ3
.

1. b → sγ branching fraction

A powerful virtual probe of top squark properties comes
from the measured value of the flavor-changing b decay
branching fraction BRðb → sγÞ. In the SM, this process
proceeds via a tW loop while in two-Higgs doublet models
there is a comparable contribution from a tH� loop [58]. In
the MSSM, there are additional contributions from t̃iχ̃�1;2
and even q̃χ̃�1;2 loops (the latter tend to decouple in our
picture since first/second generation squarks are drawn to
mq̃i ∼ 10–40 TeV level (since their contributions to the
weak scale are suppressed by their tiny Yukawa couplings).

For top-squark and chargino masses nearby to the weak
scale, then the various stop loops tend to dominate the
contributions to the C7 Wilson coefficient albeit with either
positive or negative contributions [59]. Nonetheless, one
expects with rather light top-squarks of a few hundred
GeV that there would be large measured deviations in the
BRðb → sγÞ compared to its SM value. For top squarks
approaching the TeV scale, then these contributions decou-
ple and one expects the SUSY value for BRðb → sγÞ to
nearly match the SM expectation. For our theory calcu-
lation, we adopt the next-to-leading-order (NLO) evalu-
ation which is included in Isajet [59,60]. The Isajet value,
which does not include two-loop and nonperturbative effects,
asymptotes to BRðb → sγÞIsajetSM ∼ 3.15 × 10−4. Thus, along
with the Isajet NLO perturbative estimate, we include a
two-loop and nonperturbative contribution δΓ≡ δΓ2−loop þ
δΓnonp ≃ 0.25 as emphasized by Misiak [61].
The present measured average value from the HFLAV

Collaboration [62] is given as BRðb → sγÞ ¼ ð3.49�
0.19Þ × 10−4, which is dominated by the Belle [63] and
BABAR [64] measurements. The current SM theory esti-
mate is BRðb → sγÞTHSM ¼ ð3.36� 0.23Þ × 10−4 [61].
In Fig. 4, we plot points of stringy naturalness in the mt̃1

vs BRðb → sγÞ plane. The blue solid line and dashed
bands show the HFLAV value �2σ. The theory values
cluster around BRðb → sγÞ ∼ 3.4 × 10−4 with some larger
deviations for lower mt̃1 ≲ 1 TeV. Thus, the measured
BRðb → sγÞ branching fraction tends to support the sce-
nario of TeV-scale top squarks as predicted by the string
landscape and as expected from the rather large value of the
light Higgs mass mh ∼ 125 GeV.

2. Top squark branching fractions

The top squark decay widths Γðt̃1 → tχ̃0i Þ (i ¼ 1–4) and
Γðt̃1 → bχ̃þj Þ (j ¼ 1–2) are expected to be the dominant

FIG. 3. Probability distribution for lighter top squark mass vs
cos θt where t̃1 ¼ cos θtt̃L − sin θtt̃R. We assume statistical se-
lection of soft terms from the string landscape with an n ¼ 1
power-law draw to large soft terms.

FIG. 4. Probability distribution for lighter top squark mass vs
BRðb → sγÞ. We assume statistical selection of soft terms from
the string landscape with an n ¼ 1 power-law draw to large soft
terms. The horizontal lines show the PDG measured value �2σ
error band while the vertical dashed line shows the approximate
LHC limit on mt̃1 from simplified model analyses.
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top-squark decay modes and their formulas are listed in
Ref. [10] as Eqs. (B.39) and (B.43), respectively. The
numerical values can be extracted from the Isajet [54] code.
The decay widths depend sensitively on the top-squark
gauge couplings and the top-quark Yukawa coupling along
with the mixing angle θt and the decay kinematics. In Fig. 5
we show the stringy natural values of BFðt̃1 → bχ̃þ1 Þ vsmt̃1 .
From the plot, we see a rather uniform prediction vsmt̃1 that
BFðt̃1 → bχ̃þ1 Þ occurs very close to the 50% level.
In Fig. 6, we show the prediction for BFðt̃1 → tχ̃01Þ vs

mt̃1 . The result here is also rather uniform in mt̃1 : that
BFðt̃1 → tχ̃01Þ ∼ 20–25%. Likewise, in Fig. 7 we show the
BFðt̃1 → tχ̃02Þ. This branching fraction also tends to occur
at the 20–25% level with little variation vs mt̃1 . Further
branching fractions such as BFðt̃1 → tχ̃03Þ can occur at the
several percent level, while others such as t̃1 → tχ̃04 and
t̃1 → bχ̃þ2 tend to occur at the subpercent level.

III. PRODUCTION AND DECAY
OF TOP SQUARKS AT LHC

For the benefit of the reader, we show in Fig. 8 the NLO
Prospino [65] prediction for top squark pair production at
LHC with

ffiffiffi
s

p ¼ 14 TeV collisions: σðpp → t̃1 t̃�1XÞ vsmt̃1 .
Starting just above the present LHC excluded region, with
mt̃1 ¼ 1.25 TeV, we find σðt̃1 t̃�1Þ ∼ 1 fb, corresponding to
3000 signal events assuming the nominal HL-LHC inte-
grated luminosity of 3 ab−1. Even for mt̃1 as high as 2 TeV,
we find σðt̃1t̃�1Þ ∼ 0.02 fb, corresponding to 60 signal
events at HL-LHC before cuts.
The projected HL-LHC reach for top squark pair

production is usually presented in terms of simplified
models by the ATLAS and CMS collaborations where a
single top squark decay mode is assumed. We see from the
previous subsection that such analyses are not realistic from
the point of view of the string landscape and so we will

FIG. 6. Probability distribution for lighter top squark mass vs
BFðt̃1 → tχ̃01Þ. We assume statistical selection of soft terms from
the string landscape with an n ¼ 1 power-law draw to large
soft terms.

FIG. 5. Probability distribution for lighter top squark mass vs
BFðt̃1 → bχ̃þ1 Þ. We assume statistical selection of soft terms from
the string landscape with an n ¼ 1 power-law draw to large
soft terms.

FIG. 7. Probability distribution for lighter top squark mass vs
BFðt̃1 → tχ̃02Þ. We assume statistical selection of soft terms from
the string landscape with an n ¼ 1 power-law draw to large
soft terms.

FIG. 8. Plot of σðpp → t̃1 t̃�1XÞ from Prospino (NLO) versus
mt̃1 for pp collisions at

ffiffiffi
s

p ¼ 14 TeV.
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examine the reach of LHC at HL-LHC using the several
predicted decay modes. This will give rise to mixed decay
mode configurations such as is shown in Fig. 9 where one
t̃1 → bχ̃þ1 and the other t̃1 → tχ̃01. Thus, we expect three
main signal channels:
(1) bb̄þ =ET ,
(2) tt̄þ =ET , and
(3) tb̄þ =ET (plus charge conjugate mode).

In addition, some subset of events will contain soft
decay products from the unstable Higgsinos in the cascade
decay. Of particular note is the occasional presence of
χ̃02 → χ̃01ll (with l ¼ e or μ), where mðllÞ < mχ̃0

2
−mχ̃0

1
.

IV. A STRINGY NATURAL TOP SQUARK
BENCHMARK POINT

In the following section, we will examine top squark pair
production at LHC14 for the following benchmark (BM)
point, which is typical of stringy natural models. The BM
point comes from the NUHM2 model [52] with parameters
as listed in the Table I. It is a natural SUSY benchmark
point since ΔEW ¼ 22, even though the lightest top squark
lies at mt̃1 ∼ 1.7 TeV and mg̃ ∼ 2.8 TeV. The BM point
wino mass M2 ∼ 1 TeV, which is very close to recent
exclusion limits from ATLAS [66] [for which mðwinoÞ ≳
900 GeV from various simplified model analyses]. We have
checked using the SModelS code [67,68] that our benchmark
point is allowed by current LHC search results. Our bench-
mark model line is also allowed under LHC13 stop pair and
EWino pair searches via the CheckMATE code [69,70]. Even
so, the wino roughly decouples from lighter stop decays due
to the fact that the light stop ismainly right stop (as seen from
Fig. 3) and so hardly couples to winos. The stop decay to

binos is suppressed by phase space and due to the smaller
Uð1ÞY gauge coupling so stop decays to Higgsinos are
dominant as shown in Figs. 5–7.
The spectra is generated using the Isasugra code [71] from

Isajet [54]. We can also expand this natural SUSY BM point
into a natural SUSY model line by simply varying the A0

parameter which results in variation ofmt̃1∶ 800–2200 GeV
while hardly changing mh or other sparticle masses.

V. REACH OF LHC FOR NATURAL
TOP SQUARKS

We next examine the reach of HL-LHC (
ffiffiffi
s

p ¼ 14 TeV
with 3000 fb−1) for the top squarks of stringy natural SUSY.
To proceed, we generate a SUSY Les Houches Accord file
[72] for each of our natural SUSYmodel line points and feed
this into PYTHIA [73], which is used for signal and the 2 → 2

FIG. 9. Representative diagram for top squark pair production
and decay at LHC in natural SUSY.

TABLE I. Input parameters (TeV) and masses (GeV) for the
stringy natural SUSY benchmark point from the NUHM2 model
with mt ¼ 173.2 GeV using Isajet 7.88 [54].

Parameter Stringy natural BM point

m0 5 TeV
m1=2 1.2 TeV
A0 −8 TeV
tan β 10

μ 250 GeV
mA 2 TeV

mg̃ 2830 GeV
mũL 5440 GeV
mũR 5561 GeV
mẽR 4822 GeV
mt̃1 1714 GeV
mt̃2 3915 GeV
mb̃1

3949 GeV
mb̃2

5287 GeV
mτ̃1 4746 GeV
mτ̃2 5110 GeV
mν̃τ 5107 GeV
mχ̃�

1
261.7 GeV

mχ̃�
2

1020.6 GeV
mχ̃0

1
248.1 GeV

mχ̃0
2

259.2 GeV
mχ̃0

3
541.0 GeV

mχ̃0
4

1033.9 GeV
mh 124.7 GeV

Ωstd
χ̃1
h2 0.016

BRðb → sγÞ × 104 3.1
BRðBs → μþμ−Þ × 109 3.8
σSIðχ̃01; pÞ (pb) 2.2 × 10−9

σSDðχ̃01; pÞ (pb) 2.9 × 10−5

hσvijv→0 (cm3= sec) 1.3 × 10−25

ΔEW 22
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BG processes. The pp → t̃1t̃�1X cross section is normalized
to the default Prospino NLO value from Fig. 8.
For the 2 → 3 BG processes, we use MadGraph [74]

coupled to PYTHIA. The SM BGs considered are tt̄, bb̄Z,
tt̄Z, tt̄W, bb̄W, and single-top production. We evaluate all
background processes using leading order PYTHIA and
MadGraph results but normalize the total cross sections to
the higher order perturbative results listed below:
(1) tt̄: NNLOþ NNLL result from Topþþv2.0 [75],
(2) tt̄W and tt̄Z: NLO (QCDþ EW) from Table 41

of [76],
(3) single top: NNLO result from [77],
(4) Wbb̄ and Zbb̄: NLO results from Table 6 of [78]

extrapolated to
ffiffiffi
s

p ¼ 14 TeV.
We adopt the toy detector simulation Delphes [79].
The baseline reconstructed objects are as follows.
Baseline small radius jet:
(1) Found by anti-kt jet finder algorithm with

pTðminÞ ¼ 25 GeV and R ¼ 0.4 and
(2) jηðjÞj < 4.5.

Isolated lepton:
(1) jηðμÞj < 2.5 for muon, jηðeÞj < 2.47 for electron,
(2) pTðμÞ > 25 GeV for muon, pTðeÞ > 20 GeV for

electron.
Large radius jet:
(1) Found by Cambridge/Aachen finder algorithm with

pTðminÞ ¼ 400 GeV with R ¼ 1.5.
For signal objects, we also require signal b jets:
(1) satisfy the baseline small radius jet requirement

above,
(2) jηðbÞj < 2.4, and
(3) tagged by Delphes as b jet. [The b-jet tagging

efficiency for our pTðbÞ range occurs at around
the 75% level from Delphes.]

The signal top candidate is reconstructed with either of the
following criteria:
(1) The fat jet J is tagged by the HEPTopTagger2

[80,81] as a top. In such case, the top four-vector
reconstructed by the tagger is used for further
kinematics calculations, or

(2) The fat jet J has a trimmed mass 115 GeV < mJ <
225 GeV and has at least 1b jet within the cone
radius of the fat jet [ΔRðJ; bÞ < 1.5]. In such a case,
the trimmed four-vector of the fat jet is used for
further kinematics calculations.

(Using this procedure, we compute the single top-jet tag
efficiency as about 71% for a single top-jet; but this drops
to ∼36% for events containing two top jets.)
The events then are separated into three channels:

tt̄þ =ET , tbþ =ET , and bb̄þ =ET . For each signal channel,
we veto events containing isolated leptons. The workflow
to determine each channel is as follows:
(1) If there are at least two tops being tagged by the

HEPTopTagger2, the two tops with the hardest pT

are chosen as signals, and this channel is labeled
as tt̄þ =ET .

(2) Otherwise, if the HEPTopTagger2 tags 1 top, and the
trimming method tags at least one other, this channel
is labeled again as tt̄þ =ET . The top tagged by the
HEPTopTagger2, and the hardest fat jet found by the
trimming method are chosen as signals.

(3) Otherwise, if the HEPTopTagger2 fails to tag any
tops, but the trimming method found at least two,
this channel is also labeled as tt̄þ =ET . The two tops
with the hardest pT are chosen as signals.

(4) Otherwise, if there is exactly 1 top tagged by either
HEPTopTagger2 or the trimming method, then look
for extra b-jet candidates. The b-jet candidates must
satisfy signal b-jet requirement listed above. The
b-jet candidate needs to be well separated with the
three subjets of the reconstructed top (both HEP-
TopTagger2 and the trimming algorithm can provide
the subjet four-vectors): ΔRðsubjet; bÞ > 0.4. If
there are b jets satisfying these requirements, then
the b candidate that minimizes the vector sum of
=ET þ pTðtÞ þ pTðbÞ is chosen as the signal. This
channel is labeled as tbþ =ET .

(5) Otherwise, if the event fails any of the above
selection requirements but has at least two b jets
satisfied the signal b-jet requirement, this channel is
labeled as bb̄þ =ET . The pair of b jets that minimize
the vector sum of =ET þ pTðb1Þ þ pTðb2Þ are chosen
as signals. The harder of the two is labeled as b1, and
the other is b2 in the following.

A. bb̄+=ET

We first examine the bb̄þ =ET channel. After examining
various distributions, we require the following:
(1) =ET > 800 GeV,
(2) jηðb1Þj < 2.0,
(3) pTðb1Þ > 200 GeV,
(4) HT > 1500 GeV,
(5) min½mTðb1; =ETÞ; mTðb2; =ETÞ� > 175 GeV,
(6) minðΔϕðb; =ETÞÞ > 20°, where b loops over all b jets

in the event.
After these cuts,we construct themT2 distribution [82] and

plot the resultant distribution in Fig. 10. The strategy
becomes clear: look for a highmT2 deviation from expected
background at the highermT2 values wherewe expectmT2 to
be bounded from above by mt̃1. In the plot, we show signal
histograms for five different values ofmt̃1 along with leading
backgrounds. While BG does indeed dominate at low mT2,
a signal emerges from BG at higher values. If there are
sufficient number of signal events above BG, then a signal
can be claimed.

B. tb+=ET

After examining various distributions, for the tbþ =ET
channel we require
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(1) =ET > 400 GeV,
(2) HT > 1400 GeV,
(3) LT > 1800 GeV [defined as the scalar sum of

pTðtÞ þ pTðbÞ þ =ET], where t and b here are the
signal top and b jet,

(4) min½mTðt; =ETÞ; mTðb; =ETÞ� > 175 GeV,
(5) minðΔϕðb; =ETÞÞ > 40°, where b loops over all b jets

in the event,
(6) minðΔϕðJ; =ETÞÞ > 30°, where J loops over all fat

jets in the event, no matter whether they have been
tagged as top or not.

The resultant mT2 distribution is shown in Fig. 11
where again we expect the signal distribution to be
bounded from above by mt̃1 whilst BG is a continuum.
The five signal histograms do indeed emerge from BG
at high mT2 although not necessarily at an observable
rate. The largest BG at high mT2 is from tt̄Z production.

C. tt̄+=ET

Next, we examine various distributions for signal and BG
in the tt̄þ =ET signal channel. We then require the following:
(1) =ET > 300 GeV,
(2) HT > 1400 GeV,
(3) min½mTðt1; =ETÞ; mTðt2; =ETÞ� > 175 GeV,
(4) minðΔϕðb; =ETÞÞ > 40°, where b loops over all b jets

in the event,
(5) minðΔϕðJ; =ETÞÞ > 30°, where J loops over all fat

jets in the event, no matter whether they have been
tagged as top or not.

The subsequent mT2 distribution is plotted in Fig. 12.
The signal distributions emerge from SM BG at high mT2
but at more marginal rates than the other channels due to
the lower efficiency to tag top jets.

D. Cumulative reach of HL-LHC for top squark
pair production in natSUSY

Using the analysis cuts for the various signal channels
discussed above, we can now create reach plots to show the
HL-LHC discovery sensitivity versus mt̃1 along our natural
SUSYmodel line. We use the 5σ level to claim discovery of
a top squark and assume the true distribution one observes
experimentally corresponds to signal plus background. For
the signal, we fold in the approximate �ð15 − 35Þ% theory
uncertainty from the Prospino total cross sections for pp →
t̃1t̃�1X production.4 In Fig. 13, we assume no systematic
error while in Fig. 14 we add in a systematic error affecting
background yields for each mT2 bin of 25% times the
statistical error. We then test this against the background-
only distribution in order to see if the background-only
hypothesis can be rejected at the 5σ level. Specifically,
compute the product of likelihoods from each bin of the

FIG. 10. Distribution inmT2 from top-squark pair production at
LHC14 in the bb̄þ =ET channel along with dominant SM back-
grounds after cuts listed in the text.

FIG. 11. Distribution inmT2 from top-squark pair production at
LHC14 in the tbþ =ET channel along with dominant SM back-
grounds after cuts listed in the text.

FIG. 12. Distribution inmT2 from top-squark pair production at
LHC14 in the tt̄þ =ET channel along with dominant SM back-
grounds after cuts listed in the text.

4See https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SUSY-
CrossSections14TeVstopsbottom.
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entire mT2 distributions (bin width of 100 GeV) and from
each signal channel as displayed above to obtain the
discovery/exclusion limits.5

In the case of the exclusion line, the upper limits for
exclusion of a signal are set at 95%CL; one assumes the true
distribution one observes in experiment corresponds to
background only. The limits are then computed using a
modified frequentist CLs method [84] where the profile
likelihood ratio is the test statistic. For both the exclusion and
discovery plots, the asymptotic approximation for obtaining
themedian significance is employed [85]. For both discovery
and exclusion estimates, we combine results from all three
top-squark signal channels: tt̄þ =ET , bb̄þ =ET , and tbþ =ET .
As an example of the remaining signal and back-

ground after cuts (for 3000 fb−1 of integrated luminosity)
for each signal channel, and for mT2 > 900 GeV, we list
in Table II the number of remaining events for back-
ground and for several signal benchmarks.6 The hard cuts

FIG. 13. Expected 5σ discovery limit and expected 95% CL
exclusion limit on top-squark pair production cross section vsmt̃1
from a natural SUSY model line at HL-LHC with

ffiffiffi
s

p ¼ 14 TeV
and 3000 fb−1 of integrated luminosity.

FIG. 14. Expected 5σ discovery limit and expected 95% CL
exclusion limit on top-squark pair production cross section vsmt̃1
from a natural SUSY model line at HL-LHC with

ffiffiffi
s

p ¼ 14 TeV
and 3000 fb−1 of integrated luminosity with 25% systematic
errors folded in.

5For the profile likelihood inmore detail, the likelihoodL is built
as the product of Poissonian terms for each of the bins in the mT2
plots. The background systematic is introduced with an indepen-
dent nuisance parameter for each bin (following Ref. [47]) and the
likelihood is modified by log-normal terms to account for these
nuisance parameters, with an assumed systematic uncertainty equal
to 25% statistical uncertainty. (From Ref. [83], both Gaussian and
log-normal distributions on the constraint term are common
choices. We used the log-normal to avoid negative background
yield, which in the Gaussian case could possibly happen.) These
nuisance parameters are then fitted with the likelihood function for
each of the bins.We treat theMonteCarlo simulation directly as the
pseudoexperiment results that one would observe. We do not
include in our reach determination any variation in the NLO top
squark pair production, which amounts to about 15–35% overall
uncertainty. But this deviation can be read off from the signal error
bars. The 1σ and2σ bands in our reach plots are purely statistical for
Fig. 13 and combined statistical/systematic for Fig. 14.

6Table II is for illustration only; in our actual analysis, all mT2
bins are used for the likelihood calculations and no specific mT2
cut is used.
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we impose generally reduce the remaining events to a
minimal level required to be able to claim a signal or an
exclusion.7

In Fig. 13(a), we show the 5σ discovery cross
section as the dashed line along with 1- and 2-σ error
bands. We show the corresponding natural SUSY
model line as blue dots with error bars corresponding
to the overall uncertainty on the NLO production cross
section. We see that HL-LHC with 3000 fb−1 of
integrated luminosity can discover natural SUSY top
squarks out to mt̃1 ∼ 1.65 TeV. In Fig. 13(b), we plot
the HL-LHC 95% exclusion reach. In this case, the
exclusion reach extends out to mt̃1 ∼ 1.95 TeV. By
folding in the statistical uncertainty from the 1σ and
2σ bands, we can modify our central results of a stop
discovery reach to mt̃1 ∼ 1.6–1.8 TeV (1σ) and mt̃1 ∼
1.55–1.9 TeV (2σ). Similarly, the 95% CL exclusion
reach is modified to mt̃1 ∼ 1.85–2.1 TeV (1σ) and mt̃1 ∼
1.7–2.2 TeV (2σ). By comparing our central results
with expectations from stringy naturalness in Fig. 1(b),
we see that HL-LHC can cover the bulk of stringy
natural parameter space, although a tail of probability
where HL-LHC would not discover top squarks does
extend past mt̃1 ∼ 2 TeV.
In Fig. 14, we show again the discovery reach and

95% CL exclusion plots but this time folding in an
assumed systematic error of 25% times the statistical
error for each mT2 bin.8 In this case, the reach is
somewhat reduced: for instance, the discovery reach
for 3000 fb−1 is reduced from about mt̃1 ∼ 1.65 TeV
with no systematic error to about 1.6 TeV including
the systematic errors.

VI. CONCLUSIONS

In this paper we have examined what sort of values of
top squark masses and other properties are expected from
the string landscape where a power-law draw to large soft
terms is expected, but where the derived value of the weak
scale must lie within the ABDS window in order to allow
for complex nuclei (and hence atoms) in each anthropi-
cally allowed pocket universe. Under this stringy natu-
ralness requirement, we find mt̃1 ∼ 1–2.5 TeV with large
mixing. These results are in accord with measurements
of BRðb → sγÞ which are suggestive of TeV-scale top
squarks so that SUSY contributions to this decay rate
decouple. The large mixing helps boost mh → 125 GeV
while minimizing the top squark contributions to the weak
scale Σu

uðt̃1;2Þ.
In spite of the large mixing, the lighter top squark is

mainly a right squark, but decays at t̃1 → bχ̃þ1 at ∼50%
and t̃1 → tχ̃01;2 at ∼25% each. Thus, we expect top-squark
pair production at LHC run 3 and HL-LHC to lead to
mixed final states of bb̄þ =ET , tt̄þ =ET , and tbþ =ET .
We evaluated some optimized cuts for each of these
channels, and then expect the top-squark pair produc-
tion to be revealed as an enhancement in the mT2 distri-
bution at high values of mT2. We combined the reaches in
these three channels to find that HL-LHC operating atffiffiffi
s

p ¼ 14 TeV with 3000 fb−1 of integrated luminosity
should have a 5σ discovery reach to mt̃1 ∼ 1.65 TeV and
a 95% CL exclusion reach to about mt̃1 ∼ 1.95 TeV.9

FIG. 15. Probability distribution for lighter top squark massmt̃1
with an n ¼ 1 power-law draw to large soft terms. We also show
the present reach on mt̃1 from LHC run 2, and the expected
HL-LHC 5σ and 95% CL reach.

TABLE II. Number of events left per 3000 fb−1 after cuts for
each signal channel and with mT2 > 900 GeV.

Channel 1b1t bb tt

Background 9.1 18.3 13.0
BMðmt̃1 ¼ 1714 GeVÞ 9.4 10.1 2.8
BMðmt̃1 ¼ 1830 GeVÞ 6.4 6.8 1.9
BMðmt̃1 ¼ 1935 GeVÞ 4.4 4.5 1.4
BMðmt̃1 ¼ 2034 GeVÞ 2.9 3.1 0.9
BMðmt̃1 ¼ 2126 GeVÞ 2.0 2.1 0.6

7In Figs. 10–12, our dominant backgrounds at high mT2 are
found to be Zbb̄ and Ztt̄. In the ATLAS analysis of HL-LHC
reach for top squark pairs, their analysis, which is very
different from ours and assumes 100% t̃ → tχ̃01 decay, tends
to find a dominant single-top background for the highest pT
events.

8This is in rough accord with estimates from a similar ATLAS
study: see Tables 9 and 10 of Ref. [7].

9We may compare our HL-LHC reach for top squarks to the
ATLAS analysis of Ref. [47] where they find a 5σ discovery
(95% CL exclusion) reach to mt̃1 ∼ 1.25ð1.7Þ TeV. A large part
of our improvement over the ATLAS result comes from our use of
a (more plausible) natural SUSY model where the best discovery
channels arise from the t̃1 → bχ̃þ1 decay mode which is not
allowed in the simplified model assumed by ATLAS.
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Now our HL-LHC reach results can be added to Fig. 1(b)
as a final summary frame: Fig. 15. These HL-LHC
reach limits will cover most (but not all) of the expected
stringy natural parameter space from SUSY on the
landscape!
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