
J
H
E
P
1
1
(
2
0
1
6
)
1
8
1

Published for SISSA by Springer

Received: July 28, 2016

Revised: October 14, 2016

Accepted: November 15, 2016

Published: November 29, 2016

Second stop and sbottom searches with a stealth stop

Hsin-Chia Cheng, Lingfeng Li and Qin Qin

Department of Physics, University of California,

Davis, California 95616, U.S.A.

E-mail: cheng@physics.ucdavis.edu, llfli@ucdavis.edu, qqin@ucdavis.edu

Abstract: The top squarks (stops) may be the most wanted particles after the Higgs

boson discovery. The searches for the lightest stop have put strong constraints on its mass.

However, there is still a search gap in the low mass region if the spectrum of the stop

and the lightest neutralino is compressed. In that case, it may be easier to look for the

second stop since naturalness requires both stops to be close to the weak scale. The current

experimental searches for the second stop are based on the simplified model approach with

the decay modes t̃2 → t̃1Z and t̃2 → t̃1h. However, in a realistic supersymmetric spectrum

there is always a sbottom lighter than the second stop, hence the decay patterns are usually

more complicated than the simplified model assumptions. In particular, there are often

large branching ratios of the decays t̃2 → b̃1W and b̃1 → t̃1W as long as they are open.

The decay chains can be even more complex if there are intermediate states of additional

charginos and neutralinos in the decays. By studying several MSSM benchmark models at

the 14 TeV LHC, we point out the importance of the multi-W final states in the second

stop and the sbottom searches, such as the same-sign dilepton and multilepton signals,

aside from the traditional search modes. The observed same-sign dilepton excesses at LHC

Run 1 and Run 2 may be explained by some of our benchmark models. We also suggest

that the vector boson tagging and a new kinematic variable may help to suppress the

backgrounds and increase the signal significance for some search channels. Due to the

complex decay patterns and lack of the dominant decay channels, the best reaches likely

require a combination of various search channels at the LHC for the second stop and the

lightest sbottom.
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1 Introduction

Supersymmetry (SUSY) provides a most promising solution to the hierarchy problem to the

standard model (SM). The quadratically divergent contributions to the Higgs mass-squared

parameter from couplings to the SM fields are canceled by those of their superpartners.

To keep the scale of the electroweak symmetry breaking natural, the superpartners are

expected to have masses around or beneath the TeV scale. In particular, since the largest
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coupling to the Higgs in the SM is from the top quark, the superpartners of the top quark

(top squarks or stops) play the most important role in canceling the quadratic divergence

and are expected to be close to the weak scale in a natural theory.

On the other hand, the Higgs boson mass of 125 GeV also has important implications

for the stop masses. In the minimal supersymmetric standard model (MSSM), the tree-

level Higgs boson mass has an upper bound of MZ . To get to 125 GeV, it requires large

radiative contributions from the stop loops [1–3]. This could happen if the stops are heavy

and/or the trilinear At term of the stop sector is large [4–8]. To keep the fine-tuning

minimal, it is preferable to have a large At term so that the stops masses can be lowered

to ∼ 1 TeV or below. A large At term implies large off-diagonal masses of the stop mass

matrix so there will be a substantial mixing between the left-handed and the right-handed

stops in the mass eigenstates. As a consequence, there will also be a sizable mass difference

between the two stop mass eigenstates.

As a key to the naturalness problem, the stops have been extensively searched for at

the LHC. Assuming that the lightest neutralino χ̃0 is the lightest supersymmetric particle

(LSP) and is stable, the search limit for the t̃→ tχ̃0 decay (assuming 100% branch fraction)

has reached ∼ 860 GeV for mχ̃0 . 250 GeV at the current Run 2 of LHC [9–14]. From the

naturalness point view, some fine-tuning is already required if the lightest stop is heavier

than 860 GeV. However, the search limits are significantly weakened in the compressed

region, where mt̃1
−mχ̃0 . mt. In particular, there is a gap along mt̃1

−mχ̃0 ≈ mt in the

mt̃1
−mχ̃0 plane. In this case the top quark and the neutralino from the stop decay are

roughly static in the stop rest frame. For the stop pair production, the neutralinos travel

along with the same velocities as the original stops and their momenta tend to cancel

each other out, leaving little missing transverse energy (MET) in the signal. Consequently,

it is difficult to be distinguished from the SM top pair production background and it is

still possible to have a relatively light t̃1. There have been studies trying to identify useful

variables to probe this compressed region but the reach is limited [15–18]. A more promising

strategy is to consider the stop pair production with a hard initial state radiation (ISR)

jet, then the neutralinos are boosted in the opposite direction to the ISR jet, giving rise

to some MET. It may have a discovery reach up to mt̃1
∼ 400 − 500 GeV at LHC 13 TeV

with 300 fb−1 [19–22].

Since naturalness needs both stops to be not too heavy, if t̃1 happens to lie in the

compressed region, it may be easier to search for t̃2 even though it is heavier. Indeed,

both ATLAS and CMS have performed searches for the heavier stop for mt̃1
≈ mt + mχ̃0

1

so that t̃1 escapes the detection [23–26]. These searches adopted the simplified model

approach, assuming that the heavier stop decays to the lighter stop plus a Z or a Higgs

boson (t̃2 → t̃1 +Z/h) with a 100% branching fraction. The exclusion limit for the t̃2 mass

goes up to ∼ 730 GeV for the t̃2 → Zt̃1 decay mode with 13 TeV Run 2 [26] and about

600 GeV for the t̃2 → ht̃1 decay mode with the 8 TeV Run 1 data [23] (the corresponding

Run 2 analysis has not appeared yet).

The simplified model approach is a good strategy if there is a dominant decay channel

or the search limit is dictated by a certain decay channel. One can easily recast the search

result to a wide range of models which have similar decay processes and final states, by
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rescaling the cross sections and branching ratios. However, it is seldom a good approxi-

mation for the system of the two stops. Because the left-handed stop and sbottom belong

to an SU(2)W doublet, there is always a sbottom with mass within the vicinity of the two

stops. The presence of the sbottom will give additional decay modes of t̃2. In addition,

there could be other charginos and neutralinos lighter than t̃2 besides χ̃0. If this is the case,

there will also be decay chains going through them as intermediate states. As a result, the

t̃2 decays often have many decay channels without a dominant one [27, 28]. Different decay

channels have different final states and hence require different signal selection criteria. It

makes the t̃2 search in the compressed region in a realistic scenario more complicated than

simply rescaling the simplified model analysis.

An alternative approach to the simplified model is the pMSSM [29–31], which

parametrizes MSSM with some modest assumptions. The assumptions include R par-

ity conservation with the lightest neutralino being the LSP, minimal flavor violation at

the TeV scale with no CP violation in the SUSY sector, and degenerate sfermion masses

for the first two generations. It contains 19 phenomenological parameters and a scan over

these parameters generates a large model samples for phenomenological studies. However,

if one is interested in the stop system, scanning over the full 19-parameter space may be

an overkill.1 To study the possible interesting decay patterns of the stop and sbottom

system and their experimental signals one should focus on the most relevant parameters.

This is the approach taken in this paper. We divide the models into two scenarios. In

the first scenario all neutralinos and charginos except the LSP are heavier than t̃2 so they

decouple. The only relevant particles are t̃1, t̃2, b̃1, and χ̃0
1, whose masses and interactions

are only governed by a few parameters. We scan through them and find model points with

different characteristic decay patterns. We identify categories of signal channels which may

be sensitive to various final states of the decay chains and study the signal significance over

the backgrounds. The real search reach may require division and combination of many

different channels. In the second scenario we consider additional charginos and neutralinos

below the mass of t̃2, which can introduce even more complicated decay patterns. We

perform the similar study as in the first scenario for the model points where the additional

charginos and neutralinos play important roles in the decay chains.

This paper is organized as follows. In section 2, we discuss the spectrum of the third

generation squarks in MSSM based on the naturalness and the Higgs boson mass. We also

summarize the current experimental constraints. In section 3, we consider some benchmark

points for the stop and sbottom spectrum where t̃1 is hidden in the compressed region. The

benchmark models are divided into two types, depending on whether there are additional

neutralinos and charginos which can appear in the decay chains of t̃2 and b̃1, We present the

branching ratios of various decay chains and the fractions of final states of these benchmark

points. In section 4, we discuss categories of signals for the t̃2 and b̃1 searches when t̃1 is

hidden. We perform simplified collider studies for the benchmark models to explore the

future sensitivities at the 14 TeV LHC. The conclusions are drawn in section 5. The

compatibilities of our benchmark points with the current experimental constraints are

examined in the appendix.

1A light stop study in the pMSSM approach can be found in ref. [32].
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2 Stop masses in MSSM

2.1 Argument of naturalness

In MSSM, after minimizing the Higgs potential, the Z boson mass is given by [33]

m2
z

2
=
m2
Hd

+ δ2
Hd
− tanβ2(m2

Hu
+ δ2

Hu
)

tanβ2 − 1
− µ2, (2.1)

where m2
Hu

and m2
Hd

are the soft SUSY breaking masses of the Hu and Hd doublets at

an UV cutoff scale Λ, δHu and δHd represent the radiative contributions to the soft SUSY

breaking masses below the cutoff, and µ is the SUSY-preserving Higgs mass parameter

which is also the approximate Higgsino mass. To avoid fine-tuning on the Z mass, there

should not be a large cancellation among various terms in the above equation. In particular,

the radiative correction δHu receives the largest contribution from the stop loops:

δ2
Hu = − 3y2

t

8π2

(
m2
Q3

+m2
u3 + |At|2

)
ln

(
Λ

µIR

)
(2.2)

where mQ3 ,mu3 are soft-breaking mass terms for the left-handed top-bottom doublet and

the right-handed top squarks, At is the trilinear soft-SUSY breaking of the corresponding

Yukawa interaction, and µIR is taken to be the geometric average of the stop masses

mt̃ =
√
mt̃1

mt̃2
. The tuning of m2

Z due to the stop mass contribution
m2
Z/2

|δ2Hu |
is already at

the level of . 1% for mQ3 ,mu3 ∼ 1 TeV and Λ ∼ 100 TeV [34]. Therefore, naturalness

argument would prefer both stops to have masses below or around 1 TeV.

2.2 Higgs boson mass

At the tree level, MSSM also predicts the light Higgs boson mass to be less than the Z mass:

m2
h,tree = m2

z cos2 2β. (2.3)

This contradicts the observed Higgs mass at 125 GeV. The loop corrections can raise the

Higgs boson mass to evade the tree-level upper bound of mZ . However, to reach 125 GeV

the loop contributions must be significant. The dominant contribution comes from the stop

loop, which implies constraints on the masses of the stop sector. The Higgs boson mass

including the leading one-loop stop contribution is given by [35–37]

m2
h = m2

z cos2 2β +
3m4

t

4π2v2

[
log

m2
t̃

m2
t

+
X2
t

m2
t̃

(
1− X2

t

m2
t̃

)]
, (2.4)

where mt̃ =
√
mt̃1

mt̃2
as defined previously and Xt = At − µ cotβ is the stop mass mixing

parameter. From the formula one can see that without the Xt term, the stop masses need

to be raised to very high values in order to generate a Higgs massif 125 GeV. This would

be in severe conflict with naturalness. To minimize the fine-tuning, the second term in the

bracket should be large and the one-loop correction is maximized when Xt =
√

6mt̃. Such

a large Xt implies a large mixing between the left-handed and right-handed stops, which

has interesting phenomenological implications.2

2If there are additional contributions to the Higgs quartic coupling, such as in the Next-to-Minimal

Supersymmetric Standard Model (NMSSM) [38], it is easier to have a 125 GeV Higgs boson with light stops
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2.3 Stop and sbottom masses

The mass matrices for the stops, t̃L, t̃R, and sbottoms, b̃L and b̃R are given by

M2
t̃

=

(
m2
Q3

+m2
t + ∆ũL mtXt

mtXt m2
u3 +m2

t + ∆ũR

)
, (2.5)

M2
b̃

=

(
m2
Q3

+m2
b + ∆d̃L mbXb

mbXb m2
d3

+m2
b + ∆d̃R

)
(2.6)

where Xb = Ab − µ tanβ is the term related to b̃L and b̃R mixing from trilinear cou-

plings, and

∆ũL =

(
1

2
− 2

3
sin2 θW

)
cos 2β m2

Z , ∆ũR = −2

3
sin2 θW cos 2β m2

Z , (2.7)

∆d̃L =

(
−1

2
+

1

3
sin2 θW

)
cos 2βm2

Z , ∆d̃R =
1

3
sin2 θW cos 2β m2

Z (2.8)

represent the D-term contributions.

Notice that in the limit where there is no mixing, both t̃L and b̃L masses are controlled

by the soft breaking mass mQ3 and they are expected to be nearly degenerate if mQ3 �
mt, mZ , with mt̃L

& mb̃L
. However, with a large Xt, there is a significant mixing between

t̃L and t̃R and the mass spectrum of the stops will be modified. The two mass eigenstates

are repelled from one another by the mixing term and the mass gap between them further

increases. Consequently, there is at least one sbottom lighter than the heavier stop. The

spectrum of the stop and sbottom sector has important implications for their decay patterns

and collider searches as we will see.

To scan the MSSM parameter space we specify the parameters at the cutoff scale

Λ which is taken to be 100 TeV. Since we are focusing on the spectrum of the third

generation squark (and neutralino/chargino for the decay patterns), we decouple the first

two generation of sfermions and third generation sleptons by setting their soft SUSY-

breaking masses to 3 TeV. We also set the gluino mass to 2.5 TeV, beyond the current and

near future reaches.3 In order to generate stop masses which are potentially within the

LHC Run 2 reach, the diagonal stop soft breaking masses mQ3 and mu3 are varied from

250 GeV to 1.4 TeV. The Xt term is scanned from −3mt̃ to 3mt̃, where mt̃ =
√
mQ3mu3 as

mentioned before. On the other hand, the right-handed sbottom soft-breaking mass md3

is varied from 100 to 3000 GeV. For the Higgs sector, tan β varies from 2 to 50 and the

Higgsino mass parameter µ varies from 100 GeV to 3 TeV. Although the SU(2) and U(1)

gaugino masses M2 and M1 have little effects in the stop/sbottom spectrum or the Higgs

boson mass, the presence of the neutralinos and charginos can affect the decay chains

compatible with naturalness [4, 39]. The stop mixing does not need to be large in that case and the stop

spectrum could be more compact. Nevertheless, the results in this paper also applies to a large region of

parameter space in NMSSM.
3A lighter gluino does not affect the direct stop and sbottom productions. However, it may give the first

SUSY signals at the LHC. Its decays through stops and sbottoms will mix into the signals for direct stop

and sbottom productions, so we choose a heavier gluino to avoid this complication.
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Figure 1. The model points that satisfies mh > 122GeV presented in Xt vs. mt̃ plane. Each

red dot represents the second stop mass in GeV, and the blue one represents the lightest stop. All

sample points presented have a proper LSP with a mass |mt̃1
−mχ̃1

−mt| 6 30 GeV.

of the stop/sbottom. Thus, we let M1 and M2 vary in the ranges of 50–1500 GeV and

250-1500 GeV respectively.

We use FeynHiggs [40–44] to generate the SUSY spectrum and to calculate the Higgs

boson mass. Given the uncertainties in different approaches in the Higgs mass calculation

and higher order corrections, we require the resulting Higgs boson mass to be bigger than

122 GeV as our selection criterion.4 The masses of the two stop mass eigenstates and the

corresponding mixing term Xt which can satisfy the Higgs boson mass requirement are

shown in figure 1.

We can see that the lightest stop mass can be as low as 250 GeV in extreme cases, while

the second stop can be as low as around 600 GeV. When it comes to how the sbottom and

the second stop decay, an interesting question is the mass differences between the stops

and the sbottom. In figure 2 we show mt̃1
vs. mt̃2

for allowed points. There is always

a significant gap between the two stop masses due to the large mass mixing term. Most

4The effective field theory approach generally gives a lower Higgs boson mass [45] so we do not impose

an upper limit on the Higgs mass.
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Figure 2. The mass and mass difference between the second and first stops. Two diagonal dashed

lines represent mt̃2 −mt̃1 = 0, 300 GeV. Colored points are the benchmark models.

points have a mass difference greater than 300 GeV, which means that t̃2 → t̃1 + Z(h)

decays are always open. Figure 3 shows the mass difference between b̃1 and t̃1 vs. the

mass difference between t̃2 and b̃1. We see that b̃1 is always lighter than t̃2. There are also

points with b̃1 lighter than t̃1 but for these points the b̃1 search will provide the strongest

constraint [11, 46–52]. For all points we have either mb̃1
− mt̃1

> mW or mt̃2
− mb̃1

>

mW , and there is also a significant fraction of points where both inequalities hold. For

mt̃2
−mb̃1

> mW , the decay channel t̃2 → b̃1 +W is open, which has not been considered in

current t̃2 searches. Similarly b̃1 → t̃1 +W will be open if mb̃1
−mt̃1

> mW [53, 54]. These

decay channels should be included in searches for t̃2 and b̃1 since they occur naturally in

MSSM. There will be even more possible decay channels if some charginos and neutralinos

have masses between these stop and sbottom states. We will perform some benchmark

point studies in the rest of the paper to point out the final states and channels that are

relevant for the second stop and sbottom searches.

2.4 Current experimental bounds

The third generation squarks are extensively searched at the LHC experiments. Here we

give a brief summary of the experimental constraints most relevant to our discussion.

For t̃1 decaying 100% to tχ̃0
1, 13 TeV Run 2 results based on the integrated luminosity

∼ 13 fb−1 exclude t̃1 mass up to 860 GeV for a light (. 250 GeV) χ̃0
1 [9, 10, 12, 13]. However,

this does not apply to the compressed region when the mass difference between t̃1 and χ̃0
1

is small. For mt̃1
−mχ̃0

1
≈ mt, while there was no bound from Run 1, with Run 2 data

– 7 –
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Figure 3. A detailed look at mt̃2
−mb̃1

vs. mb̃1
−mt̃1

plane, including the right hierarchy only. The

vertical dashed line represents the mass relation mt̃2
−mb̃1

= mW . The on-shell charged current

decay is kinematically forbidden to the left of this line. The horizontal lines are mb̃1
−mt̃1

= mW .

Colored points are the benchmark models.

ATLAS has obtained a limit on mt̃1
of 380 GeV [9] using the variable proposed in ref. [20].

For even smaller mass difference, there are some constraints from several search modes

t̃1 → Wbχ̃0
1, cχ̃0

1, or bff ′χ̃0
1 depending on the mass difference [55–58]. The bounds on

mt̃1
in these cases are around 300 GeV from the Run 1 data [23, 59–65]. The most recent

Run 2 analyses exclude a stop mass up to 365 GeV for mt̃1
−mχ̃0

1
= 90 GeV on the 3-body

decay mode t̃1 →Wbχ̃0
1 [66], and ∼ 450(360) GeV for the 4-body decays bff ′χ̃0

1 in the fully

hadronic final state (opposite-sign leptons) search [13, 67]. For b̃1 decaying 100% to b+ χ̃0
1,

The 13 fb−1 Run 2 results exclude mb̃1
up to ∼ 1 TeV for mχ̃0

1
up to ∼ 400 GeV [11]. For

b̃1 decaying to t+ χ̃−1 and then χ̃−1 →W−+ χ̃0
1, the 13 fb−1 Run 2 analysis reached a mass

limit of 690 GeV for a light χ̃0
1, assuming mχ̃±

1
= mχ̃0

1
+ 100 GeV, while mχ̃0

1
. 260 GeV are

also excluded for mb̃1
≈ 540 GeV [68].

If the LSP is Wino-like or Higgsino-like, then one expects that there is a chargino state

with its mass close to that of the LSP. The decay t̃1 → bχ̃±1 will be open as long as t̃1 is

heavier. The decay products of the χ̃±1 to χ̃0
1 are likely to be too soft to be detected. The

signal is similar to the b̃1 search discussed above with the similar limit.

For mt̃1
≈ mt +mχ̃0

1
, the current bound on the t̃1 mass is rather weak. Both ATLAS

and CMS performed searches for the t̃2 states with the decays to Zt̃1, ht̃1. The bound

– 8 –
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on mt̃2
from the most recent ATLAS Run 2 analysis is up to 730 GeV for 100% decay to

Zt̃1 [26]. The analysis for the ht̃1 mode with Run 2 data has not come out yet. The limit

from Run 1 data is about 600 GeV [23, 25] and similar limits were obtained if t̃2 decays to

a mixture of the Zt̃1, ht̃1, and tχ̃0
1 final states.

3 Benchmark points for case studies

We are interested in searches for the heavier stop and sbottom in the case when the lightest

stop is hidden. Therefore we choose the benchmark points of our study to satisfy 0 6
mt̃1
− mt − mχ̃1 6 20 GeV where the bound is weakest. Of course, for a heavier t̃1 the

difference can be bigger from current bounds. For mt̃1
being much closer to m0

χ̃1
, there

have been several studies focusing on these scenarios [39, 69, 70]. We also assume that

χ̃0
1 is Bino-like so that there is no nearby chargino state. Otherwise the t̃1 → bχ̃±1 search

would provide a strong constraint. Moreover, if b̃1 is close to or even lighter than t̃1, then

the sbottom search in b̃1 → bχ̃0
1 decay will provide the strongest constraint. As we see from

the summary in the last section, the constraint on b-jets + MET is very strong and the

exclusion limit has reached ∼ 1 TeV for these decay modes. Thus, we will focus on points

where b̃1 is somewhat heavier where other decay modes such as b̃1 → Wt̃1 are open, so

that the traditional search based on b̃1 → bχ̃0
1 is not effective. We assume that the gluino is

heavy enough so that the stops and sbottoms are dominated by the direct pair production.

Otherwise the gluino cascade decays would be the strongest probe.

Given the spectrum m0
χ̃1
< mt̃1

< mb̃1
< mt̃2

, we can find two main classes of model

points depending on whether there are other neutralinos and charginos lying between them.

We denote Type A models to have the lightest charginos and the second lightest neutralinos

heavier than our second stop, so that they decouple from our discussion, given that their

direct pair production rate is much smaller than that of squarks of the same mass. In

Type B models, the second neutralino and accompanying charginos are lighter than t̃2 so

that they may appear in the cascade decays of t̃2. These neutralinos and charginos may

be either Wino-like or Higgsino-like, or both. From the naturalness point of view, it is

preferable to have the Higgsinos not too heavy. In addition, Winos couple to the squarks

via the SU(2) gauge coupling instead of the large top Yukawa coupling. The branching

fractions of stop and sbootom decays through the Winos are often small. Then the decay

patterns are mostly similar to the Type A models. Therefore for Type B models we focus

on the cases where the relevant charginos and neutralinos are mostly Higgsino-like. The

benchmark points are selected to be compatible with the current experimental constraints

as examined in the appendix.

3.1 Type A

From the parameter space scan described earlier, we select several benchmark points of

Type A spectrum, listed in table 1. The range of t̃2 and b̃1 masses is chosen from ∼ 700 GeV

up to ∼ 1.2 TeV. A1 and A2 have relatively light spectra which are not far from the current

bounds. They may soon be discovered or excluded at LHC Run 2 with more luminosities.

Benchmarks A4–A6 have heavy t̃2 and b̃1 which are close to the reach limits of the 14 TeV
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Spectrum A1 A2 A3 A4 A5 A6

mt̃2
(GeV) 815.4 887.1 1077.3 1230.6 1253.2 1262

mb̃1
(GeV) 693.0 704.5 812.8 1029.5 1143.8 1229

mt̃1
(GeV) 491.0 605.5 687.6 904.0 916.5 640.1

mχ̃0
1
(GeV) 304.9 414.2 498.0 710.8 724.2 459.4

Xt/mt̃ -1.81 1.58 -2.17 -1.84 -1.82 1.51

mh(GeV) 122.8 122.7 123.4 124.9 124.6 122.3

Table 1. Spectra of Type A Benchmark points.

Channel A1 A2 A3 A4 A5 A6

t̃2 → b̃1 +W+ 16.5 42.0 48.2 42.1 8.1 0

t̃2 → t̃1 + Z 74.5 47.6 44.6 52.9 79.2 53.1

t̃2 → t̃1 + h 5.9 3.9 5.0 2.5 10.7 45.6

t̃2 → t+ χ̃0
1 3.1 6.5 2.2 2.5 2.0 1.2

b̃1 → t̃1 +W− 99 90.1 98.0 98.3 99.5 99.3

b̃1 → b+ χ̃0
1 1.0 9.9 2.0 1.7 0.5 0.7

Table 2. Branching ratios of the major decays of t̃2 and b̃1 for the Type A benchmark models. The

rest of the decay branching ratio is t̃2 and b̃1 decaying to the corresponding quarks and an LSP.

LHC. As expected, to obtain a Higgs boson mass close to 125 GeV, these benchmark points

all have large mixing |Xt/mt̃| between the left- and right-handed stops.

Due to the large mixing term, it is typical to have a large mass gap between t̃1 and t̃2,

leaving a relatively large phase space for t̃2 → t̃1 + Z/h decays. In the scanned parameter

space it is also common to have the mass difference mt̃2
−mb̃1

≥ mW , which opens up the

decay mode t̃2 → b̃1 +W . This decay mode has not been considered by the experimental

analysis of t̃2 searches. In table 2 we list the branching ratios of various decay modes of t̃2
and b̃1 for the benchmark points. The branching ratios are calculated by SDECAY [71].

As it can be seen, in Type A models, the t̃2 → t̃1Z decay branching fraction is always

significant, and it is dominant for A1 and A5. The t̃2 → t̃1h branching ratio is smaller

than the t̃1Z branching ratio. It is controlled by the difference between two diagonal soft

breaking masses. More specifically, the ht̃2t̃1 coupling is proportional to cos 2θt where θt
is the mixing angle diagonalizing the stop mass matrix. If the two diagonal soft breaking

masses are exactly equal, mu3 = mQ3 , then θt = π
4 and the mass eigenstates t̃1, t̃2 will

be equal mixtures between t̃L and t̃R. In this case the ht̃2t̃1 coupling cancels between the

contributions coming from the left-handed and the right-handed stops, and the t̃2 → t̃1 +h

decay will be highly suppressed. In models where t̃2 → b̃1 + W decay is kinematically

allowed, the branching ratio of this channel increases rapidly as the allowed phase space

expands, and easily becomes comparable to the t̃1 +Z decay channel, as in models A2–A4.
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A1 A2 A3 A4 A5 A6

σ(t̃2t̃2)(fb) 33.8 19.4 5.1 1.9 1.7 1.6

ttZZ 55.5 22.6 19.9 28 62.7 28.2

ttZWW 24.6 40.0 42.1 44.5 12.8 0

ttZh 8.8 3.7 4.5 2.6 16.9 48.4

tt4W 2.7 17.6 22.3 17.7 0.7 0

tthWW 1.9 3.3 4.7 2.1 1.7 0

tthh 0.4 0.1 0.3 ∼0 1.1 20.8

σ(b̃1b̃1)(fb) 94.5 85.2 34.5 7 3.3 1.9

ttWW 98 81 96 96.6 99 98.6

tbW 2 19.6 4 3.3 1.0 1.3

Table 3. 14 TeV production cross sections and fractions of the final states (in terms of t, b, Z, W, h)

of t̃2 and b̃1 for Type A models. All final states also contain an additional χ̃0
1χ̃

0
1 pair which becomes

MET. In the list, the W and b jets in the final states are produced from squark decays rather than

top decay.

The model A6 is chosen such that the t̃2 → b̃1 + W decay is closed while the t̃2 → t̃1h

branching ratio is significant.

On the other hand, in Type A spectrum, b̃1 decays predominately to t̃1W if the phase

space allows. This is not covered by the current experimental searches for direct pair-

production of b̃1 [23, 63, 72–76]. We would advocate that this decay mode should be

included in the future direct b̃1 pair production search analysis. In these benchmark models,

the branching ratios of the direct decays of t̃2 and b̃1 to an LSP plus t or b are small, so

the searches using these decays will not be effective.

In table 3 we list the fractions of the final states in terms of t, b,W,Z, h (without

their subsequent decays) of the t̃2t̃2 and b̃1b̃1 pair productions, aside from a pair of χ̃0
1’s

which are implicitly understood. The recent advances in jet substructure techniques to tag

hadronically decayed top quarks may help to identify final states which contain them [77,

78], so in the list we keep the top quark instead of its decay product in the final states. As

a result, all W bosons and b jets listed in table 3 are coming from SUSY particle decays

instead of top decays.

It is pretty common for Type A models the heavy stop pairs produce an excess in

W bosons. Since each top quark itself gives another W boson in its decay, the chances

for the t̃2 pairs in our model points to give a final state with 4 or more W ’s varies up to

∼ 70%. The high multiplicity of W bosons can lead to excesses in same-sign dilepton and

multiple lepton events. As a result, these types of signals are also useful for t̃2 searches

in our benchmark models. Also, top pair associated with additional ZZ, Zh or hh con-

stitutes considerable fractions of final states for some model points. They are the basis

of the existing experimental searches for t̃2t̃2 direction production. Sbottom pairs in our
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Spectrum B1 B2 B3 B4

mt̃2(GeV) 952.6 1067.1 1131.9 1265.4

mb̃1(GeV) 832.5 749.1 870.4 1232.6

mt̃1(GeV) 654.4 677.8 785.6 585.3

mχ̃0
1
(GeV) 478.6 499.5 594.8 407.7

mχ̃0
2
(GeV) 774.4 702.8 824.1 823.3

mχ̃0
3
(GeV) 775.7 703.2 824.3 825.7

mχ̃±(GeV) 772.3 699.5 820.7 822.1

Xt/mt̃ 1.65 -1.78 -1.74 -1.69

mh(GeV) 124.0 124.7 124.9 123.5

Table 4. Spectra of Type B benchmark points. χ̃0
2, χ̃

0
3, χ̃

± are Higgsino-like.

benchmark points predominately decay into 4W + 2b final state, which also leads to an

excess in same-sign dilepton and multiple lepton signals.

3.2 Type B

In Type B models there are additional neutralinos and charginos lighter than t̃2. To be

distinct from the phenomenology of Type A models, we select benchmark points where

these neutralinos and charginos have significant appearance in the decay chains from t̃2.

Because Higgsinos have larger couplings to the stops than the Winos, for the benchmark

points we choose these neutralinos and charginos to be Higgsino-like.

The spectra of Type B benchmark points are listed in table 4. The mass gap between

t̃2, b̃1 and χ̃±, χ̃0
2 are chosen to be big enough to allow sufficient phase space for decays

through the additional neutralinos or charginos, such as t̃2 → tχ̃0
2 or bχ̃±. Therefore these

benchmark points have relatively heavy t̃2, and mt̃2
ranges from ∼ 900 GeV to 1.3 TeV. For

a more compressed spectrum, the decays of t̃2 and b̃1 into second neutralino and charginos

are suppressed by the phase space, then the decay patterns will be similar to those of Type

A benchmark points. If χ̃0
2,3, χ̃

± are lighter than b̃1, b̃1 can also decay to bχ̃2,3 or tχ̃± (if

kinematically open), in addition the t̃2 → bχ̃±, tχ̃0
2,3 decays. The branching ratios of SUSY

particle decays for the benchmark points are listed in table 5.

From the table 5 we see that t̃2 → tχ̃0
2,3 decay branching ratios are usually small, due to

the phase space suppression. The t̃2 → bχ̃± branching ratio, on the other hand, can get up

to about 1/4 for model B4. Similarly, the b̃1 → tχ̃± branching ratio is typically small but

b̃1 → bχ̃0
2,3 branching ratios can be quite big. In model B2, the sum of the branching ratios

of b̃1 → bχ̃0
2 and bχ̃0

3 is close to 70%. The heavy neutralinos tends to decay to χ̃0
1 + h/Z,

unless the decay channel to tt̃1 is open (as in model B4), in which case it becomes the

dominant decay channel. The chargino decays to bt̃1 or Wχ̃0
1. Which branching ratio is

larger depends on the model point.

Similar to the Type A case, we can list the fractions of the final states of the t̃2t̃2 and

b̃1b̃1 pair productions, in terms of t, b,W,Z, h aside from the χ̃0
1. Because there are many
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Channel B1 B2 B3 B4

t̃2 → t̃1 + Z 58.2 24.4 30.2 30.2

t̃2 → b̃1 +W+ 12.9 36.6 38.0 0

t̃2 → t̃1 + h 3.3 9.6 7.8 25.8

t̃2 → t+ χ̃0
2 2.7 3.9 7.7 9.6

t̃2 → t+ χ̃0
3 0.1 7.8 2.9 7.6

t̃2 → b+ χ̃±1 20.9 16.0 11.7 26.5

b̃1 → t̃1 +W− 90.0 0 31.3 58.6

b̃1 → b+ χ̃0
2 3.7 35.1 19.7 12.6

b̃1 → b+ χ̃0
3 3.6 33.4 20.0 12.5

b̃1 → t+ χ̃± 0 0 0 15.6

χ̃0
2 → t+ t̃1 0 0 0 92.1

χ̃0
2 → h+ χ̃0

1 94.2 1.8 96.9 7.1

χ̃0
2 → Z + χ̃0

1 5.8 98.2 3.1 0.8

χ̃0
3 → t+ t̃1 0 0 0 86.9

χ̃0
3 → h+ χ̃0

1 4.4 96.1 1.7 1.2

χ̃0
3 → Z + χ̃0

1 95.6 3.9 98.3 11.9

χ̃± → b+ t̃1 86.8 37.2 29.8 93.0

χ̃± →W + χ̃0
1 13.2 62.8 70.2 7.0

Table 5. Branching ratios of the major decays of t̃2 and b̃1 for the Type B benchmark models. The

rest of the decay branching ratio is t̃2 and b̃1 decaying to the corresponding quarks and an LSP.

more possible decay channels for Type B models, we only list the final states of a single

decay chain in table 6. The complete final states can be obtained by simply squaring the

table. In addition to the final states which have been present in Type A models, Type B

models can produce final states with a large number (up to 6) of t or b quarks. Therefore,

search channels for multiple tops or bottoms could be interesting and important for some

Type B spectra (e.g., B4).

4 Collider studies for LHC 14TeV

Given the complex decay chains and many possible final state combinations of the second

stop and the sbottom, we expect that there exist many possible signal channels. The best

experimental reach may come from a combination of different signals. In this section we

perform a rudimentary collider study for the benchmark points discussed in the previous

section for the 14 TeV LHC and point out the interesting channels. Even though some of

the channels were not considered in the t̃2 simplified model analyses by ATLAS and CMS,
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B1 B2 B3 B4

σ(t̃2t̃2)(fb) 12.1 5.5 3.6 1.6

tZ/bWZ 58.5/0.5 28.5/13.1 33.3/7.7 31.2/0

th/bWh 5.8/0.5 17.2/12.0 15.3/7.4 26.6/0

tbb 18.1 6.0 3.5 24.6

Wb 2.8 21.5 19.2 1.9

3t 0 0 0 15.4

tWW 11.6 0 11.9 0

σ(b̃1b̃1)(fb) 29.6 58.1 22.1 1.9

tW 90 0 31.3 59.7

ttb 0 0 0 37.0

hb 3.7 32.7 19.4 1.0

Zb 3.6 35.8 20.3 1.6

Table 6. 14 TeV production cross sections and fractions of the final states of t̃2 and b̃1 for Type B

models. Only final states of a single t̃2 or b̃1 decays are listed. An additional LSP χ̃0
1 is implicitly

understood. The fractions of the finals states of the squark pair can be easily obtained by squaring

this table.

most of them have been used in other SUSY or new physics searches. A purpose of this

study is to point out their relevance for the t̃2 and b̃1 searches. These existing analyses

could readily be adapted to the current case, maybe with some optimizations of cuts for

the current scenario.

For SUSY signals, we use MadGraph 5 [79] to generate t̃2 and b̃1 pair events, with

PYTHIA 6 [80] for parton showering and hadronization simulations. Detector simulations

were done by Delphes 3 [81], with the anti-kt jet algorithm [82] and ∆R = 0.5. We use the

CTEQ6L [83] PDF in order to match the Snowmass background simulations. All signal

cross sections are normalized to NLO+NLL results with gluino decoupled [84].

We adopt the backgrounds generated by the Snowmass 2013 Energy Frontier Simula-

tion group [85, 86]. No-pileup effects are included for either the signals or the backgrounds.

For this analysis the dominant background is the top-pair production, and top pair plus an

extra boson (W , Z or h). We also include other backgrounds such as the single/multiple

boson(s) with jets, and the single top production.

4.1 Basic cuts and tagging for backgrounds and signals

The lepton and b jet tagging efficiencies are taken to be the same as those of the Snowmass

2013 Energy Frontier Simulations. Additionally, we drop all leptons having a ∆R 6 0.4

with any jets. For both e and µ, we require them to have pT > 15 GeV and η < 2.5. We

will refer to these isolated leptons simply as leptons for the rest of our discussion.
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Each jet candidate is required to have η < 2.5 and pT > 25 GeV, which is rather

loose since our analysis is not very sensitive to non-b-tagged jets. The maximum tagging

efficiency for b jets is ≈ 70%. The b-jet mis-tagging rate from light flavors is 0.1%. A b

jet candidate must have pT > 30 GeV. Further selection rules for leptons and jets will be

described in detail later.

Since all SUSY signals we discussed have two LSP which could lead to significant MET,

an event with a higher MET is preferred, especially for those with no or only one lepton

in the final state. On the other hand, SM background events with more leptons could get

a large MET from the associated neutrinos. Therefore, for a higher lepton multiplicity we

would have a lower the MET cut in order to include more signal events. As a result, we

set up a preliminary criteria based on MET: for all-hadronic or one-leptonic channels, all

signal events are required to have a MET greater than 200 GeV. On the other hand, events

with two/more than two leptons would be vetoed if their MET is less than 150/100 GeV.

To further suppress the backgrounds, scalar HT could provide a good discrimination

between the signal and backgrounds, since we are interested in the pair production of heavy

particles. We require that each event should have scalar HT ≥ 800 GeV as a preliminary

selection rule.

A pair of opposite-sign leptons of the same flavor can come from Z decays. The Z

boson produced in t̃2 decay could be somewhat boosted due to the large mt̃2
−mt̃1

. To

define the Z candidate, we require that the opposite-sign same-flavor lepton pair lepton

pair to have |
√

(Σp`)2 −mZ | 6 10 GeV and ∆R < 1.5.

Opposite-sign lepton pairs also often arise from SM background such as tt̄. For our

signals, t̃2 pair decays usually produce extra W/Z bosons. If they are boosted and decay

hadronically, they may be tagged to help discriminating signals and backgrounds. We

follow the method presented in ref. [87]: a Cambridge-Archen jet algorithm [88] is adopted

to identify fat jets from vector boson decays, with ∆R = 0.8 and pT > 200 GeV. Any

fat jet constructed this way with a invariant mass between 60 and 110 GeV would be our

vector jet candidate. Furthermore, we require N -subjettiness [89] τ21 = τ2
τ1
< 0.5, which

means that its substructure is more likely to have two subjets rather than coming from

QCD backgrounds.

4.2 Signal channels and benchmark results

In brief, the SUSY signals we are looking for in this work can be understood as a bottom

quark pair accompanied by multiple bosons (W,Z or h) and a pair of missing neutrali-

nos, with possible extra t, b pairs. Consequently, events with multiple b jets are favored.

Compared with the SM background such as tt̄ events which can give two b jets at parton

level, our signals can have more b jets in the final states. t̃1t̃1hZ/t̃1t̃1ZZ/t̃1t̃1hh decays of

t̃2t̃2 with an h or Z decay to a pair of b quarks and t̃1t̃1 cascade to a pair of tops can give

us 4 or more b jets. Thus, requiring more than 3 b jets in each event would be a good

way to handle SM backgrounds [90]. On the other hand, signal events with two or less

b jets would be overwhelmed by SM backgrounds such as tt̄ production. Therefore, for

events with Nb 6 2 would need features such as a large multiplicity of leptons or same-sign
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Figure 4. Event distribution binned by Nb for both signals and SM background with /ET ≥
200 GeV. Left: Nb distribution for events without leptons. The red shade is the SM background.

The blue (green) lines are t̃2 (b̃1) contributions, and the solid (dashed) lines are for the A1 (B1)

benchmark model. Right: the same distributions for events with at least one lepton.

dileptons to increase their signal sensitivity. The distribution of Nb with zero and non-zero

lepton(s) in final states are shown in figure 4.

Based on these considerations we have tried various search channels by N` and Nb.

The set of useful signal channels that we found are classified as:

1. No lepton and no less than 3 b jets with a large MET and no less than 6 jets in total

(0`3b).

2. 1 lepton and no less than 3 b jets and no less than 6 jets in total (1`3b).

3. 2 opposite-sign (OS) leptons forming a Z candidate with no less than 2 b jets, and 5

or more jets in total (Z2b).

4. 2 same-sign (SS) leptons with at least one b jet, also no less than 5 jets in total

(SS + nb).

5. 3 or more leptons and at least one b jets, the number of jets in total > 2 (Multi-`).

Different channels are classified as such that for zero or one lepton channels, more

b jets and total number of jets are required to optimize the sensitivity. As the lepton

multiplicity increases, we loosen up the requirements on Nb, Nj and MET in order to

keep more signal events. Some of the channels are essentially the same as those which are

already used in experimental t̃2 searches. Others are also close to some other SUSY or

new physics searches but have not been applied to t̃2 searches. We also identified some

additional requirements which may enhance the signal and background discrimination in

some channels. For each signal channel, it would be beneficial to further divide into signal

regions based on various energy distributions to utilize the possible different distributions

between signals and backgrounds. This requires more sophisticated event simulations to
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Figure 5. The /ET distributions of the 0`3b channel for benchmarks A1, B1 and the SM background.

The red shade is the SM background. The blue lines are t̃2 contributions and the green lines are b̃1
contributions. The solid lines are for A1 and the dashed lines are for B1.

produce accurate event distributions. For simplicity, here we will treat each signal channel

as a whole and leave more detailed analyses for the experimental collaborations.

4.2.1 No lepton, large MET, with three or more b jets (0`3b)

In this channel, we require no isolated lepton in the final states, Nb > 3, and the total

number of jets > 6. For such fully-hadronic events to be triggered, we require that the

leading jet has pT > 250 GeV and two subleading jets have pT > 90 GeV. For b jets we also

require at least two b jets to have pT > 90 GeV and the rest of b jets to have pT > 30 GeV.

A large /ET cut is imposed in this channel to greatly suppress the contribution from

QCD background, allowing us to utilize the Snowmass 2013 Energy Frontier Simulation

results. The /ET distributions for some benchmark signals and the background are shown

in figure 5. We can see that both b̃1b̃1 and t̃2t̃2 events on average have higher /ET than

background events. We impose /ET > 280 GeV for event selections in this channel.

The number of signal events of each benchmark model and the background events

passing the selection in this channel for a 300 fb−1 integrated luminosity is listed in table 7.

We can see that the 0`3b channel can be useful for both t̃2 and b̃1 searches. Näıvely one

might expect that this channel is more useful for the t̃2 search than the b̃1 search because
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Bkg Total Model A1 A2 A3 A4 A5 A6 B1 B2 B3 B4

191.4
t̃2t̃2 119.9 51.2 24.9 7.6 11.8 33.2 61.5 57.6 26.1 51.6

b̃1b̃1 67.0 56.4 20.5 5.0 5.2 7.6 25.7 86.2 24.6 31.1

Table 7. Background and signal events for 0`3b channel normalized to 300 fb−1 integrated lumi-

nosity at 14 TeV LHC for each benchmark model point.

the Z or h bosons from t̃2 decays give the extra b jets. This is true for some (e.g., t̃2 has

a large branching ratio in decaying to h/Z in A1, A5, A6, which produces more b jets

on average) but not all of the benchmark models. For example, in some Type B models

(in particular B2), Z or h bosons can also arise from the cascade decays of b̃1 through

heavier neutralinos, so b̃1 can provide comparable number of events as t̃2. Even though in

Type A models b̃1b̃1 pair production can only give two b jets at the parton level, additional

b-tagged jets can arise from QCD radiations and mis-tagged light jets. In addition, b̃1 has

a larger production cross section than t̃2 because it is lighter. As a result, the number of

events from b̃1 and from t̃2 can be comparable in many Type A models, and this channel

can also be sensitive to b̃1 pair production. Among the heavier benchmarks A4-A6, this

channel is most sensitive to A6 and its contribution mainly comes from t̃2 because of the

large t̃2 → ht̃1 branching ratio.

For Type B models, B3 has fewer signal events due to the more compressed spectrum

which results in softer final state particles and hence a lower signal efficiency. This is also

true for other signal channels discussed later. For B4, even though the production cross

sections of t̃2 and b̃1 pairs are small, the final state particles are harder due to the large

mass splittings. The signal efficiency is better. In addition, there are significant branching

ratios of t̃2 and b̃1 decaying to tbb and ttb which also give a higher number of b jets.

4.2.2 One lepton with three or more b jets (1`3b)

In this channel, the isolated lepton is required to have pT` > 25 GeV. We also require more

than 5 jets with pT > 25 GeV for each jet. The leading b jet should have pTb > 90 GeV

and other b jets have pT > 30 GeV. The /ET is required to be > 200 GeV. For the SM

backgrounds, a significant /ET can arise due to the neutrino produced by W → `ν decay.

A cut on the transverse mass MT =
√

2(pT` /ET )(1− cos ∆φ) can be an effective way to

eliminate most of the SM backgrounds, since MT from single W leptonic decay would have

a drop off around mW . The MT distributions for signals and the background for the single

lepton channel are shown in figure 6. We impose a MT > 160 GeV cut to enhance the

signal significance.

This is one of the main channels for current experimental t̃2 searches [23, 25]. From

table 8 we see that b̃1 could also give nearly comparable contributions for many benchmark

points (except B2 where W ’s are not produced in b̃1 decays), due to the larger cross section

for being lighter.
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Figure 6. MT distributions for of 1`3b channel.

Bkg Total Model A1 A2 A3 A4 A5 A6 B1 B2 B3 B4

42.5
t̃2t̃2 39.9 23.8 10.8 3.8 3.2 6.2 20.2 14.6 7.8 13.1

b̃1b̃1 27.1 13.5 8.9 2.6 2.4 3.1 9.3 1.3 3.0 12.5

Table 8. Background and signal events for the 1`3b channel with a 300 fb−1 integrated luminosity

for each model point.

4.2.3 Opposite-sign dilepton (Z) channels

Events with an OS lepton pair and b jets would be dominated by SM tt̄ production. Here

we define the OS lepton channels by having two OS leptons with pT > 15 GeV, with

/ET > 150 GeV. Also each event is required to have > 2 b-jets with pT > 30 GeV and

> 5 jets of pT > 25 GeV in total. A rough estimation for this channel predicts ∼ 800

background events and . 10 signal events for those heavy benchmark points such as A4-

A6 or B2-B4, yielding a significance too low to be useful. Therefore, additional requirement

is needed to suppress the background and we focus on the case where the lepton pair come

from the Z decay, since there is always a significant branching ratio of producing Z’s in t̃2
decays. In addition, Z can also arise from heavier neutralino decays in Type B models. To

be identified as a Z, the OS leptons of the same flavor is required to have ∆R < 1.5 and

an invariant mass |m`` −mZ | < 10 GeV.
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Channel Bkg Total Model A1 A2 A3 A4 A5 A6 B1 B2 B3 B4

Z2bV 16.7
t̃2t̃2 27.1 6.5 3.0 1.2 1.5 2.8 9.2 3.2 2.0 2.4

b̃1b̃1 1.5 0.0 0.2 0.0 0.0 0.0 0.5 3.1 0.3 0.1

Z2b 29.2
t̃2t̃2 20.5 7.0 2.7 0.9 1.4 1.2 9.0 2.7 1.6 1.0

b̃1b̃1 1.7 0.0 0.5 0.1 0.0 0.0 0.5 3.5 0.3 0.1

Table 9. Background and signal events for Z2bV and Z2b channel for each model point with a

300 fb−1 integrated luminosity.

The Z2b is also a standard search channel for the t̃2 pair production [23–25]. There

is also an attempt to explain the ATLAS Z+jets+MET excess [91] by the two mixed stop

system [92]. Here we notice that most signal events contain additional W or Z bosons.

Some of them may be boosted if they come from the decay of a heavy particle. We

therefore explore the possibility that additional vector tags may be helpful with the signal

and background discrimination. We divide the events passing the above requirements into

exclusive channels with no vector tag (Z2b) and with at least one vector tag (Z2bV ). They

are listed in table 9. We see that the channel with a vector tag in general does better

than without the vector tag, especially for model points with larger mt̃2
−mt̃1

and higher

BR(t̃2 → Zt̃1) (e.g., A1, A6 and B4). Since the vector-tagging technique we used here is

rather crude, further improvements with advanced vector-tagging techniques are possible.

These channels are in general more useful for the t̃2 search, because in most benchmark

models, Z is rarely produced in b̃1 decays. The exceptions are B2 and B3, where Z can be

produced from the neutralino decays. However, the signal efficiency for B3 is small due to

its compressed spectrum. Only for B2 b̃1 can give a comparable contribution to t̃2.

The significance of this channel may be further improved if one can suppress the fake

Z bosons made of two leptons coming from opposite sign W ’s from the SM tt̄ background.

This contamination may be estimated by the opposite-sign, opposite-flavor dilepton events

which satisfy the invariant mass and ∆R requirements, after taking into account the differ-

ent efficiencies of the electron and the muon. Here instead we introduce a simple kinematic

variable dubbed “leverage”. It is inspired by MT and can be considered as a generalization

applying to more than one leptons (or even other final state particles) together with MET.

With multiple leptons it is defined as

L` =
(
pmiss
T

∑
(1− cos ∆φi)

)
/N` (4.1)

In the SM fake Z events, since we require ∆R 6 1.5, the MET given by two neutrinos

from W decay would tend to be in the same direction as the fake Z direction. On the

contrary, there is much less such correlation for SUSY events, since Z produced by t̃2
decay can have a different direction from the MET. As it can be seen in both plots in

figure 7, most of the background events have a small L` and a suitable cut on L` can

increase both the significance and S/B ratio effectively. To enhance the signal significance,

we put an additional L` > 40 GeV cut for both Z2bV and Z2b channels besides the cuts

aforementioned. The numbers of events after the cut are listed in table 10. We can see
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Figure 7. Histogram of leptonic Z with > 2 b-jets and > 5 jets binned by L`. Left: with at least

one extra vector-tagged jet. Right: without vector-tagged jets.

Channel Bkg Total Model A1 A2 A3 A4 A5 A6 B1 B2 B3 B4

Z2bV 4.0
t̃2t̃2 23.1 5.2 2.7 0.9 1.3 2.3 7.6 2.7 1.9 2.1

b̃1b̃1 0.4 0.0 0.2 0.0 0.0 0.0 0.4 1.3 0 0.1

Z2b 4.9
t̃2t̃2 17.8 5.9 1.9 0.9 1.2 1.0 7.9 2.2 1.1 0.9

b̃1b̃1 0.4 0.0 0.0 0.1 0.03 0.03 0.4 3.1 0.2 0.0

Table 10. Background and signal events for Z2bV and Z2b channel for each model point after the

L` > 40 GeV cut with a 300 fb−1 integrated luminosity.

that it significantly reduces the remaining background events while retaining most of the

signal events.

4.2.4 Same-sign dilepton channel

The previous channels are sensitive to the t̃2 → t̃1 + Z/h decays which are the focus of

existing experimental analyses based on the simplified model approach. However, as we

see in the benchmark models, it is common to have large fractions of final states with high

multiplicities of W bosons from both t̃2 and b̃1 decays. It is therefore important to study

signals from multiple W ’s in t̃2 and b̃1 searches. A very useful signal for multiple W ’s is

the same-sign dilepton which is relatively rare in the SM. For this study we define the

same-sign dilepton channel to have two leptons of the same charge and pT > 15 GeV, with

/ET > 190 GeV for each event. Also, we require at least one b-jet with pT > 30 GeV and

the total number of jets of pT > 25 GeV is required to be more than 4. We further divide

these events into two channels: SS1b for events with exactly one b-tagged jet and SS2b for

events with two or more b-tagged jets.

Ignoring the contribution of misidentified leptons, only a few SM processes can generate

a pair of same-sign dilepton, such as multiple vector boson or tt̄+ boson production, etc. In
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Figure 8. The /ET distributions of the same-sign lepton pair with Left: 1 b jet and Right: more

than 1 b jets.

Channel Bkg Total Model A1 A2 A3 A4 A5 A6 B1 B2 B3 B4

SS1b 76.6
t̃2t̃2 26.2 20.9 10.1 3.0 1.1 1.2 7.1 2.0 2.6 1.4

b̃1b̃1 62.0 29.8 16.2 3.4 3.9 5.8 19.5 0.0 1.9 4.5

SS2b 10.8
t̃2t̃2 16.8 15.5 7.1 2.1 1.0 1.1 7.4 2.0 3.4 2.9

b̃1b̃1 34.9 15.1 8.2 2.1 1.7 3.5 11.5 0.0 1.0 5.3

Table 11. Background and signal events for SS1b and SS2b channel for each model point with a

300 fb−1 integrated luminosity.

our case, the dominant background is tt̄W/tt̄Z/tt̄h production. However, these processes’

contribution suffer from small production cross sections (∼ 3 pb in total). The distributions

of the signal and background events for the SS1b and SS2b channels in /ET are shown in

figure 8. We see that our /ET cut can further reduce the SM backgrounds.

One can see from table 11 that the numbers of signal events are comparable for SS1b

and SS2b channels. However, SS1b has much more background events due to mis-tagged

b jets, so SS2b is expected to have better reaches. In general, for benchmark points where

b̃1 has a large branching ratio of decaying to t̃1W (i.e., other than B2 and B3), more signal

events come from b̃1 due to the larger production cross section. Nevertheless, t̃2 can also

give a significant contribution. As t̃2 pair decays may produce more than 4 W ’s in the final

states, the probability of getting same-sign dileptons could be helped by the combinatorial

factor. Also, in models where the mass difference between b̃1 and t̃1 is small, the leptons

coming from b̃1 are softer and hence have a lower signal efficiency. For example, A1 and

A2 have similar production rate for b̃1 pairs, but the signal efficiency of the latter is almost

halved because of its small b̃1–t̃1 mass difference. In this case, the contributions from t̃2
and b̃1 can even be comparable.
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The same-sign dilepton signals, although not used in t̃2 search yet, have been applied to

many other new physics searches. Interestingly, excesses in the same-sign dilepton channel

with b-jets and MET are found in both Run 1 and Run 2 of LHC in many separate analyses

by the ATLAS and CMS collaborations. These include CMS SUSY Search [74], ATLAS

SUSY Search [75], CMS tth Search [93], ATLAS Exotica Search [94], and ATLAS tth

Search [95] in Run 1 and ATLAS tth Search [96], CMS tth Search [97] in Run 2. On the

other hand, there are no significant excesses in Run 2 SUSY searches [68, 98]. The SUSY

analyses were based on the simplified model of sbottom decay b̃1 → t+ (χ̃±1 →W± + χ̃0
1).

However, the branching ratio of such a decay chain is never close to 100% due to the

presence of other decays (b̃1 → b+ χ̃0
2 or χ̃0

1), and these other decays generally give stronger

constraints as we saw in the previous section. Ref. [99] proposed to explain the excesses

from the right-handed stop production with the decay t̃R → t + (B̃ → W± + W̃∓) where

W̃∓ is closely degenerate with the neutral Wino which is assumed to be the LSP, and hence

its decay products are too soft to be seen. With a suitable arrangement of the spectrum,

the branching ratio of this decay chain can be close to 100%, and the excesses could be

explained by a t̃R of ∼ 550 GeV.

The spectrum in our study provides an alternative way to explain the excesses. From

table 3, we can see that the sbottom pair decays to the 2t + 2W + /ET final state which

gives the desired signals are close to 100% in Type A models. In addition, a substantial

fraction of t̃2 pairs also give ttWW + /ET + X final states which contribute to the signal.

We expect that our benchmark models with light spectra may produce same-sign dilepton

events compatible with the excesses observed in experiments. To minimize the systematic

uncertainties in comparing with experimental excesses, we follow ref. [99] to normalize

the signal strength of our benchmark points to the SM tt̄h signal strength, then compare

the simulation results at 13 TeV to the best fit signal strengths of the new Run 2 results:

µ = 4.0+2.1
−1.7 of the ATLAS 2l0τhad signal region [96] and µ = 2.7+1.1

−1.0 of the CMS 2LSS

category for tt̄h searches [97]. For our benchmark model A1 (A2), we get a total signal

strength of µ = 2.4(1.8), with µb̃1 = 1.1(0.6) from b̃1 pairs and µt̃2 = 0.3(0.2) from t̃2
pairs. They are in the ballpark of the observed excesses in Run 2. Furthermore, we also

check our benchmark points with the 95% CL upper limits on the number of SS2L events

in the ATLAS SUSY search [68]. For our A1 (A2), we get 8.0(4.8)/0.9(0.4) events in

the corresponding SR1b/SR3b signal regions where the observed 95% CL upper limits

are 10.3/4.9.

4.2.5 Channels with multiple leptons

Multiple W ’s and Z’s also give rise to multilepton signals. For multilepton channels, we

require 3 or more leptons with pT > 15 GeV and /ET > 100 GeV in the final state. Since

the chance of finding more than two leptons in an event is rare, we loosen the Nb cut to > 1

and Nj > 2 in these cases. Each b jet is required to have pT > 30 GeV while for other jets

pT should be greater than 25 GeV. The multilepton events are then split into two different

channels based on the number of Z-like lepton pairs. We ascribe those events with at least

one Z-like lepton pair to the `Zb channel, and the rest are recorded by the 3`b channel.
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Figure 9. Histograms in /ET of multiple lepton channels. We require > 1 b jet and > 2 jets in

total. Left: channel with at least 1 Z like lepton pairs and extra lepton(s). Right: channel without

any Z like lepton pair.

Channel Bkg Total Model A1 A2 A3 A4 A5 A6 B1 B2 B3 B4

`Zb 279.3
t̃2t̃2 57.1 20.1 9.2 3.0 3.4 4.5 18.2 6.7 5.0 3.2

b̃1b̃1 3.1 1.6 0.5 0.2 0.2 0.2 0.9 0.9 0.5 0.2

3`b 250.8
t̃2t̃2 39.1 27.2 12.8 3.5 1.7 1.7 12.2 2.7 4.0 2.6

b̃1b̃1 66.6 23.9 13.0 3.2 2.9 4.8 18.6 0.9 1.9 5.0

Table 12. Background and signal numbers for each model point in `Zb and 3`b channels with a

300 fb−1 integrated luminosity.

The SM backgrounds for multileptons with b jets coming from tt̄+W/Z/h and vector

boson pair produced with extra jets. The /ET distributions of signals and backgrounds for

both channels are shown in figure 9. We see that there are still substantial backgrounds

for both channels. The numbers of background and signal events for the benchmark points

with a 300 fb−1 integrated luminosity are listed in table 12. We note that Z bosons are

mostly produced in t̃2 decay so `Zb signal is t̃2 specific. As a result the `Zb channel has less

total signal events than the 3`b channel. Anyway, the large number of background events

make either channel less effective for our benchmark models than the previous channels.

4.2.6 Other potential channels

As we discussed, the decay chain t̃2 →Wb̃1 →WWt̃1 →WWtχ̃0
1 is common for a typical

spectrum and has a significant branching ratio in several benchmark models (e.g., A2–A4).

In this case there can be up to 6 W ’s in the final state, which could give rise to same-sign

trilepton events. The SM background would be extremely low. The signal event rate is

low so one does not expect it to be the discovery channel. However, it may provide useful

information about the spectrum after the discovery.
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For type B models, the long decay chains may even produce multiple t’s in the final

states. This occurs in the benchmark B4, where the t̃2 decay can give 3 t’s and the b̃1 decay

can produce ttb. With 6 tops it can also produce same-sign trilepton events. In addition,

specialized searches for multiple top final states such as ref. [100] may be sensitive to this

type of spectrum, although it is not expected to be the first discovery channel either.

4.3 Significance

From the tables of signal and background events, we can calculate the signal significances

of each channel for the benchmark models. However, there are other effects which can

affect the real significances of each channel. First, we need to consider the effect of sys-

tematic errors, especially when S/B ratio is small, the uncertainties in the background

normalization can overwhelm the signal. There are many factors which could introduce

systematic errors, such as (b) jet tagging efficiency, detector resolutions, or PDF uncertain-

ties, etc.. Second, if the distributions of the signal and the background on some kinematic

variables are very distinct and accurately known, the significance could be enhanced by

dividing each channel into several signal regions according to the values of the variables.

Here we just use the likelihood method to evaluate the effects of the systematic errors from

the background normalizations. We assume that the overall number of background events

respects the normal distribution with a fractional uncertainty σB ∝ B. The likelihood is

defined to be

Q =

∫
L(S +B,S +B′)P (B′)dB′∫
L(S +B,B′)P (B′)dB′

(4.2)

where S and B are corresponding numbers of signal and background events, L(x, µ) =
µxe−µ

x! , and P (B) is the normalized normal distribution with the mean B and a standard

deviation σB. The final significance from this method is simply given by
√

2 log(Q). For

the case with no systematic error, σB = 0, this equation simply reduces to the standard

formula [101]:

σ =

√[
2(S +B) log

(
S +B

B

)
− S

]
. (4.3)

The systematic uncertainties in general depend on signal channels. Without know-

ing the exact numbers we will calculate the significances with the assumption of a 10%

uncertainty in background normalization for each channel and compare them with the sig-

nificances obtained without systematic errors to see their effects. The result for Type A

and Type B models by combining signal events from both t̃2 and b̃1 are listed in table 13

and table 14 respectively. (Individual significances from t̃2 or b̃1 can also be easily obtained

from the tables of event numbers in the previous subsection.) The significances for an

integrated luminosity different from 300 fb−1 can be obtained by a simple rescaling.

Due to the unknown systematic uncertainties in different channels and possible im-

provements from dividing events into different signal regions, the numbers in tables 13

and 14 should not be taken literally. However, they provide a good guidance on the effec-

tiveness of various search channels for different benchmark models. In Type A models, the

same-sign dilepton signals are often the most effective channels due to low backgrounds
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Significance A1 A2 A3 A4 A5 A6

0`+ 3b 11.9 (7.3) 7.2 (4.3) 3.2 (1.9) 0.9 (0.6) 1.2 (0.7) 2.9 (1.7)

1`+ 3b 8.6 (7.1) 5.1 (4.2) 2.8 (2.4) 1.0 (0.8) 0.9 (0.8) 1.4 (1.2)

Z2b+ V 7.7 (7.4) 2.2 (2.2) 1.2 (1.2) 0.4 (0.4) 0.6 (0.6) 1.1 (1.1)

Z2b 6.0 (5.7) 2.3 (2.2) 0.8 (0.8) 0.4 (0.4) 0.5 (0.5) 0.5 (0.5)

SS1b 8.7 (6.6) 5.3 (4.0) 2.9 (2.2) 0.7 (0.6) 0.6 (0.5) 0.8 (0.6)

SS2b 10.8 (9.9) 7.1 (6.6) 4.1 (3.8) 1.2 (1.2) 0.8 (0.8) 1.3 (1.3)

`Zb 3.5 (1.8) 1.3 (0.7) 0.6 (0.3) 0.2 (0.1) 0.2 (0.1) 0.3 (0.2)

3`b 6.3 (3.4) 3.1 (1.7) 1.6 (0.9) 0.4 (0.2) 0.3 (0.2) 0.4 (0.2)

Total 23.5 (18.7) 13.3 (10.4) 6.9 (5.6) 2.1 (1.8) 2.0 (1.6) 3.7 (2.8)

Table 13. The significances for a 300 fb−1 integrated luminosity of Type A Benchmark points

from various channels. The numbers in the brackets are significances with a 10% background

systematic uncertainty.

Significance B1 B2 B3 B4

0`+ 3b 5.9 (3.5) 9.4 (5.6) 3.5 (2.1) 5.6 (3.3)

1`+ 3b 4.1 (3.4) 2.3 (2.0) 1.6 (1.4) 3.6 (3.0)

Z2b+ V 3.3 (3.2) 1.8 (1.7) 0.9 (0.9) 1.0 (1.0)

Z2b 3.1 (3.0) 2.1 (2.0) 0.6 (0.6) 0.4 (0.4)

SS1b 2.9 (2.2) 0.2 (0.2) 0.5 (0.4) 0.7 (0.5)

SS2b 4.7 (4.4) 0.6 (0.6) 1.3 (1.2) 2.3 (2.1)

`Zb 1.1 (0.6) 0.5 (0.3) 0.3 (0.2) 0.2 (0.1)

3`b 1.9 (1.0) 0.2 (0.1) 0.4 (0.2) 0.5 (0.3)

Total 10.4 (8.3) 10.1 (6.6) 4.3 (3.0) 7.2 (5.2)

Table 14. The significances for a 300 fb−1 integrated luminosity of Type B Benchmark points

from various channels. The numbers in the brackets are significances with a 10% background

systematic uncertainty.

and large fractions of final states containing multiple W ’s. However, for A6, the chan-

nels with multi-b-jets have the best reach because the large decay branching fraction for

t̃2 → ht̃1 and a small cross section for the heavy b̃1. For Type B models, the longer decay

chains through charginos and neutralinos often produce more Z, h, t and b in the final

states, which results in more b’s, as can be seen from table 6. Therefore, the 0l3b may have

the best reach. Most channels receive contributions from both t̃2 and b̃1. On the other

hand, the Z2b(V ) and `Zb channels are almost stop specific and receive little contribution

from the sbottom. Due to the complicated decay patterns of t̃2 and b̃1, a combination of

different search channels not only enhances the search reach, but also provides important
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information about the spectrum and the decay patterns upon the discovery by comparing

signals in different channels.

5 Conclusions

If the hierarchy problem is solved by SUSY, the stops are likely to be light enough to be

accessible at the LHC. On the other hand, to obtain a Higgs boson mass of 125 GeV, a large

At term in the stop sector is needed in MSSM to increase the radiative contribution if both

stops are light. The large mixing between the left-handed and right-handed stops implies

a large splitting (& 300 GeV most of the time for stops lighter than ∼ 1 TeV) between the

two mass eigenstate and at least a sbottom lighter than the second stop. Such a stop and

sbottom spectrum often embroil complex decay chains for the stop and sbottom sector.

Even though intensive LHC searches for the lightest stop have put strong constraints on

its mass, it can be hidden in the compressed region where it is difficult to have an effective

search. In that case, the second stop and the sbottom may be easier to discover. The

existing experimental searches are based on the simplified model approach. In particular

for the second stop, only t̃2 → t̃1Z and and t̃2 → t̃1h decays are assumed. We consider

many benchmark models for a more complete stop and sbottom spectrum and find that

the simplified models are seldom good approximations to the realistic models. The decay

patterns are complex and often without a dominant mode. The branching ratios of t̃2 →
b̃1W and b̃1 → t̃1W decays can be quite substantial and they were not considered in the

existing experimental searches. If there are additional charginos and neutralinos lighter

than t̃2 or b̃1, they can appear in the decay chains and make the decay pattern even

more complex.

In this paper, we perform a study of collider searches of t̃2 and b̃1 at 14 TeV LHC

assuming that t̃1 is hidden in the compressed region. The study is based on general MSSM

but focuses on the stop and sbottom sector. The spectra are divided into two types,

depending whether there are additional charginos and neutralinos besides the LSP below

the t̃2 mass. We derive the branching ratios of various decay modes and obtain the fractions

of possible final states. From there we can identify potentially useful signal channels for the

t̃2 and b̃1 searches. In additional to the standard signals based on multi-b-jets and leptonic

decaying Z’s of current experimental searches, we find that same-sign dilepton and multi-

lepton signals are also important for t̃2 and b̃1 searches, because many benchmark models

produce large fractions of multi-W final states. The same-sign dilepton excesses observed

in the LHC Run 1 and Run 2 data may be explained by some of our benchmark models

if they turn out to be real. For the standard leptonic decaying Z, we find that additional

vector-tags and a new kinematic variable which we called “leverage” can further help to

increase signal significance.

Due to the complex decay patterns, which signal channels are most useful for t̃2 and

b̃1 searches depend on the models and spectra. More often than not there is no dominant

decay mode and a combination of many different signal channels is needed to obtain the

best reach. Also, most signal channels receive contributions from both t̃2 and b̃1. Some

signals with a reconstructed Z may be thought as more t̃2 specific. However, in Type B
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models, Z can also appear in the b̃1 decay chain from χ̃0
2 or χ̃0

3 decay if they are lighter

than b̃1. It is therefore difficult to perform independent searches for t̃2 and b̃1 in a realistic

scenario. Observation of signals in multiple channels and their kinematic distributions will

be needed to help disentangling the ultimate underlying theory and its spectrum.
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A Compatibilities of the benchmark models with current constraints

from 13TeV LHC data

In this appendix, we check our benchmark models against the experimental constraints

from the most recent LHC 13 TeV Run 2 results. For our analyses, the most relevant

search channels from current LHC public results are multiple-b jets with 0 or 1 lepton and

same-sign dilepton with one or more b-jets. Other channels are either less significant such

as multi-lepton channels, or not available yet such as the Z2b channel.

A.1 Multiple b + 0/1`

For multiple b + 0/1` channels, the strongest constraints come from the searches of gluinos

decaying via stop or sbottom [102]. In order to test the viability of our benchmark points,

we adopt a cut similar to the ATLAS study: all candidate jets should have pT > 30 GeV

with |η| < 2.5. All candidate leptons should have pT > 20 GeV with |η| < 2.5. The 4

leading hardest jets are required to have a ∆φ > 0.4 from the MET. At least 3 candidate

jets should be b-tagged. We define the inclusive effective invariant mass Meff to be the

scalar sum of pT of all candidate jets and leptons and MET. The transverse mass of b jets

M b
T,min is defined to be Min(

√
2pTb(1− cos ∆φi)), i = 1, 2, 3, the minimum is taking among

three leading b jets. Finally, we define the total jet mass variable MΣ
J to be the mass sum

of the 4 leading fat jets with pT > 100 GeV. Five signal regions used to search for g̃ → t̃t

are given by:

Name Definition ATLAS 95% CL limit

Gtt0LA Nj > 8, M b
T,min > 80, MET>400, MΣ

J > 200, Meff > 2000 3.8

Gtt0LB Nj > 8, M b
T,min > 80, MET>400, Meff > 1250 13.3

Gtt1LA Nj > 6, M b
T,min > 120, MT > 200, MET>200, MΣ

J > 200, Meff > 2000 3.8

Gtt1LB Nj > 6, M b
T,min > 120, MT > 200, MET>350, MΣ

J > 150, Meff > 1500 4.9

Gtt1LA Nj > 6, Njb > 4, M b
T,min > 80, MT > 150, MET>200, Meff > 500 5.7
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These are then applied upon our benchmark points. For A1, we expect 0.4 and 0.9

events for two 0L signal regions. For 1L + multi-b channels Gtt1L-A/B and C, A1 gives 0.1,

0.3 and 0.5 signal events with 14.8 fb−1. All of them are an order of magnitude less than

the 95% CL exclusion limit. The next lightest benchmark point A2 contributes 0.2, 0.7,

0.03, 0.08 and 0.2 to these 5 signal regions. Other Type A benchmark points yield smaller

numbers. For Type B models, B1 would contribute 0.2 and 0.5 events to two 0L signal

regions, and 0.06, 0.2, 0.3 events for the 1L regions. The contributions from other type B

benchmark points are even less. The smallness of the number of events is partly due to

the hard cuts imposed in the analyses which are designed for the gluino search. Therefore,

none of our benchmark points are excluded by the multi-b +0/1 lepton searches.

A.2 Same-sign dilepton +b jets

For this signal we compare to the ATLAS same-sign dilepton SUSY search [68]. The

most relevant signal region is SR1b and SR3b. We require each candidate jet must have

pT > 25 GeV and |η| < 2.5. Each candidate lepton need to have pT > 10 GeV and |η| < 2.5.

The signal requires a pair of same-sign lepton or more than 3 leptons.

Name Definition ATLAS 95% CL limit

SR1b Nj > 6, Nb > 1, MET>200, Meff > 650 10.3

SR3b Nj > 6, Nb > 3, MET>160, Meff > 600 4.9

We find that at 13 TeV and the same luminosity, the lightest benchmark A1 gives 8.0 events

for SR1b and 0.9 events for SR3b, thus is not excluded. Other benchmark points produce

even less events. For instance, A2 gives 4.9 and 0.4 for these two signal regions while B1

gives 2.5 and 0.2. Note that with more data, A1 might be excluded soon, while testing

other benchmark points may take longer time because their contributions are well below

the upper limits.

A.3 CMS jets+MET data

The models points can also be constrained by SUSY searches with multi-jets and MET. In

particular, CMS showed a deficit in the aggregate search region SR11 in “Additional table

5” of ref. [103]. This aggregate region is targeted for a light SUSY spectrum. It requires

to 7+ jets with 1+ b jets, each of them should have pT > 30 GeV, HT ≥ 300 GeV and

Hmiss
T ≥ 300 GeV. Also no isolated leptons or isolated-charged particles are found. For

the two leading jets, their ∆φ with the MET are required to be greater than 0.5, while

for the third and the fourth leading jets, ∆φ > 0.3 is required. The predicted number of

background events is 385+19+27
−17−27, while the observed number is 316, showing a ∼ 2σ deficit.

This can put any new physics models that contribute a significant number of events in this

region in tension with the data.

As a test of our benchmark models, the lightest A1 point gives 35 events for SR11,

which roughly equals the 1σ uncertainty of the predicted background events, and A2 con-

tributes about 22 events. They are in some tension with the observed data, but not much

more than the SM itself. We note that among the 12 combined signal regions, SR11 is the
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only one showing a significant deficit. We hope that with more statistics and a cross-check

with ATLAS will clarify this situation soon.

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

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

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