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We reanalyze the LHC bounds on light third-generation squarks in natural supersymmetry, where the
sparticles have masses inversely proportional to their leading-log contributions to the electroweak
symmetry breaking scale. Higgsinos are the lightest supersymmetric particles; top and bottom squarks
are the next-to-lightest sparticles that decay into both neutral and charged Higgsinos with well-defined
branching ratios determined by Yukawa couplings and kinematics. The Higgsinos are nearly degenerate in
mass, once the bino and wino masses are taken to their natural (heavy) values. We consider three scenarios
for the stop and sbottom masses: (I) 7 is light; (II) 7, and b, are light; and (III) 7, 7;, and b, are light.
Dedicated stop searches are currently sensitive to scenarios II and III but not scenario I. Sbottom-
motivated searches (2b + MET) impact both squark flavors due to 7 — by as well as b—b 5(‘1))2,
constraining scenarios I and III with somewhat weaker constraints on scenario II. The totality of these
searches yields relatively strong constraints on natural supersymmetry. Two regions that remain are (1) the
“compressed wedge,” where (mq — | ,ul)/mq < 1 and (2) the “kinematic limit” region, where m; =
600-750 GeV, at the kinematic limit of the LHC searches. We calculate the correlated predictions for
Higgs physics, demonstrating that these regions lead to distinct predictions for the lightest Higgs
couplings that are separable with =~ 10% measurements. We show that these conclusions remain largely
unchanged once the minimal supersymmetric standard model is extended to the nonminimal super-
symmetric standard model in order to naturally obtain a large enough mass for the lightest Higgs boson

consistent with LHC data.
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I. INTRODUCTION

Natural supersymmetry is the holy grail of beyond-the-
standard-model physics. It contains a sparticle spectrum
where sparticle masses are inversely proportional to their
leading-log contributions to the electroweak symmetry
breaking scale. At tree-level the electroweak symmetry
breaking scale is determined by balancing the Higgsino
mass-squared against the scalar Higgs mass-squareds. This
implies the leading contribution to electroweak symmetry
breaking comes from the Higgsino mass itself and thus
implies the Higgsinos are the lightest sparticles in natural
supersymmetry. The next largest contributions come from
one-loop corrections from the stops. We consider the three
scenarios: (I) 7g is light; (II) 7, and b, are light; and (III) 7,
7x, and b, are light. This spans the space of possibilities for
various stop (and sbottom) mass hierarchies consistent
with natural supersymmetry. After this comes the contri-
butions from the wino and gluino [in the minimal super-
symmetric standard model (MSSM)], but their masses can
be several times larger than the stop masses, given their
comparatively suppressed contributions to electroweak
symmetry breaking. Natural supersymmetry suggests the
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lightest electroweakinos can be nearly pure Higgsino-like
states.

This spectrum is well-known [1-40], and the LHC
experiments have already provided outstanding constraints
on simplified models involving light stops [41-43], light
sbottoms [44,45], and gluinos that decay into these spar-
ticles [46—49]. Further improvement in the bounds may be
possible with specialized search strategies; for recent
examples, see Refs. [50-65]. However, the experimental
results presented thus far typically make strong assump-
tions about branching fractions [BR(7; — 1)) =1 or
BR(7, — b¥;) = 1]." In addition, in cases where both
a light chargino and a light neutralino are present, the

results assume certain mass hierarchies: m i = 0.75m; +
0.25m)~(? [43] or Mys = 2 X mgo [41] or Mys — mgp =
50 GeV [41]. These assumptions make it difficult to
extract the true bounds on natural supersymmetry.

Consequently, we have undertaken a reevaluation of the

"The notable exceptions are the two recent ATLAS searches
forf, — ¢ j/(l) in the one-lepton mode [41] and all-hadronic mode
[42], where constraints on the branching fraction BR(7; — ¢ ,\7(1))
were shown, assuming the remaining branching fraction is un-
observable. Natural supersymmetry, however, predicts branching
fractions into several channels that are observable, as we will
see.
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constraints on natural supersymmetry using the existing
LHC results on simplified models involving light stops and
sbottoms.

It is also well-known that there is an intricate interplay
between a light third-generation and Higgs physics.
Supersymmetry predicts the mass of the lightest Higgs
boson to high accuracy through radiative corrections that
are dominated by just the third-generation squarks [66—76].
If the third-generation squarks are collectively light (say,
=1 TeV), the predicted mass of the Higgs boson is too
small to be compatible with the ATLAS and CMS obser-
vation [77,78] of a 125 GeV Higgs-like boson (e.g.,
Refs. [28,37,40,79-91]). On the other hand, light third-
generation sparticles can significantly modify the detailed
properties—production cross section and decay rates—of
the lightest Higgs boson [92-105].

We consider the effects of natural supersymmetry on the
detailed properties of the lightest Higgs boson. Here we are
not interested in maximizing a particular decay channel or
fitting to the existing Higgs results, but instead we en-
deavor to simply understand the characteristics that natural
supersymmetry has on Higgs physics. Our main result is to
overlay the modifications to the Higgs physics onto the
allowed parameter space of natural supersymmetry.
Two interesting regions emerge. In the ‘“‘compressed
wedge” region where (m; — |ul)/m; <1 and m; can
be small, the effects on Higgs physics are to enhance the
inclusive (gluon-fusion-dominated) cross section i\,
by 10-30% simultaneous with a slight reduction of
BR(Z — y¥)mssm by up to 5%. By contrast, in the kine-
matic limit region where m; = 600-750 GeV, there is a
slight enhancement of BR(Z — yy)ussm by up to 5%,
with the inclusive (gluon-fusion—dominated) cross section
coinl\ within a few % of the Standard Model result. While
the experimental situation among the LHC collaborations
is not yet settled, it is already clear that these two regions
lead to distinctly different effects on Higgs properties that
can be probed with = 10% measurements.

Given light stops and sbottoms, we must consider the
supersymmetric prediction for the lightest Higgs boson
mass. We assert that natural supersymmetry—in the
MSSM—is simply incompatible with obtaining a lightest
Higgs boson mass consistent with the LHC data. This point
has been emphasized in some recent work, for example,
Refs. [81,106,107]. Hence, we do not restrict the third-
generation squark masses to obtain a given lightest Higgs
boson mass. Instead, we assume there is another contribu-
tion to the quartic coupling that is sufficient to augment the
MSSM contributions, resulting in a Higgs mass that
matches the experiment, m; =~ 125 GeV. Not specifying
this contribution would seem to be fatal flaw of our analy-
sis. We show that simple extensions of the MSSM, in
particular the next-to-minimal supersymmetric standard
model (NMSSM), can give both a sufficient boost to the
quartic coupling with negligible effects on the Higgsino
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mass spectrum and the decay chains that we consider here.
Specific examples of NMSSM parameter choices that real-
ize our assertion are given in Appendix A.

We do not consider the gluino in this paper. The gluino
contributions to the electroweak symmetry breaking scale
may be significant in the MSSM, given the existing
searches that suggest the gluino must be heavier than
1-1.3 TeV, depending on the search strategy [46—49,108].
However, the size of the gluino contribution to electroweak
symmetry breaking is model-dependent: A Dirac gluino
has a substantially smaller contribution to the electroweak
symmetry breaking scale compared with a Majorana
gluino, when the leading-log enhancements are included,
allowing a Dirac gluino to be substantially heavier
[109-111]. In addition, the search strategies for a gluino
depend on its Majorana or Dirac character. One of the most
important search strategies—involving same-sign dilep-
tons (such as Refs. [46,49]) does not provide a constraint
on a Dirac gluino.

II. MASS HIERARCHY IN NATURAL
SUPERSYMMETRY

A. Contributions to the electroweak scale

In the MSSM the electroweak symmetry breaking scale
is determined by, at tree level [112],

1, tan?B+ 1 my, —my,

277 tan?B -1 2

1
— Sy, =5, = |l

ey

In saying “‘contribution to the electroweak scale,” it is
understood that the supersymmetric and supersymmetry
breaking parameters are adjusted to obtain the value
already determined by experiment. Here we are interested
in the relative size of || and the loop corrections to the
electroweak breaking scale, i.e., M.

For tan B very near 1, the coefficient of the first term in
Eq. (1) becomes large, because the D-flat direction in the
scalar potential is not lifted, and thus implies increased
sensitivity to the supersymmetric parameters. The sensi-
tivity is most easily understood by eliminating dependence

on m%,d using the tree-level relation [112]

2 2 2 2
my =2|ul*> + my + my 2

to obtain

1 1 tan?B + 1

,MZ — 2 _ 2 4 2 ) 3

277 an2g— 1" tanz,B—l(mH“ b3

At large tan 8, however, Eq. (3) simplifies to

1
SMZ = —mpy, — lul? )
and eliminates dependence on m?. Generally, we have
taken tan 8 = 10 for the analyses to follow, and thus the

heavy Higgs scalars that acquire masses near m, can be
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readily decoupled from our analysis. However, the smaller
tan B region reappears in our discussion of the NMSSM
in Appendix A, where the relative contributions to the
electroweak symmetry breaking scale become more com-
plicated for the NMSSM scalar potential.

With Eq. (4) in mind, we can compare the relative
importance of different contributions to the electroweak
symmetry breaking scale by normalizing to M%/2 [113]

612

M2

Ala?) =

(&)

The tree-level and one-loop contributions are well-known
(e.g., [37,112]),

|l?
2\ =
A(lul*) =10 X 200 GaV)E (6)

3 A
A(IS}/'/l%-Iulstop) yt ( my, + m§3 + |A[|2) log mess

(mz, m; )/
2 2 2
~ 10 x " + my, + A
2 X (450 GeV)?
- - )1/2
X lOg Amess/(mt] mtz) . (7)

3

In the MSSM, there are also important one-loop contribu-
tions from a Majorana wino and two-loop contributions
from a Majorana gluino (e.g., Refs. [37,112]),

3g3 A
A(6mj |w1n0)_ 2IM [*log—==
H g |M2|
|M2|2 10gAmess/|M2|
~]10X 8
(930 GeV)? 3 ®)
2a Amess

A
vyt |M'; |21 mess IOg

A(ﬁmH |glu1n0) ( m;z my )1/2 |M3|
1170

—10X |M3|2 IOgAmess/(mflmfz)l/z
(1200 GeV)? 3
10 Amess/lM |
XTE 9

Here we somewhat arbitrarily chose to normalize all of
our numerical evaluations to a factor of 10 times M2 7/2, as
well as normalizing the size of the leading logs to
Apmess/f = 20.% This small ratio implicitly assumes a
low scale for the messenger sector and thus the smallest
sensitivity of supersymmetry breaking parameters to the
electroweak breaking scale. This provides suggestive val-
ues for |u|, the stop masses, and in the MSSM, the wino
and gluino masses. As these parameters significantly differ

ZExcept for A ess/IM5| = +/20, since a conservative interpre-
tation of LHC bounds is that the gluino already exceeds 1.3 TeV
in viable scenarios.
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from these suggestive values, their relative importance to
determining (or fine-tuning to determine) the electroweak
scale is altered accordingly. In particular, we see that
|| = 200 GeV gives a comparable contribution to a pair
of stops at m; = m;, = 450 GeV.

The natural supersymmetry predictions for the wino and
gluino mass depend on whether they acquire Majorana or
Dirac masses. Already we see that if the wino acquires a
Majorana mass, its mass is expected to be nearly 1 TeV. A
Dirac wino would have a mass considerably larger. Similarly
a Majorana gluino is expected to be 1.2 TeV (with the
normalization of the logs as given above), and again signifi-
cantly larger than this if it acquires a Dirac mass.

For the purposes of this paper, we assume the gluino is
either sufficiently heavy so as to not lead to collider con-
straints (in practice, this means a Majorana gluino needs to
be above about 1.3 TeV [46-49,108]), or it acquires a Dirac
mass, in which case its natural supersymmetry mass is well
out of range of the LHC. We assume the wino and bino
acquires = 1 TeV masses, but our results are largely in-
sensitive to this choice.

B. Higgsino mass splitting

In the limit M, > |ul, v, the lightest chargino and the
lightest two neutralinos are Higgsino-like and nearly
degenerate in mass. The leading contributions to the
mass difference at order 1/M , are

M3, . 21
2

M .
+ 2—A;V1tanzew(1 +sin28)  (10)

M3, 20
Mgy — Mg = W(l —sin28 + Vz)

M
+ 2—Mltan20W(1 —sin2B8), (1)

which we can write as

1TeV

m;(]: - mi? = (3.3 GeV)(

)(1 —sin23)

+(1.0 GeV)(lz; )(1 +sin28)

— (0.6 GeV)( ! Tev)

100 Ge V)< M,

1TeV )(1 —sin2)

1T
+ (l.OGeV)( Me

)(1 —sin2)

+(0.6 GeV)( ! Tev)

100 Ge V)< M,
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Clearly, the mass differences among the Higgsinos are just
a few GeV when M, , take on natural (heavy) values. The
decays ¥i, ¥3 — X} thus yield unobservably small energy
in the decay products. The mass difference is, however,
large enough that the decay rates are prompt on collider
time scales, and thus there are no macroscopic signatures
in the detector (at least for wino and bino masses that do
not far exceed = 1 TeV). Hence, for the purposes of LHC
detection, ¥, 1/(1),2 behave as neutral lightest supersym-
metric particles that escape the detector as missing energy.

C. Simplified models of natural supersymmetry

Evidently from Eq. (7), the natural supersymmetry pre-
diction for the stop masses depends on the sum m2Q3 +

m2 +|A|*. All other things considered equal, A, # 0

implies the sum m{ + m;, must be correspondingly

smaller to hold the sum mg, + mj, + |A,|* constant. We

therefore take A, to vanish. While this might give some
readers pause, regarding the stop contributions to the light-
est Higgs mass, recall that we have already asserted that the
MSSM is incapable of providing a sufficient contribution,
and so the choice A, =0 is not inconsistent with our
approach. Instead, we consider the following mass hierar-
chies (“scenarios”) for natural supersymmetry: (I) 7y is
light; (I1) 7, and b, are light; and (III) 7, 7,, and b, are
light. These scenarios span the space of possibilities for the
stop (and sbottom) masses. We illustrate these scenarios in
Fig. 1. The resulting mass eigenstates are given by [112]

: 2 2 2
Scenario I m7 = my + m; + Ay, (12)
S m%:mé +m,2+A,;L 3
cenario Il  ,' %3 ) (13)
my = mg +my, + A
m[gl = m2~3 + m? + A,;L
Scenario Il mZ = my + mi + Ag, (14
2 2 2 _
my = mg +my + A,

where A, = (T, — Q,sin?fy) cos (28)M%. In scenario
III, we take the soft masses to be equal mg = mg3.3
Since cos(28) <0 for tan 8> 1, this implies A; >0
whereas A; <0, causing 7; =7, and 7, = 7. Given that
we specify soft masses, b, is always lighter than 7, in
scenarios II and III. The mass difference is (50, 30,
20) GeV for my, = (200, 400, 600) GeV, corresponding
to  (mj, m,;]) =~ [(260, 210), (435, 405), (620, 600)] GeV.
Finally, we also impose mp_ ;. — mgy = 50 GeV for rea-

sons related to the details of the search strategies employed
by ATLAS and CMS. We discuss this in the next section.

*We also include the left-right squark mixing contribution
m,u/tan B, but this is suppressed by our choice of tan 8 = 10
as well as m,| u| being generally much smaller than m2~x = mi

0
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FIG. 1. The three scenarios of natural supersymmetry
considered in this paper. Scenarios I, II, and III are illustrated
in the left, middle, and right panels. In our study we varied
M~ mgs between 100 and 500 GeV and lightest stop masses

mj, ~ 250-1000 GeV.

All other gauginos, all sleptons, and the first- and
second-generation squarks are taken to be sufficiently
heavy that they do not play a role in the low-energy
phenomenology, consistent with natural supersymmetry.
We emphasize that the difference between scenarios I, II,
and III is not that the stops are believed to be far different in
mass but simply different enough in mass that the low-
energy phenomenology is dominated by one of these three
scenarios. Specifically, at the LHC the cross section for
third-generation squark pair production drops by a factor of
roughly 2 for every 50 GeV increase in mass. Thus, even a
mass splitting among stops of only ~200 GeV is sufficient
to guarantee that LHC production is completely dominated
by the lighter state.

III. COLLIDER BOUNDS ON NATURAL
SUPERSYMMETRY

A. Collider study setup

The inputs for the spectra are the soft masses mg,, m,,,
mg,, the u term, tan B, the bottom and top Yukawas, and
the weak scale v. For simplicity, we will assume the A;, A,
terms are zero. However, by interpolating between our
results for the three given scenarios, it is possible to
reconstruct qualitatively what happens when A,, # 0.
We set tan 8 = 10, and any ‘“‘decoupled” particle in a
given scenario is, for purely practical reasons, taken to
have mass 5 TeV. Our region of interest is mg =

100 GeV, my, > 250 GeV. The lower bound on the lightest
supersymmetric particle (LSP) mass comes from the LEP
bound on charginos—we must obey this bound since

Mg~ Mygs ~ L. Finally, while the viability of stops

with mass =< 250 GeV remains an interesting question,
we concentrate on mj > 250 GeV, consistent with the
natural supersymmetry spectrum.

We also impose an additional restriction on the parameter
space, namely, to not let the mass difference between the
squarks and the Higgsino become too small. The experi-
mental analyses on stop production and decay through 7 —
X" restricted mi, — My > 175 GeV for ATLAS semilep-

tonic and all-hadronic searches [41,42] and >200 GeV for
the CMS semileptonic search [43]. Stop decays in com-
pressed spectra often lead to multiple-body final states that
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are difficult to model without better tools. Additionally, the
collider limits on nearly degenerate spectra become sensi-
tive to how the additional radiation in the event (ISR) is
modeled. We chose to simulate the sensitivity of these
searches in natural supersymmetry for somewhat smaller
mass differences, Mg g, — Mg > 50 GeV. As we will see,

we find the existing LHC searches are sensitive to natural
supersymmetry with splittings this small. However, this
region needs to be interpreted with some care, since we
are obtaining constraints from both stop searches and sbot-
toms searches. Sbottom searches have somewhat different
restrictions on the kinematics, but since we chose a mini-
mum mass difference between the soft mass m, and the
lightest neutralino, the highly compressed region with re-
spect to the sbottom and neutralino is not simulated. We
therefore do not anticipate significant changes in the bounds
for the parameter space we consider.

For each scenario at a given mass point (u, m;), events
are generated using PYTHIA6.4 [114]. We use CTEQ6L1 [115]
parton distribution functions and take all underlying event
and multiple interaction parameters to their values speci-
fied in Refs. [108,116]. The cross section is calculated by
summing the next-to-leading order plus next-to-leading log
(NLO + NLL) values [117-123] (using Ref. [124]) over
all light (< TeV) third-generation sparticles in the spec-
trum. Following PYTHIA generation, the events are fed into
DELPHES [125] to incorporate detector geometry and reso-
lution effects. We use the default DELPHES ATLAS and
CMS detector descriptions but modify the jet definitions to
agree with the corresponding experiment: anti-k; algo-
rithm, with size R = 0.4 for ATLAS and R = 0.5 for
CMS analyses. Additionally, while the experimental
flavor-tag/fake rates slightly differ from analysis to analy-
sis, we used a fixed 70% tag rate for all b jets that lie in the
tracker (|7;] <2.5).

The signal simulation is used to derive the efficiency—
the survival rate in a given bin of a particular analysis.
Given our simplified supersymmetry spectra, this effi-
ciency is a function of the squark and LSP masses alone;
i.e., for bin i, we find €;(m;, m;(?). The product of the
derived efficiency with the luminosity and the cross section
(at NLO + NLL) is the number of signal events, s;:

si = L X onponiL(mz,) X €;(mz, mgp).

We derive exclusion limits by comparing s; at a given
(mz,, m;(?) with the number of signal events allowed at
95% C.L. calculated with a likelihood-ratio test statistic.
Specifically, the 95% C. L. limit on the number of signal
events, S; 95, is the solution to

I1,Pois(n;|b; + S,;gs)

0.05 = ,
H[POiS(nilbi)

(15)

where the n; is the number of observed events in a channel
i, b; is the number of expected Standard Model background
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events, and we take the product over all orthogonal
channels. We take both n; and b; directly from the experi-
mental papers.

To incorporate systematic uncertainties, the number
of background events in a bin is allowed to fluctuate:
b; — b;(1 + 8b;). After multiplying by a Gaussian weight-
ing factor, we integrate over db;, following Ref. [126]. We
take the width of the Gaussian weighting factor to be the
relative systematic uncertainty in a given bin quoted by the
experiment, ff?, using the larger error if asymmetric errors
are given,

Pois(n;|b; + s;95)
- [5biGauS(5biy fPPois(n;|bi(1 + 8b;) + s95).
(16)

One may ask if a likelihood-ratio analysis is really
needed, instead of just a rescaling of existing bounds. If
the signal yield according to ATLAS/CMS was given for
each (m;, m;(?) bin, then we could rescale and determine

the yield and thereby the exclusion bounds, in each of our
scenarios. However, such detailed information is not pub-
lic, and only the signal yields at specific benchmark points
are given. In order to extrapolate yields away from the
benchmarks, some model is needed, and for that we rely on
the simulation method described above.

Before describing the details of the searches we con-
sider, it is important to emphasize that the absolute bounds
we present are only approximate. To derive the signal
efficiency, we have used fast-simulation tools (DELPHES)
whose energy smearing and tagging functions are approx-
imations—usually optimistic—of the full detector effects.
In multijet, especially multi—b-jet final states, the differ-
ences between the fast- and full-detector simulations add
up, making it tricky for us to match the quoted absolute
bounds on a given scenario. To improve the accuracy of the
absolute bounds, the scenarios presented here should be
studied by CMS/ATLAS themselves, either as a dedicated
reanalysis or using a tool such as RECAST [127].
Meanwhile, the relative bounds, i.e. the difference between
scenario I and scenario II, are robust.

B. Direct stop searches

In this section we present the limits on the supernatural
scenarios from the most recent LHC direct stop searches
[41-43]. Bounds from these searches are usually (though
not always) cast in term of stops that decay either 100% of
the time to a top quark and a neutralino or 100% of the time
to a bottom quark and a chargino. Stops are searched for in
several different final states, and the first two stop analyses
we consider are semileptonic searches. While the details

*The Gaussian integration is truncated such that the number of
background events is always positive.
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FIG. 2 (color online). Limits on the various third-generation
scenarios coming from the CMS direct stop search (semileptonic
channel). The x axis corresponds to the lightest physical stop
mass ; in each scenario. In scenarios II and III, one b squark
is present with a physical mass that is slightly lighter, given by
Eq. (13). The orange contour shows the 95% exclusion bound on
scenario III, the green contour is the bound on scenario II, and
there is no bound on scenario I. The black, dashed contour is the
bound from this analysis using CMS simplified model T2tt that
involves direct production of stops which decay solely to un-
polarized top plus neutralino; 7, — t + ¥V. The brown dashed
line shows the limit on a second default scenario: right-handed
stops decaying to top plus bino. The difference between the
black and brown dashed lines gives some indication how the
polarization of the top can affect limits. The black dotted line is
my = My = 150 GeV, which is the self-imposed restriction on
the CMS analysis, since ISR is not properly taken into account
when the signal is generated with PYTHIA. We have also
restricted our reanalysis in the compressed wedge region [where
(mg — m;(?)/mq < 1], requiring mg, — mgo > 50 GeV, that
results in the excluded region extending slightly to the left of
the black dotted line. See the text for details.

differ between the ATLAS and CMS searches (see
Appendix B for the full analyses description), both require
a hard lepton, significant missing energy, and at least four
jets, one of which must be tagged as a b jet.

Running our three scenarios through the CMS direct
stop search [43], we find the following exclusion contours
in the (mz, m 5(?) plane (Fig. 2). This is somewhat an abuse

of notation—the horizontal axis actually corresponds to the
mass of the lightest stop eigenstate for a given spectra.” For
comparison, we include limits from two ‘““default” spectra
(calculated in the same manner as our three scenarios):

>For example, in scenario IIT the spectrum also contains a
second stop and a sbottom—all three states are produced and
analyzed when deriving the analysis efficiencies, though limits
are still placed in terms of the lightest stop eigenstate.
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(1) Stop production and decay with 100% branching
fraction to top plus neutralino. The decay is carried
out using phase space alone, so the decay products
are completely unpolarized. This setup is exactly the
CMS simplified model T2tt [108].

(2) Right-handed stop production followed by decay to
a binolike LSP plus a top quark. In practice we take
the exact setup for scenario I but swap the roles of u
and M,. This spectrum is close to the default
signal model used by ATLAS. As the handedness
of the stop and the identity of the LSP are fixed,
the polarization of the emerging top quark is also
fixed.

By comparing our scenarios with the stop signal models
usually used, we can see how the Higgsino-like nature
of the LSP and the hierarchy of the third-generation
squarks affects what regions of parameter space are
allowed. The comparisons also give some indication of
how well our simple analysis matches the full ATLAS/
CMS results.

We can understand the strength of the bounds on our
scenarios by looking at the branching ratios and final states
of our spectra. As we have decoupled the gauginos in all of
our setups, the decays of the stops and sbottoms are
governed entirely by the Yukawa couplings. For example,
in scenario I, all decays come from the top Yukawa; up to
kinematics, this yields a 50-50 split between decays to top
quark plus neutralino and bottom quark plus chargino.6
Due to the degeneracy of the chargino-neutralino sector,
chargino decay products are all extremely soft. In particu-
lar, the leptons from a chargino decay are far too soft to
trigger the analysis requirements for the stop analysis;
thus, the only source of leptons is from the stops that
decay to a leptonically decaying top quark. Additionally,
mixed decays 7,7} — t(— ¢vb) + ¥° + b + ¥ may have
a hard lepton, but they typically have fewer jets than
required for a stop analysis. Therefore, only the fraction
of events where both the stop and antistop decay to top +
neutralino have a high probability of passing the analysis
requirements. As a final suppression, because the light stop
in scenario I is (almost) entirely right handed, the top
quarks it yields are left-handed. Due to the V-A nature
of the weak interaction, left-handed tops have a softer
Iepton spectrum, and thus the leptons that the stops decays
do create are less likely to pass the analysis cuts [128].
The combined effect of these suppression factors is that
there is no bound from the CMS direct stop search on
scenario L.

Similar logic works to understand the bounds on
scenarios II and III. In scenario II, both the b; and ¢;
are produced. Up to effects of O(y, tan 8) and ignoring

®The neutralino branching fraction is further split: roughly
50% to %Y and 50% to 3. However, this distinction does not
affect our analysis since the two states have essentially the same
mass.
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kinematics, the only decay channel possible is f — ¢ + ¥°
for the stop and b — 1 + X1 for the sbottom. The stop
therefore decays in exactly the same way as in the default
scenario, so we expect the bound to be at least as strong as
the T2tt bound (with the added effect that the top is always
right-handed, and thus the emitted lepton is harder than in
the unpolarized case). The bound is actually stronger be-
cause the sbottom decays also contribute; the chargino in a
sbottom decay is indistinguishable from a neutralino, so
the final state from a sbottom decay is virtually identical to
the stop case. The only place the bound on scenario II
may weaken is close to or below the 7+ ¥° threshold,
where 7 — b + ¥ decays become important. Finally, we
expect an even stronger bound in scenario III. In addition to
the b decay that contributes exactly as in scenario III,
there are now two stop states, and both states will contrib-
ute to the stop search. These suspicions are confirmed
in Fig. 2.

Moving to the ATLAS semileptonic stop search, we find
similar results, shown in Fig. 3. This is not surprising as the
search criteria are very similar to the CMS stop search—a
single hard lepton and four or more hard jets. The biggest
difference between the ATLAS and CMS semileptonic
stop searches is that ATLAS requires a ‘‘hadronic top
candidate”—a three-jet subsystem with mass between
130 GeV and 205 GeV—in all events. This requirement,
along with slight changes in the analysis variables (see
Appendix B), lead to different limits, but the qualitative
message is the same as in the previous case: scenarios with
mz, <K< my,, mj are not bounded by these searches because
the stops decay preferentially to » + ;" and therefore lack
sufficient hard leptons and jet multiplicity, while scenarios
with light 7;, b, are bounded tighter than the benchmark
f— t + %° scenario because both the stop and the sbottom
decays contain top quarks.’

"Comparing our bounds for 7; — r%° (T2tt model) with the
exclusions from ATLAS, we see a discrepancy—our bounds are
weaker by O(100) GeV. The fact that the DELPHES-based bound
is different from the quoted number is not surprising, but the
discrepancy is somewhat larger than expected. ATLAS has
provided a cut flow, at least for some benchmark (mj, my)
points, which allows us to pinpoint the difference to the m;;; cut
[relative efficiencies of cuts either before or after this cut match
to 0O(10%)]. We suspect the reason the m;;; cut is discrepant is
that the jet-energy resolution in DELPHES is overly optimistic. If
the jets retain too much of their energy, then the m;; distribution
will be shifted to higher values (relative to the full detector) and
lost once the cut m;;; <205 GeV is imposed. If we increase the
upper m;;; cut by ~50 GeV, the signal efficiency at the bench-
mark point agrees better with the quoted value; however, this
artificial shift will have uncontrollable implications in the rest of
the (m;, m )-(?) efficiency plane. Therefore, we stay with the
quoted cuts and emphasize that the relative bounds between
models are the most relevant. The strong sensitivity of the
bounds to m;;; also serves as a warning to the experiments since
m;;; is susceptible to effects from ISR, the underlying event, and
pileup.
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FIG. 3 (color online). Limits on the various third-generation
scenarios coming from the ATLAS direct stop search (semi-
leptonic channel). Contours are the same as in Fig. 2.

The final direct-stop analysis we explore is an all-
hadronic search performed by ATLAS using 20.5 fb™! of
data.® Unlike the previous stop analysis, no leptons are
involved. Instead, stops are searched for in events with
multiple hard jets (6 or more), at least two b jets, and
substantial missing energy. To suppress multijet QCD
backgrounds, the jets in the event are required to form
two top candidates—three-jet subsystems with invariant
mass between 80 and 270 GeV. When interpreted in terms
of the 7, — t + ¥° benchmark scenario, ATLAS finds the
strongest stop bound to date, nearly 700 GeV for the
massless neutralino.

Applying these analyses to our three scenarios, the
bounds we find are shown below in Fig. 4. The trend of
these bounds is similar to what we found in the previous
stop searches, though the reasoning is slightly different.
The bounds on scenarios II and III are nearly identical and
rule out stops below 750 GeV for u = 100 GeV. There is
no significant bound on scenario I due to the high fraction
of decays to b + ¥ ; stop decays to bottom quarks do not
contain enough hadronic activity to efficiently pass the jet
multiplicity cuts in this analysis.

Summarizing the direct stop searches, scenarios with
degenerate, light Higgsinos and 7z < 7;, b, are very

8 ATLAS has performed a stop search in the dilepton final state
[129] assuming BR[7; — bx™ ]~ 100% and using a variety of
chargino-neutralino mass splittings (though none consistent with
m <K M, M,). As the search requires two leptons, the same
issues raised for scenario I will be present, and we expect no
bound. For scenarios II and III, we expect stronger limits from
the semileptonic search since the decay 7, — t)”(g is dominant.
For these reasons we do not explore the limits from the dilep-
tonic searches on natural supersymmetry.
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FIG. 4 (color online). Limits on the various third-generation
scenarios coming from the ATLAS direct stop search
(all-hadronic channel). Contours are the same as in Fig. 2.

weakly bounded, while the bounds on scenarios with light
7., b, are quite tight, typically 100 GeV stronger than the
bounds on the benchmark 7, — ¢ + ¥° setup. Because the
direct stop searches are so insensitive to light 7z (with light
), the bounds on scenario II (7, b; and 7x all light) and
scenario Il (only #;, b; light) are nearly identical.
However, before we can draw any firm conclusions on
natural supersymmetry, we must also consider the CMS
and ATLAS searches tailored toward the detection of
sbottoms.

C. Direct sbottom searches

In natural supersymmetry, the stops can decay into
b+ xi, and thus dedicated searches for b quarks plus
missing energy are vital to our analysis. In addition, in
both scenarios IT and 111, b, is present in the spectrum with
myj;, = m; determined by my,. In this section we use the
ATLAS and CMS searches that target direct sbottoms
[44,45], since these studies focus on b jets and missing
energy and are therefore independent of the mass splittings
in the chargino/neutralino sector.

To isolate signal-rich regions from background, ATLAS/
CMS sbottom searches require multiple high-p7 jets along
with one or more flavor tags. Events with leptons are
vetoed as a way to remove some ff background (the
leptonic events are retained as control samples). More
elaborate cuts are applied to further enhance the signal
depending on the collaboration and the target signal mass.
The default signal we will compare to is pair production of
sbottoms that decay solely to b quarks plus a neutralino,
a bb + F; final state. Since it is identical to the CMS
default signal model, we will refer to the default as T2bb
as they do.
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FIG. 5 (color online). Limits on our third-generation scenarios
from the CMS direct sbottom search. Contours are the same as in
Fig. 2: identifying the contours by the highest exclusion in my, ,
the highest solid contour (orange) shows the 95% exclusion
bound on scenario III, the second highest solid contour (green)
shows the 95% exclusion bound on scenario II, and the lowest
solid contour (blue) shows the 95% exclusion bound on scenario
L. Notice that the bound on scenario I extends to higher m; mass
than scenario II at lower mj, masses. We have also added the
bound (red dashed line) derived from applying this analysis to
the T2bb simplified model, direct production of right-handed
sbottoms with 100% branching fraction to a bottom quark and a

neutralino. The remaining contours are the same as in Fig. 2.

To bound bb + Fr signals, CMS [45] retains events with
2-3 jets and 1 or 2 b tags. The visible objects in the event
are partitioned into two “megajets.” The degree to which
these megajets balance each other, described with the ay
variable [130,131], as well as the net Hy are used to further
isolate the signal from background. The bounds from this
analysis on the CMS default model and on our three
scenarios are shown below in Fig. 5.

The first thing to notice is that the sbottom search places
a strong bound on scenario I—roughly m; > 600 GeV for
mgo ~ p ~ 100 GeV and decreasing slightly as m g is
raised.

The bounds on scenario I are weaker than the bounds on
the T2bb scenario. This is because scenario I yields more
leptons—coming, as before, from stop decays to leptonic
tops—so events from scenario I are more likely to be
vetoed. Also, the average number of jets is higher, pushing
the signal into jet bins not considered in the sbottom analy-
sis. The same two effects also explain the difference in
bounds between scenarios I and II. In scenario II, provided
my, > m,; + mgo, both stop and sbottom decays result in
top quarks. The only ditop quark events that cleanly mock

the bb + F; signal are fully leptonic events where both
leptons are lost or lie outside the tracking volume. In all
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FIG. 6 (color online). Limits on our third-generation scenarios
from the ATLAS direct sbottom search. Contours are the same as
in Fig. 5.

other events there is either a lepton or a larger jet multi-
plicity, and the event is either vetoed or populates a region
not usually considered as signal. The caveat to this argu-
ment is when m; < m, + mgo. In this region, kinematics
suppresses the 7; — ¢t + §° mode, and the (otherwise
Yukawa suppressed) 7; — b + ¥; mode becomes impor-
tant. Decays to b + ¥ are efficiently selected by the CMS
search, explaining why the bound on scenario II gets
stronger the closer the stop mass gets to m, + m e The
bound in the threshold region of scenario II is actually
stronger than in scenario I since both 7; and b; are produced
and both decay to b + y when mz ~mj; =< m; + mgp. As
expected, the bound on scenario III is the strongest and
resembles the sum of the bounds on scenarios I and II.

The ATLAS direct sbottom [44] search targets the same
final state, bb + ¥, as the CMS search. However, the
ATLAS search is more optimized to the topology with
exactly two bottom jets, missing energy, and little other
hadronic activity. A third hard jet is vetoed in the majority
of the analysis channels, and no channel tolerates 4 or more
jets. As a result, the ATLAS sbottom search is less flexible
and not as well suited to events that contain top quarks. The
bounds from the ATLAS sbottom search cast in terms of

our scenarios and the benchmark T2bb model are shown
below in Fig. 6.

°In the ATLAS analysis [132], the sbottom search technique
was used to constrain stop production, exactly as we are advo-
cating here. However, in that analysis, BR(7, = b¥;) = 1 was
assumed, so bounds presented there do not constrain scenarios
with a light Higgsino, a key ingredient in natural supersymmetry.
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FIG. 7 (color online). Limits on our third-generation scenarios
from combining all CMS and ATLAS sbottom/stop searches
search. Contours are the same as in Fig. 5.

D. Combined bounds

Combining the three stop searches and two sbottom
searches by taking the strongest limit at a given
(mz, m 5((]1) point, we get the net excluded region for the

three scenarios. The excluded regions are displayed below

in Fig. 7 along with the analogous regions for the default
spectra.

IV. IMPLICATIONS FOR THE HIGGS SECTOR

In this section we study the implications of scenarios I,
II, and III on the supersymmetric Higgs sector. In super-
symmetry the additional charged and colored degrees of
freedom can significantly modify the production cross
section and branching ratios of the lightest (standard
model-like) Higgs boson [92—-105]. Given the recent dis-
covery of a particle consistent with a Higgs boson at
my, = 125 GeV [77,78], the modifications due to the addi-
tional charged and colored degrees of freedom have been
extensively studied [40,82—-88,90,91,133].

First let us consider the Higgs boson branching ratios.
When the stop contributions are included, the modification

to the decay rate of the Higgs boson into gluons is given
by [102,134]

| oriae 1 8niji
_88n o 1+ li i A (7. )
rflﬁ, | Aypa(7) ,:Zl m% o
1 2 8hii 2
+ —Ao(75) | (17)
Al/z(T;) ; m?2 b

where A;/,(Ao) are the standard fermion (scalar) loop
functions (e.g., Ref. [134]), and 7; = m?/4m?. Here
my = my , Oy is the sfermion the mixing angle, and the
couplings are given by
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in the decoupling limit. Hence, in the limit of small mixing,
0 ~ 0, the squarks enhance the decay rate of the Higgs
boson into gluons. Similarly, for sbottoms the contributions
are typically small except in the large tan 8 regime where

BR(h—yy)mssm/BR(h—yy)sm
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sbottom contributions will interfere destructively with the
top contribution.

Light stops, sbottoms, staus, and charginos also affect
the decay of the Higgs boson into photons. Enhancing the
decay rate of the Higgs to gluons due to light stops will
lead to a suppressed decay rate of the Higgs into photons
due to the stop contribution destructively interfering with
the W-boson contribution (the dominant standard model

o"hissm/o™sm " IXBR(h-yy)mssm/o " XBR(h—>yY)sm
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FIG. 8 (color online).
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Modifications to Higgs production and branching ratios in the decoupling limit where M4, — o0, A, = A, =0

and M, = 1 TeV. We have overlain the direct search constraints found in Fig. 7 (same coloring). The top, middle, and lower set of
figures correspond to scenarios I, II, and III. The compressed wedge corresponds to the allowed region in the upper left of each plot,
where the mass difference between the squark and the Higgsinos is small. The kinematic limit region corresponds to the allowed region
to the far right of each plot, where the squark production cross section reaches the kinematic limit of the LHC searches.
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contribution), while a light sbottom has the opposite effect.

Furthermore, depending on the sign of w, a light Higgsino

close to the LEP bound [135] can either enhance or sup-

press the photon rate [136]. Expanding in terms of the

1/M,, where M, is the wino mass parameter, we find the

amplitude of the lightest chargino is
2M%,

|AX/1| ~ 70 |Ca+'3|A1/2('T/\~/(])),

(19)
|M2|m;(

1

where My, is the W-boson mass, M, is the wino mass,
mgo ~ j and « is the mixing angle of the CP-even Higgs

bosons. In the decoupling limit ¢, g ~ s54, this contribu-
tion becomes suppressed for large tan 8 [136]. Therefore,
the charged contributions are also relatively suppressed in
an MSSM-like framework.

In Fig. 8 we show the impact of the spectra in scenarios
I, II, and IIT on modifications to BR(h — y7y), iy, and
Oina X BR(h — vy7). This is the principle result of our
paper. We have taken u >0 and M, = oo; however the
results are nearly identical (to within =5%) when
M, = 1000 GeV."” Here we have assumed there is an
additional contribution to the quartic coupling, raising
the Higgs mass up to the experimentally measured value
my, =~ 125 GeV, such as the NMSSM-like scenario
described in Appendix A.

We see that the modifications to the inclusive production
cross section (dominated by gluon fusion) are at the
10-30% level in the compressed wedge, while rather small
=< 5% at the kinematic limit. The BR(h — y7) receives
considerably smaller effects, between —5% to +5% across
the parameter space of interest. These deviations are not
large enough to be directly constrained by the measure-
ments from the LHC [137] and Tevatron [138]; however, as
we measure the Higgs production and branching ratios
more precisely, we expect these deviations to be observable
at the LHC.

V. DISCUSSION

We have shown that natural supersymmetry, where
third-generation squarks decay into Higgsino-like neutra-
linos and chargino, is significantly constrained by existing
LHC searches, summarized in Fig. 7. When these con-
straints are overlaid on the modifications to the lightest
Higgs production and decay, shown in Fig. 8, we find
distinctly different implications for the remaining
allowed regions identified as the compressed wedge
[(m; — |ul)/m; < 1)] and the kinematic limit (m; >
600-750 GeV). We found that the collider constraints arise
from the totality of numerous searches at ATLAS and CMS
that are separately sensitive, in varying degrees, to squark

9For lower values of m 4, the increased mixing between the two
CP-even Higgs bosons leads to a slight further suppression in the
branching ratios.
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production and decay through 7— t¥°, 7 — by, b—
b’ and b — ¢ X1 - Our analysis incorporated simulations
of the signal and detector response, matching the experi-
mental analyses as close as we could. Nevertheless, there is
substantial room for improvement. Much of the experi-
mental searches were designed for only one decay mode,
or chose chargino/neutralino mass hierarchies that are not
consistent with natural supersymmetry. We believe dedi-
cated analyses, that take into account the proper branching
fractions and mass hierarchy, may well significantly
improve the sensitivity.

Natural supersymmetry implies the wino and bino are
sufficiently heavy that the Higgsino-like chargino and
neutralino splittings are very small, just several GeV.
While we focused our attention on the stop/sbottom
signals, the electroweakinos (Higgsinos) can be directly
produced at the LHC. However, the narrow splittings of the
Higgsinos make them extremely difficult to detect; the
traditional search for electroweakinos is pp — Y3 ¥ —
3¢ + Fr [139], where the leptons come from cascade
decays 5 — Z%Y, xi7 — W= ). As the spectrum gets
squeezed, the intermediate W= /Z° go off shell, and the
leptons they decay to are too soft to pass analysis cuts.
Current searches are restricted to on-shell W=/ 70 so there
is no bound from trilepton searches on degenerate
Higgsinos. Exactly what Mgy = Mg, — mg mass
splitting the experiments are sensitive to is a very interest-
ing question, but beyond the scope of this paper.

A more promising way to detect degenerate Higgsinos
may be through monojet searches [140]. The initial quark/
antiquark in g — ¥ ¥ production can emit hard radiation
that recoils against the invisible portion of the event.
Current monojet searches look for, among other physics,
dark matter production after pairs of dark matter particles
escape the detector. Reinterpreting the monojet bounds in
terms of Higgsino pair production, we estimate that the
current searches are sensitive to w ~ 100 GeV [141], com-
petitive with the LEP bound on charginos [135]. With more
data, this bound may increase, slicing into the parameter
space of natural supersymmetry. Additionally, there may
be methods to optimize monojet searches for Higgsinos;
the existing searches assume higher-dimensional contact
operators whereas Higgsinos couple directly through elec-
troweak gauge bosons.

If the natural supersymmetry expectations for M,, M,
are relaxed, it is also interesting to investigate how sensi-
tive the LHC will be to stop and sbottoms with light
Higgsinos. Two effects arise from lowering M, and/or
M,: the splittings between the Higgsinos increase, and
the gaugino content of the lightest electroweakinos
increases. Since stop and sbottom decays to Higgsino-
like electroweakinos are dominated by the top Yukawa
coupling, we do not anticipate significant effects on the
decay branching fractions even when M, | drop below m;,
opening up decays to gauginos. The larger effect is the
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increase in the splittings between the Higgsinos them-
selves. Clearly another interesting question is to probe
how large the splitting needs to be before the search
strategies described here become diluted by the additional
energy from transitions between Higgsinos. Mixing the
light electroweakinos with some bino, wino, or singlino
is highly relevant for the possibility that the lightest neu-
tralino could be dark matter, but this is beyond the scope of
this paper.

Natural supersymmetry may also lead to an unusual
signal for the first- and second-generation squarks. One
decay possibility for a first-/second-generation squark in
natural supersymmetry is to a quark plus a Higgsino. As
the first- and second-generation Yukawas are so small, the
decay proceeds through the wino/bino fraction of the light-
est neutralino and is therefore suppressed by O(gv?/M ,).
A second decay possibility is the three-body decay, § —
j+ 1t orj+ byb via an off-shell gluino. This option is
suppressed by the gluino mass and three-body phase space
but comes with QCD coupling strength. Depending on the
hierarchy of M5, M, as well as the mass of the light squarks
relative to the stops/sbottoms, the three-body decay frac-
tion can be substantial.'' First-/second-generation squark
decays to ji,t or jb;b would have several consequences
that would be interesting to explore in more detail. Two
obvious consequences are that the energy per final state
particle would be lower because the squarks decay to
multiple particles, and the decays would contain heavy-
flavor jets not usually associated with first-/second-
generation searches.

Finally, while natural supersymmetry in a low-energy
effective theory is straightforward to define and quantify,
issues of naturalness become muddled as this is embedded
into an ultraviolet completion. The obvious issue is the that
leading-log corrections to the electroweak symmetry
breaking scale can quickly become a poor approximation
if the renormalization group evolution is substantial. For
instance, ‘‘radiative”” electroweak symmetry breaking
arises when m%{ is “driven” negative by its interaction
with the stops, which clearly requires renormalization
group improvement to determine the size of the contribu-
tion to electroweak symmetry breaking. This is precisely
why we considered m; and w to be free parameters, since
their separation may be much smaller than the leading-log
approximation suggests. How this impacts the larger
spectrum, particularly the gluino, becomes a highly
model-dependent question. Nevertheless, we believe our
analysis has captured the essential physics of natural
supersymmetry, and we remain optimistic that it can be
discovered with continued analyses at the LHC.

""The strength of the three-body mode also depends on the
mass character of the gluino. For Dirac gluinos the suppression
in the three-body mode is m;/M3 rather than 1/Ms, making it
much smaller.
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APPENDIX A: REALIZING THE OBSERVED
HIGGS MASS AND BRANCHING RATIOS OF
SCENARIOS I, II, AND III

In this appendix, we consider the possibility of realizing
natural supersymmetry scenarios with m;, ~ 125 GeV. In
particular we consider the NMSSM model [142] where the
Higgs sector of the MSSM is extended by including a
gauge singlet. The superpotential has the form

W = Wyy + AHH,S + §§3, (A)
where Wy, are the usual Yukawa interactions and the

hatted fields denote the chiral superfields. The correspond-
ing soft supersymmetry breaking terms are

Vot = m%{ﬂlHulz + m%-lledlz + m_%|S|2

KA,

+ AA,SH,H, + 3, (A2)

In addition to the D-term contributions to the Higgs
mass, the additional Av?sin 228 contribution can help raise
the Higgs mass above the Z-boson mass. On the other
hand, solving the minimization conditions leads to the
electroweak symmetry breaking condition of Eq. (1) with
m— Ax.'? To maximize the tree-level contributions to the
Higgs mass, we need both the NMSSM quartic contribu-
tion as well as the usual D-term contribution, and thus
small tan 8. Small tan 8 typically enhances the hierarchy
between my , my, and the electroweak scale.!® Due to this
tension between the Higgs mass and the hierarchy of
scales, we consider tan 8 € (1.5, 2). However, we can still
simultaneously realize the natural supersymmetry spectra
in this paper and the observed Standard Model Higgs mass
in the NMSSM. Using NMSSMtools3.2.4 [146], we
find mj;, = 125 GeV for the parameter space point
tanB =15, A,=A,=A,=0, m}% =700 GeV, M, =

M, =M;=2TeV, A =07, k =0.67, A, = —60 GeV,
A, = —200 GeV, and pu.; = 200 GeV. Also, for this

'>The additional minimization condition of the singlet leads to
a modified fine-tuning condition for the NMSSM. A detailed
discussion of the fine-tuning in the generalized NMSSM-like
models can be found in Refs. [36,143,144].

BFor alternative NMSSM scenarios using large tan 3, see
Ref. [145].
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parameter point, the low-energy precision and flavor
observables are within 20 of their experimental values.'*
For this point the neutralino masses are my =
(197 GeV, 227 GeV, 416 GeV, 1.98 TeV, 1.99 TeV), and
the chargino masses are mgy- = (200 GeV, 1.98 TeV).
We checked that the branching ratios of the squarks into
Higgsinos are within 1-2% of the an MSSM model with

similar sfermion and Higgsino masses.

APPENDIX B: SEARCH DETAILS

For completeness, in the following we detail the impor-
tant search criteria for each collaboration’s particular
search strategy that was used in this paper.

1. CMS stops, semileptonic, 9.7 fb~! [43]

Object identification:

@) jets, pr > 30 GeV, |77j| < 2.5, anti-k, R = 0.5; fla-
vor tagging applied to all jets within [7;| <2.5

(ii) electrons (muons), py > 30 GeV, |n,| < 1.44(2.1)

(iii) Leptons within AR = 0.4 of a jet are removed.

Basic cuts:

(1) F7 > 50 GeV

(ii) exactly 1 lepton passing the criteria above

(iii) 3 or more jets, with at least one b tagged.

Analysis:

(i) Events passing the basic selection cuts are binned
according to the transverse mass of the MET +
lepton system and the missing energy. Transverse
mass is defined as

m%ET_g = 2(Erpre — Pr - Pro)- (BD)

(i) The bins are, in the format (myyin, £7.min)s
(150 GeV, 100 GeV), (120 GeV, 150 GeV),
(120 GeV, 200 GeV), (120 GeV, 250 GeV),
(120 GeV, 300 GeV), (120 GeV, 350 GeV), and
(120 GeV, 400 GeV).

(iii) The bins are not exclusive, so the bin with the best
limit at a given (m;,, m;(?) point is used.

2. ATLAS stops, semileptonic, 20.7 fb~! [41]

Object identification:
() jets, pr > 20 GeV, |”ij| < 2.5, anti-ky, R = 0.4; fla-
vor tagging applied to all jets within |n;| <2.5
(ii) electrons (muons), py > 10 GeV, |n,| <2.7(2.4)
(iii) Any jet within AR = 0.2 of an electron is removed.
(iv) Subsequently, any leptons within AR = 0.4 of a jet
are removed.

“As A and k are both somewhat large, these couplings may
develop a Landau pole before the grand unified theory scale. The
UV completion of such models can be realized in ‘“‘fat Higgs™ -
like scenarios [147]; however, a detailed study of this issue is
beyond the scope of this paper.

PHYSICAL REVIEW D 88, 035025 (2013)

Basic cuts:

(i) exactly 1 lepton, which must have pr, > 25 GeV

(ii) 4 or more jets, at least one of which is b tagged; the
four hardest jets must satisfy pr > 80, 60, 40, and
25 GeV, respectively.

Analysis:

(1) Most channels require top reconstruction, done as
follows: the closest pair of jets (in AR) that satisfy
m;; > 60 GeV are dubbed a “W-candidate.” This
candidate is combined with the nearest jet (again in
AR). For the resulting three-jet system to be consid-
ered a successful top candidate, 130 GeV < m i <
205 GeV is required.

(i) Other analysis cuts include the transverse mass of
the F; — € system, the missing energy, the Fr
significance—defined as fr/(/Hy ; ,, and the A¢
between the missing energy (transverse) vector and
the leading two jets.

(iii) In the channels designed to be sensitive to the
highest stop masses, two other variables are
included, amy,, and m7,, both of which are slight
variants on the my, variable [148]. In my,, as in
these variations, the visible part of the event is
divided into two, and all partitions of the missing
energy are scanned over. The differences between
mr,, amy,, and m7, lie in whether all the visible
particles are used or only some of them. In amz,,
only the leading light jet, lepton, and highest
weight b jet are taken as the visible part of the
event, while in m7, only the leading lepton and
leading light jet are used.

(iv) The channels dedicated to 7 — ¢ + ¥ are:

(1) One top candidate, alone with A‘f’Erh > (.8,
Adyg._;,>08, Er>100 GeV, Er signif.
>13, My > 60 GeV. Events passing this se-
lection are then separated into 12 finer bins
according to their M, and £

My € {60-90 GeV, 90-120 GeV,
120-140 GeV, >140 GeV}
Fr € {100-125 GeV, 125-150 GeV,

>150 GeV}.
(2) One top candidate, along with A¢ kr—j, > 0.8,
Fr>200 GeV, E; signif. >13, Mp>

140 GeV, amy, > 170 GeV.

(3) One top candidate, along with A¢Er_j1 > (0.8,
Ady, _;,>08, Er>275GeV, Er signif.
>11, My >200 GeV, amg,>175 GeV,
m7, > 80 GeV.

(v) The analysis contains three channels aimed at the
f— b + ¥~ final state. In these channels no top
candidate is required. Instead there are stronger
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requirements on the p; and multiplicity of the b jets,
and an additional cut on m.g, defined as the scalar
sum of the pr of all jets with pr > 30 GeV summed
together with the £7 magnitude and py .

3. ATLAS stops, fully hadronic, 20.5 fb~! [42]

Object identification:

(i) jets, pr > 20 GeV, Injl < 4.5, anti-ky, R = 0.4; fla-
vor tagging applied to all jets within |n;| <2.5

(ii) electrons (muons), py > 10 GeV, |n,| < 2.7(2.4)

(iii) Any jet within AR = 0.2 of an electron is removed.

(iv) Subsequently, any leptons within AR = 0.4 of a jet
are removed.

Basic cuts:

(i) zero leptons passing the above criteria

(ii) F7 > 130 GeV

(ii1) Six or more jets, where jets satisfy pr > 33 GeV,
|n;| <2.8; the leading two jets must have py >
80 GeV, and at least two jets are b tagged.

Analysis:

(i) Two three-jet clusters are formed from the list of jets
as follows: the three jets that are closest in the ¢ — 7
plane are taken as one such cluster, removed from
the list, and then the process is repeated to extract the
second group. The mass of these three-jet clusters is
required to lie within 80 GeV <m;;; <270 GeV in
order to select events with two hadronic tops in the
final state.

(ii) The transverse mass of the f — b system, where
the b closest in A¢ is used, is required to be
>175 GeV to remove leptonic 7t background.

(iii)) Agy, ;> 027, where Ad¢y,; is the angle
between the missing energy vector and the closest
jet. This cut is designed to remove backgrounds
from mismeasured jets.

(iv) The remaining events are binned according to £y:
Fr > 200 GeV, >300 GeV and £, > 250 GeV.
Only the strongest limit at a given (m;,, m )7(1)) point
is used.

4. CMS sbottoms, multi-b + F,, 11.7 fb~1 [45]

Object identification:

(i) jets, pr > 50 GeV," |n;| <3.0, anti-k;, R = 0.5;
flavor tagging applied to all jets within |n;| <2.5

(i) electrons (muons), py > 10 GeV, |n,| < 2.4(2.1)

(iii) Any jet within AR = 0.4 of a lepton is removed.

Basic cuts:

(1) zero leptons

(ii) at least 2 jets; the hardest jet must lie within || <
2.5, and the leading two jets must have py > twice
the nominal jet p; requirement. Nominally this is

5This requirement is scaled down to 37 GeV, or 43 GeV for
events with low Hp.
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>100 GeV, but for events with low-Hy, this cut
may be softer. Events with high-pr jets (i.e., passing
nominal jet criteria) at [n| > 3.0 are vetoed.

(i) Hr > 275 GeV, where Hy is the scalar sum of the

pr of all jets in the events.
Analysis cuts:

(i) All visible objects in the event are grouped into two
megajets, following the criteria given in Ref. [131].
The degree to which the two megajets balance each

%, the
T.jj
fraction of the transverse energy of the subleading
(in py) megajet relative to the transverse mass of the
megajet pair. Requiring a7 > 0.55 greatly sup-
presses multijet QCD backgrounds.
(i) Events surviving the a7 cut are categorized according
to the jet and b-jet multiplicities, then binned in Hy.
(iii) The jet multiplicity categories are Nj, = 2-3, and
Njy = 4%, Within each jet multiplicity category,
N,=0, 1, 2, 3, (4) is considered (obviously
Nj, = 4 is only considered in the Ni,> = 4 class).
For a given (Njy, N;), the Hp is binned as
[275-325 GeV], [325-375 GeV], [375-475 GeV],
[475-575 GeV], [575-675 GeV], [675-775 GeV],
[775-875 GeV], and >875 GeV.'°
(iv) For the direct sbottom search, only the Ni; = 2-3,
N, =0, 1 categories are used to set limits. Since
the Hy bins are orthogonal, all H; bins across both
categories are taken together to form a combined
limit.

other is captured by the variable a; =

5. ATLAS sbottoms, multi-b + F, 12.8 fb~1 [44]

Object identification:

(1) jets, pr > 20 GeV, |71j| < 2.8, anti-k, R = 0.4; fla-
vor tagging applied to all jets within |7n;| <2.5

(ii) electrons (muons), py > 10 GeV, |n,| <2.7(2.4)

(iii) Any jet within AR =0.2 of an electron is

removed.

(iv) Subsequently, any leptons within AR = 0.4 of a jet

are removed.
Basic cuts:

(i) zero leptons

(i) two or more jets, with two or more b-tags

(iii) £ > 150 GeV.

Analysis:

(i) After basic selection, three event categories are set
up, each with slightly different requirements. The
categories are not exclusive:

(1) leading jet py > 150 GeV, subleading jet pr >
50 GeV, no other jets with pr > 50 GeV. Both
the leading two jets must be tagged as b jets. To
reduce multijet QCD, Ad¢ #r—j, > 0.4 and

'®For the samples with the highest b multiplicity, only three /i
bins are used, [275-325 GeV], [325-375 GeV], and >375 GeV.
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(1]
(2]
(3]

(5]

Fr/mes > 0.25 are required. Here meg is the
scalar sum of the missing energy and the p; of
the hardest three jets satisfying basic jet require-
ments (meaning they must be harder than 20 GeV
only), megr = Er + Y3 pr ;. Within this cate-
gory, events are further binned according to their
contratransverse mass; see Ref. [149] for the
definition.

similar to category 1, but the p; requirements are
adjusted to >200 GeV, >60 GeV for the leading
and subleading jets. The leading two jets still
must be flavor tagged, and the A¢y _; and the
Fr/m are unchanged.

2
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(3) More than two jets are required with the leading
jet having pr > 130 GeV. The two subleading
jets must have py > 30 GeV but below 110 GeV.
Unlike the previous categories, the first two cat-
egories, the leading jet is not required to be a b
jet. Instead the leading jet must have light flavor
(it is antitagged), while the subleading two jets
must be tagged as b jets. The Ay, _; and the
F 1/ meg are unchanged, but there is an additional
requirement that the scalar sum of the p; of all
jets beyond the leading three is small, <50 GeV.
This category is divided into two subcategories
with different £; and p; j, requirements.
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