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Since 2010, the LHC has been performing spectacularly.



At Run I, we discovered a SM-like Higgs at 125 GeV...
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Summary of CMS SUSY Results* in SMS framework
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ICHEP 2014

lspm⋅+(1-x)motherm⋅ = xintermediatem
For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit

... but we did not see any definitive sign of new physics.



Recently, we reached an important milestone: 
~10/fb at 13 TeV 



The 750 diphoton resonance is disappearing...



...and still no discovery of SUSY yet.
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Figure 1: The decay topologies of (a) squark-pair production and (b, c, d) gluino-pair production, in the simplified
models with (a) direct decays of squarks and (b) direct or (c, d) one-step decays of gluinos.

using the Powheg-Box v1 generator. This generator uses the four-flavour scheme for the NLO matrix-
element calculations together with the fixed four-flavour PDF set CT10f4 [56]. For this process, the
decay of the top quark is simulated using MadSpin tool [60] preserving all spin correlations, while for all
processes the parton shower, fragmentation, and the underlying event are generated using Pythia 6.428
[61] with the CTEQ6L1 [62] PDF set and the corresponding Perugia 2012 tune (P2012) [63]. The top
quark mass is set to 172.5 GeV. The hdamp parameter, which controls the pT of the first additional emission
beyond the Born configuration, is set to the mass of the top quark. The main e↵ect of this is to regulate
the high-pT emission against which the ttbar system recoils [58]. The tt̄ events are normalized to the
NNLO+NNLL [64, 65]. The s- and t-channel single-top events are normalized to the NLO cross-sections
[66, 67], and the Wt-channel single-top events are normalized to the NNLO+NNLL [68, 69].

For the generation of tt̄ + EW processes (tt̄+W/Z/WW) [70], the MG5_aMC@NLO 2.2.3 [36] generator
at LO interfaced to the Pythia 8.186 parton-shower model is used, with up to two (tt̄+W, tt̄+Z(! ⌫⌫/qq)),
one (tt̄+Z(! ``)) or no (tt̄+WW) extra partons included in the matrix element. The ATLAS underlying-
event tune A14 is used together with the NNPDF2.3LO PDF set. The events are normalized to their
respective NLO cross-sections [71, 72].

Diboson processes (WW, WZ, ZZ) [73] are simulated using the Sherpa 2.1.1 generator. For processes
with four charged leptons (4`), three charged leptons and a neutrino (3`+1⌫) or two charged leptons and
two neutrinos (2`+2⌫), the matrix elements contain all diagrams with four electroweak vertices, and are
calculated for up to one (4`, 2`+2⌫) or no partons (3`+1⌫) at NLO and up to three partons at LO using the
Comix and OpenLoops matrix-element generators, and merged with the Sherpa parton shower using the
ME+PS@NLO prescription. For processes in which one of the bosons decays hadronically and the other
leptonically, matrix elements are calculated for up to one (ZZ) or no (WW, WZ) additional partons at NLO
and for up to three additional partons at LO using the Comix and OpenLoops matrix-element generators,
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two neutrinos (2`+2⌫), the matrix elements contain all diagrams with four electroweak vertices, and are
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Figure 9: The 95% CL upper limits on the production cross sections for the (upper left) T2tt,
(upper right) T2bb, and (lower) T2qq simplified models of supersymmetry, shown as a func-
tion of the squark and LSP masses meq and mec0

1
. The results labeled “one light eq” for the T2qq

model are discussed in the text. The solid (black) curves show the observed exclusion contours
assuming the NLO+NLL cross sections [50–54], with the corresponding ±1 standard devia-
tion uncertainties [73]. The dashed (red) curves present the expected limits with ±1 standard
deviation experimental uncertainties. The dashed (grey) lines indicate the mec0

1
= meq diagonal.
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Figure 9: Exclusion limits for direct production of (a) light-flavour squark pairs with decoupled gluinos and (b)
gluino pairs with decoupled squarks. Gluinos (light-flavour squarks) are required to decay to two quarks (one quark)
and a neutralino LSP. Exclusion limits are obtained by using the signal region with the best expected sensitivity at
each point. Expected limits from the Me↵- and RJR-based searches separately are also shown for comparison. The
blue dashed lines show the expected limits at 95% CL, with the light (yellow) bands indicating the 1� excursions
due to experimental and background-only theoretical uncertainties. Observed limits are indicated by medium dark
(maroon) curves where the solid contour represents the nominal limit, and the dotted lines are obtained by varying
the signal cross-section by the renormalization and factorization scale and PDF uncertainties. Results are compared
with the observed limits obtained by the previous ATLAS searches with no leptons, jets and missing transverse
momentum [11, 16].

In Figure 10, limits are shown for pair-produced gluinos each decaying via an intermediate �̃±1 to two
quarks, a W boson and a �̃0

1, or via an intermediate �̃0
2 to two quarks, a Z boson and a �̃0

1. Results
in Figure 10(a) are presented for simplified models in which the mass of the chargino �̃±1 is fixed to
m(�̃±1 ) = (m(g̃) + m(�̃0

1))/2. For a �̃0
1 mass up to ⇠ 400 GeV, the lower limit on the gluino mass, obtained

from the signal region Me↵-6j-2200, extends up to 1.83 TeV in this model. In the region of parameter
space where the mass di↵erence between the gluino and the lightest neutralino is small, the best sensitivity
is obtained from the signal region Me↵-3j-1200. In Figure 10(b) results are presented in (m�̃0

2
, mg̃) plane,

and the mass of the �̃0
1 is set to 1 GeV. In these models, gluino masses below 1.9 TeV are excluded for �̃0

2
masses of ⇠ 600 GeV as obtained from the signal region Me↵-4j-2600.

33

(Key assumption: 
decoupled gluinos!)



...and still no discovery of SUSY yet.*
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1 Introduction

Supersymmetry (SUSY) [1–6] is a well motivated extension of the Standard Model (SM) that introduces
supersymmetric partner (superpartner) particles to each of the SM particles and that provides a natural
solution [7, 8] to the hierarchy problem [9–12]. The top squark or stop (t̃), which is the superpartner
of the top quark, is expected to be relatively light due to its large contribution to the Higgs boson mass
radiative corrections [13, 14]. A common theoretical strategy for avoiding strong constraints from the
non-observation of proton decay [15] is to introduce a multiplicative quantum number called R-parity. If
R-parity is conserved [16], SUSY particles are produced in pairs and the lightest supersymmetric particle
(LSP) is stable. This analysis follows the typical assumption that the lightest neutralino1 ( �̃0

1) is the LSP.
Since the �̃0

1 interacts only weakly, it can serve as a candidate for dark matter [17, 18].

The analysis described in this note closely follows and extends the previous search for stop production
using 2015 data [19]. This note presents a search targeting the direct production of the lighter stop2 (t̃1),
illustrated by the diagrams in Figure 1. The stop can decay into a variety of final states, depending amongst
other things on the SUSY particle mass spectrum, in particular on the masses of the stop, chargino and
lightest neutralino. When the decay into b �̃±1 is kinematically allowed, the t̃1 decay branching ratio (BR)
is determined by the stop mixing matrix and the field content of the neutralino/chargino sector.

In addition to the direct stop search, a dark matter (DM) scenario [20–22] is also studied. Figure 2
illustrates a Feynman diagram where the DM particles (represented by �) are pair-produced via a spin-0
mediator (either scalar or pseudo-scalar). The mediator couples to the SM particles by mixing with the
Higgs sector.
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p

p

�̃0
1
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1
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Figure 1: Diagrams illustrating the direct pair production of t̃1 particles and their decays, which are referred to as
t̃1 ! t + �̃0

1 (left) and t̃1 ! b + �̃±1 (right). Furthermore, a mixed decay scenario where each t̃1 decays via either
t̃1 ! t + �̃0

1 and t̃1 ! b + �̃±1 for various BR is considered (not shown). For simplicity, no distinction is made
between particles and antiparticles.

The analysis presented here targets final states with one lepton, where the W boson from one of the top
quarks decays to an electron or muon (either directly or via a ⌧ lepton) and the W boson from the other

1 The charginos �̃±1,2 and neutralinos �̃0
1,2,3,4 are the mass eigenstates formed from the linear superposition of the charged and

neutral superpartners of the Higgs and electroweak gauge bosons (higgsinos, winos and binos).
2 The superpartners of the left- and right-handed top quarks, t̃L and t̃R, mix to form the two mass eigenstates t̃1 and t̃2, where

t̃1 is the lighter one.
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*Although some interesting deviations in stop searches?

Signal region SR1 tN_high bC2x_diag bC2x_med bCbv DM_low DM_high
Observed 37 5 37 14 7 35 21
Total background 24 ± 3 3.8 ± 0.8 22 ± 3 13 ± 2 7.4 ± 1.8 17 ± 2 15 ± 2
t t̄ 8.4 ± 1.9 0.60 ± 0.27 6.5 ± 1.5 4.3 ± 1.0 0.26 ± 0.18 4.2 ± 1.3 3.3 ± 0.8
W+jets 2.5 ± 1.1 0.15 ± 0.38 1.2 ± 0.5 0.63 ± 0.29 5.4 ± 1.8 3.1 ± 1.5 3.4 ± 1.4
Single top 3.1 ± 1.5 0.57 ± 0.44 5.3 ± 1.8 5.1 ± 1.6 0.24 ± 0.23 1.9 ± 0.9 1.3 ± 0.8
t t̄ +V 7.9 ± 1.6 1.6 ± 0.4 8.3 ± 1.7 2.7 ± 0.7 0.12 ± 0.03 6.4 ± 1.4 5.5 ± 1.1
Diboson 1.2 ± 0.4 0.61 ± 0.26 0.45 ± 0.17 0.42 ± 0.20 1.1 ± 0.4 1.5 ± 0.6 1.4 ± 0.5
Z+jets 0.59 ± 0.54 0.03 ± 0.03 0.32 ± 0.29 0.08 ± 0.08 0.22 ± 0.20 0.16 ± 0.14 0.47 ± 0.44
t t̄ NF 1.03 ± 0.07 1.06 ± 0.15 0.89 ± 0.10 0.95 ± 0.12 0.73 ± 0.22 0.90 ± 0.17 1.01 ± 0.13
W+jets NF 0.76 ± 0.08 0.78 ± 0.08 0.87 ± 0.07 0.85 ± 0.06 0.97 ± 0.12 0.94 ± 0.13 0.91 ± 0.07
Single top NF 1.07 ± 0.30 1.30 ± 0.45 1.26 ± 0.31 0.97 ± 0.28 � 1.36 ± 0.36 1.02 ± 0.32
t t̄ +W /Z NF 1.43 ± 0.21 1.39 ± 0.22 1.40 ± 0.21 1.30 ± 0.23 � 1.47 ± 0.22 1.42 ± 0.21
p0 (�) 0.012 (2.2) 0.26 (0.6) 0.004 (2.6) 0.40 (0.3) 0.50 (0) 0.0004 (3.3) 0.09 (1.3)
N limit

non�SM exp. (95% CL) 12.9+5.5
�3.8 5.5+2.8

�1.1 12.4+5.4
�3.7 9.0+4.2

�2.7 7.3+3.5
�2.2 11.5+5.0

�3.4 9.9+4.6
�2.9

N limit
non�SM obs. (95% CL) 26.0 7.2 27.5 9.9 7.2 28.3 15.6

Table 7: The numbers of observed events in the three SRs together with the expected numbers of background events
and their uncertainties as predicted by the background-only fits, the scaling factors for the background predictions in
the fit (NF), and the probabilities (represented by the p0 values) that the observed numbers of events are compatible
with the background-only hypothesis.

Figure 11 and 12 show the expected and observed exclusion contours for both decay modes of direct pair
production of stops decaying in top plus neutralino (t �̃0

1) and in b plus chargino (b �̃±1 ) final states. The
±1�exp (yellow) uncertainty band indicates the impact on the expected limit of all uncertainties included
in the fit. For the direct stop pair production models the results extend previous exclusion limits by
excluding the stop mass region up to 830 GeV for a massless lightest neutralino under the assumption
of BR (t̃1 ! t + �̃0

1) = 100%. Exclusion limits are also extended in stop pair production models with
BR (t̃1 ! b + �̃±1 ) = 100% under di�erent hypotheses of the mass splitting. Considering m �̃±1

= 2m �̃0
1
,

stops with a mass of 750 GeV are excluded for a 150 GeV neutralino mass. Stop masses up to 750 GeV for
a massless lightest neutralino are also excluded under the assumption of m �̃±1

= mt̃1 � 10 GeV. Previous
exclusion limits are obtained under the hypothesis of mostly right-handed (left-handed) stops in the case
of t̃1 ! t + �̃0

1 (t̃1 ! b + �̃±1 ) decays. The assumption of unpolarized stops yields slightly weaker limits
in both planes than the corresponding polarized assumption. Limits are also placed in scenarios where
both the t̃1 ! t + �̃0

1 and t̃1 ! b + �̃±1 decay modes are allowed under the assumption of m �̃±1
= 2m �̃0

1
.

Five di�erent BR assumptions are tested with 0, 25, 50, 75 and 100 % BR to t̃1 ! t + �̃0
1. The results

are shown in Figure 13.

Results for simplified dark matter models are also obtained. Figure 14 shows the values of the common
coupling, g = gq = g� , that are excluded for dark matter associated production with top quarks under
the assumption of a scalar or pseudo-scalar mediator. The maximal coupling of g = gq = g� = 3.5 is
excluded at 95% confidence level in a wide range of mediator masses, up to 350 GeV for a 1 GeV dark
matter particle mass.

23

ATLAS NOTE
ATLAS-CONF-2016-050
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Search for top squarks in final states with one isolated lepton, jets,

and missing transverse momentum in

p
s = 13 TeV pp collisions

with the ATLAS detector

The ATLAS Collaboration

Abstract

The results of a search for the stop, the supersymmetric partner of the top quark, in final states
with one isolated electron or muon, jets, and missing transverse momentum are reported. The
search uses the LHC pp collision data collected in 2015 and 2016 at a center-of-mass energy
of
p

s = 13 TeV recorded by the ATLAS detector corresponding to an integrated luminosity
of 13.2 fb�1. The stop decay scenarios considered are those to a top quark and the lightest
neutralino as well as to a bottom quark and the lightest chargino, followed by the chargino
decays to the lightest neutralino and a W boson. A range of scenarios with di�erent mass
splittings between the stop, the lightest chargino and the lightest neutralino are considered.
The analysis also targets the production of dark matter in association with a pair of top quarks
using the same final state. The largest deviation from the Standard Model prediction is found
in one of the seven signal selections, where 35 events are observed with 17±2 background
events expected, corresponding to a local significance of 3.3 standard deviations. A stop with
a mass of 830 GeV decaying directly to a top quark and a massless neutralino is excluded at
95% confidence level. Stringent exclusion limits are also derived for all other considered stop
decay scenarios, and upper limits are set on the visible cross-section for processes beyond
the Standard Model. For the dark matter search, limits are obtained for the common coupling
value of g = 3.5 in a plane of dark matter particle mass and a scalar or pseudo-scalar mediator
mass. The maximal coupling of g = 3.5 is excluded at 95% confidence level for a scalar
(pseudo-scalar) mediator mass up to 320 (350) GeV assuming a 1 GeV dark matter particle
mass.

© 2016 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.

(see Han, Nojiri, Takeuchi & Yanagida 1609.09303 for recent SUSY interpretation)
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Naturalness motivates the TeV scale
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Naturalness: no enormous cancellations between different corrections.

• Want Δ ≲ 10 => expect Λ ~ TeV.  New particles at the TeV scale!

• And some mechanism (e.g. SUSY) to shield the theory from even higher scales
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(Measure is arbitrary, 
but still useful!)

Naturalness motivates the TeV scale

A measure of fine tuning: 
(Barbieri & Giudice; Kitano & Nomura)



In conventional realizations of SUSY, a special role is played by the 
Higgsinos, stops, and gluinos, as these couple strongest to the Higgs. 

(Dimopoulos & Giudice ’95; Cohen, Kaplan & Nelson ’96 ......) 
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Λ = “messenger scale,” a 
UV scale where the soft 
masses are generated



Naturalness sets a direct and simple bound on the Higgsino mass.

µ  (300 GeV)⇥
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Expect light Higgsinos!

Unfortunately, very difficult to detect at LHC due to low cross section and 
high background. 

Currently, limits do not surpass LEP.

�0
1,�

0
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±
1

2 3 Object reconstruction

the NNPDF3.0NLO [16] PDFs. Showering and hadronization is carried out by the PYTHIA 8.2
package [23], while a detailed simulation of the CMS detector is based on the GEANT4 [24]
package. A fast detector simulation [25] is used to produce large signal samples corresponding
to different sparticle masses, the so-called “signal scans”.
Neutralino-chargino (ec0

2-ec±
1 ) pair production is considered for the electroweakino scan. The

ec0
2 and ec±

1 are assumed to decay to the LSP via virtual Z⇤ and W⇤ bosons. For the virtual Z⇤

boson the SM branching ratios for decays to the different fermions as a function of the maximal
fermion pair mass M( f f ) are applied. The maximal M( f f ) is the mass difference between ec0

2
and ec0

1. The simulation of the ec0
2 decay takes the Breit-Wigner shape of the Z boson into account.

The production cross sections used correspond to those for pure Wino production.
The second scan simulateset-pair production, where eachet decays to `nbec0

1. The mass difference
betweenet and ec0

1 is less than 90 GeV. The branching ratios to leptons are set equal to those for
top quark decays and the et decay length is set to zero1. Figure 1 illustrates the signal models
considered.
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`, q

b

Figure 1: Left: electroweakino pair production. Right: et four-body decay. The model used to
interpret the results represents a simplified version of the four body decay in which the top
quark decay width is neglected.

3 Object reconstruction
The physics objects used in the analysis are reconstructed and selected using CMS standard
algorithms and requirements. The effects of the contributions from additional proton-proton
interactions within the same or neighboring bunch crossings (pileup) are mitigated using pri-
mary vertex selection and other methods described in the following.

Primary vertices are identified using tracks clustered with the deterministic annealing algo-
rithm. The reconstructed primary vertex is chosen as the vertex with the largest quadratic sum
of the pT of its constituent tracks. Additionally, this vertex needs to be within 24 cm from the
center of the detector in the z direction and within 2 cm on the plane transverse to the beam
line.

Leptons are reconstructed using the CMS particle-flow (PF) algorithm [27] and their pT and
pseudorapidity (h) are required to be inside the trigger acceptance and within the boundaries
of the inner tracker. The leading muon (electron) is thus required to satisfy pT > 5, |h| < 2.4
(|h| < 2.5). An upper cut of pT < 30 GeV on the leading lepton is also applied; this limit is
identified as the pT value below which the current analysis is more sensitive in excluding the

1In full SUSY models, the suppression of the four body decay at small DM (< 30 GeV) leads to displaced ver-
tices [26]. This effect is not taken into account in the current search: all particles are assumed to decay promptly



Largest cross sections at LHC come from gluino and valence squark pairs.

Stop cross sections are several orders of magnitude smaller, and Higgsino cross 
sections are yet smaller. 
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Figure 1: Cross sections for SUSY particle production. at
p
s = 8 TeV and 13-14 TeV. The

colored particle cross sections are from nll-fast [14] and evaluated at
p
s = 8 TeV and

13 TeV; the electroweak pure higgsino cross sections are from prospino [15] and evaluated

at
p
s = 8 TeV and 14 TeV. The electroweak pair production cross section is sensitive to

mixing, and the higgsino cross sections (shown in the figure) are approximately a factor of

2 lower than the pure wino case.
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Halkiadakis, Redlinger & DS ’14



Naturalness bounds the gluino mass as a function of the messenger scale Λ. 

Accounting for several higher-
order effects greatly relaxes 
the gluino bounds!

Buckley, Monteux, DS 1611.05873

• Factor of 2 error

• UV vs. IR mass 

• IR mass vs. pole mass

• 2-loop RGEs

• LL vs. resummed RGEs

• finite threshold 

corrections
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Naturalness bounds the stop mass as a function of the messenger scale Λ. 

Higher-order effects (primarily 
UV vs IR mass) also significantly 
relax the stop bounds!

Buckley, Monteux, DS 1611.05873
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Figure 3: Tuning contours of IR gluino (left) and stop mass (right) for � = 5 (black), 10

(red), 20 (blue) and 100 (green) as a function of messenger scale ⇤. In the stop tuning, the 1st

and 2nd generation squarks are set at 1 TeV (solid lines), 5 TeV (dashed lines), and 10 TeV

(dotted lines). The e↵ect of this variation in the gluino contours is negligible. For the gluino

tuning, the width of the contour is the result of the IR RG scale varying from Q = 1000 to

Q = 3000 GeV. This e↵ect is negligible in the stop contour.

100 TeV, squarks at 1 TeV, mh = 125 GeV, and large tan �. This is a significant

relaxation of the bound on the gluino mass when compared to the LL results of PRW,

which sets an upper bound of m
gluino

. 600 GeV for � = 5 under the same assumptions.

The previously mentioned
p
2 error accounts for approximately half of the di↵erence

between the two results, with the remainder largely arising from the two-loop transfer

matrix and di↵erence in the IR and UV values of M
3

. In this particular case, the

threshold corrections are minimized for Q = 1 TeV, as this is close to the gluino mass

of interest (also ⇠ 1 TeV).

To further illuminate the impact of the various improvements we have made to the

tuning calculation, we show in Fig. 4 the ratio of the gluino mass as each higher-order

e↵ect is added, compared to the leading order calculation from PRW. The final result is a

gluino mass which is at least 50% larger than the corresponding leading order calculation

at the same level of tuning.

Turning now to the upper limit on the stop mass, we find �  5 requires m
stop

.
770 GeV (again assuming ⇤ = 100 TeV, mh = 125 GeV, large tan �). Again, this is

11

Decoupling 1st/2nd generation 
squarks can decrease stop masses 
through 2-loop RGEs. 
(Murayama & Arkani-Hamed; Agashe & 
Graesser)

Important limitation of effective 
SUSY!

This problem might be fixable in 
certain extensions of the MSSM.
(e.g. Hisano, Kurosawa & Nomura, 
0002286)

Naturalness bounds the stop mass as a function of the messenger scale Λ. 
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Recasting overview
Buckley, Feld, Macaluso, Monteux & DS 1610.08059 

What are the implications of the latest ICHEP results for natural SUSY?



Recasting overview
Buckley, Feld, Macaluso, Monteux & DS 1610.08059 

There are many natural SUSY scenarios, whereas the official ATLAS and CMS 
analyses set limits on just a handful of specific simplified models.

Applying the official limits to natural SUSY scenarios is usually not 
straightforward. Generally requires a detailed reinterpretation (“recasting”) of 
the official results.

Hard process 
(signal only)

Showering, 
hadronization

Detector 
simulation

Recasted ATLAS/
CMS analysisSignal efficienciesLimit plots

Madgraph5; Prospino 2.1 Pythia8.2 Delphes3

What are the implications of the latest ICHEP results for natural SUSY?



List of recasted searches

ATLAS 2-6 jets + MET 13.3/fb CONF-2016-078

ATLAS b-jets + MET 14.8/fb CONF-2016-052

CMS jets+MET (HT) 12.9/fb SUS-16-014

ATLAS 7-10 jets+MET 3.2/fb 1602.06194

ATLAS 8-10 jets+MET 18.2/fb CONF-2016-095

ATLAS 1L + jets +MET 14.8/fb CONF-2016-054

ATLAS SS dileptons 13.2/fb CONF-2016-037

ATLAS multijets (RPV gluinos) 14.8/fb CONF-2016-057

CMS BH (many jets) 2.2/fb EXO-15-007

ATLAS 1L + many jets 14.8/fb CONF-2016-094



Natural SUSY scenario #1

“Vanilla SUSY”: MSSM + R-parity + flavor-degenerate sfermions

Simplest, most minimal, consistent with unification, precision flavor and CP. 
Essential baseline model!

• With R-parity, LSP is stable. Light higgsinos generally lead to large missing ET. 

• With flavor-universality, light stops imply light u and d squarks. 
Valence squark cross section is enormous!
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Figure 10.3: Feynman diagrams for gluino and squark production at hadron colliders from strong
quark-antiquark annihilation and quark-quark scattering.

the component of the missing energy that is manifest as momenta transverse to the colliding beams,
usually denoted /ET or Emiss

T (although /⃗pT or p⃗miss
T might be more logical names) is observable. So,

in general the observable signals for supersymmetry at hadron colliders are n leptons + m jets +
/ET , where either n or m might be 0. There are important Standard Model backgrounds to these
signals, especially from processes involving production of W and Z bosons that decay to neutrinos,
which provide the /ET . Therefore it is important to identify specific signal region cuts for which the
backgrounds can be reduced. Of course, the optimal choice of cuts depends on which sparticles are
being produced and how they decay, facts that are not known in advance.

The classic /ET signal for supersymmetry at hadron colliders is events with jets and /ET but no
energetic isolated leptons. The latter requirement reduces backgrounds from Standard Model processes
with leptonic W decays, and is obviously most effective if the relevant sparticle decays have sizable
branching fractions into channels with no leptons in the final state. The most important potential
backgrounds are:

• Detector mismeasurements of jet energies,

• W+jets, with the W decaying to ℓν, when the charged lepton is missed or absorbed into a jet,

• Z+jets, with Z → νν̄,

• tt production, with W → ℓν, when the charged lepton is missed.

One must choose the /ET cut high enough to reduce these backgrounds, and also to assist in efficient
triggering. Requiring at least one very high-pT jet can also satisfy a trigger requirement. In addition,
the first (QCD) background can be reduced by requiring that the transverse direction of the /ET is
not too close to the transverse direction of a jet. Backgrounds can be further reduced by requiring at
least some number n of energetic jets, and imposing a cut on a variable HT , typically defined to be
the sum of the largest few (or all) of the pT ’s of the jets in each event. (There is no fixed standard
definition of HT .) Different signal regions can be defined by how many jets are required in the event,
the minimum pT cuts on those jets, how many jets are included in the definition of HT , and other fine
details. Alternatively, one can cut on meff ≡ HT + /ET rather than HT . Another cut that is often used
in searches is to require a minimum value for the ratio of /ET to either HT or meff ; the backgrounds
tend to have smaller values of this ratio than a supersymmetric signal would. The jets+/ET signature
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Vanilla SUSY was more than 10% tuned even at Run I.
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Run I recasted limits 
obtained using analysis 
framework developed 
by J. Evans & Y. Kats
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Figure 1: The decay topologies of (a) squark-pair production and (b, c, d) gluino-pair production, in the simplified
models with (a) direct decays of squarks and (b) direct or (c, d) one-step decays of gluinos.

using the Powheg-Box v1 generator. This generator uses the four-flavour scheme for the NLO matrix-
element calculations together with the fixed four-flavour PDF set CT10f4 [56]. For this process, the
decay of the top quark is simulated using MadSpin tool [60] preserving all spin correlations, while for all
processes the parton shower, fragmentation, and the underlying event are generated using Pythia 6.428
[61] with the CTEQ6L1 [62] PDF set and the corresponding Perugia 2012 tune (P2012) [63]. The top
quark mass is set to 172.5 GeV. The hdamp parameter, which controls the pT of the first additional emission
beyond the Born configuration, is set to the mass of the top quark. The main e↵ect of this is to regulate
the high-pT emission against which the ttbar system recoils [58]. The tt̄ events are normalized to the
NNLO+NNLL [64, 65]. The s- and t-channel single-top events are normalized to the NLO cross-sections
[66, 67], and the Wt-channel single-top events are normalized to the NNLO+NNLL [68, 69].

For the generation of tt̄ + EW processes (tt̄+W/Z/WW) [70], the MG5_aMC@NLO 2.2.3 [36] generator
at LO interfaced to the Pythia 8.186 parton-shower model is used, with up to two (tt̄+W, tt̄+Z(! ⌫⌫/qq)),
one (tt̄+Z(! ``)) or no (tt̄+WW) extra partons included in the matrix element. The ATLAS underlying-
event tune A14 is used together with the NNPDF2.3LO PDF set. The events are normalized to their
respective NLO cross-sections [71, 72].

Diboson processes (WW, WZ, ZZ) [73] are simulated using the Sherpa 2.1.1 generator. For processes
with four charged leptons (4`), three charged leptons and a neutrino (3`+1⌫) or two charged leptons and
two neutrinos (2`+2⌫), the matrix elements contain all diagrams with four electroweak vertices, and are
calculated for up to one (4`, 2`+2⌫) or no partons (3`+1⌫) at NLO and up to three partons at LO using the
Comix and OpenLoops matrix-element generators, and merged with the Sherpa parton shower using the
ME+PS@NLO prescription. For processes in which one of the bosons decays hadronically and the other
leptonically, matrix elements are calculated for up to one (ZZ) or no (WW, WZ) additional partons at NLO
and for up to three additional partons at LO using the Comix and OpenLoops matrix-element generators,
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[61] with the CTEQ6L1 [62] PDF set and the corresponding Perugia 2012 tune (P2012) [63]. The top
quark mass is set to 172.5 GeV. The hdamp parameter, which controls the pT of the first additional emission
beyond the Born configuration, is set to the mass of the top quark. The main e↵ect of this is to regulate
the high-pT emission against which the ttbar system recoils [58]. The tt̄ events are normalized to the
NNLO+NNLL [64, 65]. The s- and t-channel single-top events are normalized to the NLO cross-sections
[66, 67], and the Wt-channel single-top events are normalized to the NNLO+NNLL [68, 69].

For the generation of tt̄ + EW processes (tt̄+W/Z/WW) [70], the MG5_aMC@NLO 2.2.3 [36] generator
at LO interfaced to the Pythia 8.186 parton-shower model is used, with up to two (tt̄+W, tt̄+Z(! ⌫⌫/qq)),
one (tt̄+Z(! ``)) or no (tt̄+WW) extra partons included in the matrix element. The ATLAS underlying-
event tune A14 is used together with the NNPDF2.3LO PDF set. The events are normalized to their
respective NLO cross-sections [71, 72].

Diboson processes (WW, WZ, ZZ) [73] are simulated using the Sherpa 2.1.1 generator. For processes
with four charged leptons (4`), three charged leptons and a neutrino (3`+1⌫) or two charged leptons and
two neutrinos (2`+2⌫), the matrix elements contain all diagrams with four electroweak vertices, and are
calculated for up to one (4`, 2`+2⌫) or no partons (3`+1⌫) at NLO and up to three partons at LO using the
Comix and OpenLoops matrix-element generators, and merged with the Sherpa parton shower using the
ME+PS@NLO prescription. For processes in which one of the bosons decays hadronically and the other
leptonically, matrix elements are calculated for up to one (ZZ) or no (WW, WZ) additional partons at NLO
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Direct searches125 GeV Higgs

Then there’s also the Higgs mass...



mh=125 GeV is independently pushing up the SUSY-scale in the MSSM.  

2.2 Imposing the Higgs mass constraint

Now we will impose the Higgs mass constraint and discuss its implications for GGM. Through-

out this work, we will require mh = 123 GeV, in order to account conservatively for the theory

uncertainty [47] in the Higgs mass calculation. In the MSSM, the Higgs mass is given by the

well-known formula

m2
h = m2

Z cos2(2�) +
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Here the . . . denote important additional corrections from mQ3 6= mU3 , other sparticle thresh-

olds and higher loops. These are accounted for in our analysis using SoftSUSY.

The Higgs mass stringently constrains the stop masses and the A-terms in the MSSM; for

TeV-scale stops, the A-terms must generally be multi-TeV. An example of this is given in fig. 3.
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required for mh = 123 GeV in SoftSUSY, with all other superpartner masses set to MS .6 As

we lower the stop masses, the required Rt increases, and for stops below ⇠ 1 TeV, the Higgs

mass constraint cannot be satisfied.

In GGM the Higgs mass constraint is even more stringent, since we cannot vary the other

parameters of the MSSM arbitrarily. As noted in the previous subsection, for m2
0 < 0, the first

EWSB equation in (2.8) has no valid solution, since the LHS must be a sum of non-negative

quantities. This translates to the requirement that

R2
t < b/c (2.14)

and from table 1, we see that
p
b/c = 1.01, 0.85, 0.69 for Mmess = 1015, 1011, 107 GeV respec-

tively. Comparing with fig. 3, we see that stop masses that would otherwise be allowed by the

Higgs mass constraint are ruled out in GGM by the combination of EWSB and no-tachyon

conditions. (Keep in mind that while m2
0 = 0 furnishes an absolute boundary to the parameter

space, there can be even more stringent boundaries due to tachyon constraints.)

Clearly, the decrease of
p
b/c with messenger scale amplifies the tension between large

A-terms and the other constraints. This will serve to enhance the role of secondary threshold

corrections that can increase mh and allow for smaller At. As we will see in section 3.3 (and will

discuss further in appendix B), chief among these is a ⇠ 2 GeV positive threshold correction

6We emphasize that this figure is meant to give a general impression and should not be taken literally.

The A-term required for mh = 123 GeV can depend sensitively on the masses of the other superpartners

and their contributions to the Higgs mass.
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Here the . . . denote important additional corrections from mQ3 6= mU3 , other sparticle thresh-

olds and higher loops. These are accounted for in our analysis using SoftSUSY.

The Higgs mass stringently constrains the stop masses and the A-terms in the MSSM; for

TeV-scale stops, the A-terms must generally be multi-TeV. An example of this is given in fig. 3.
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required for mh = 123 GeV in SoftSUSY, with all other superpartner masses set to MS .6 As

we lower the stop masses, the required Rt increases, and for stops below ⇠ 1 TeV, the Higgs

mass constraint cannot be satisfied.

In GGM the Higgs mass constraint is even more stringent, since we cannot vary the other

parameters of the MSSM arbitrarily. As noted in the previous subsection, for m2
0 < 0, the first

EWSB equation in (2.8) has no valid solution, since the LHS must be a sum of non-negative

quantities. This translates to the requirement that
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t < b/c (2.14)

and from table 1, we see that
p
b/c = 1.01, 0.85, 0.69 for Mmess = 1015, 1011, 107 GeV respec-

tively. Comparing with fig. 3, we see that stop masses that would otherwise be allowed by the

Higgs mass constraint are ruled out in GGM by the combination of EWSB and no-tachyon

conditions. (Keep in mind that while m2
0 = 0 furnishes an absolute boundary to the parameter

space, there can be even more stringent boundaries due to tachyon constraints.)

Clearly, the decrease of
p
b/c with messenger scale amplifies the tension between large

A-terms and the other constraints. This will serve to enhance the role of secondary threshold

corrections that can increase mh and allow for smaller At. As we will see in section 3.3 (and will

discuss further in appendix B), chief among these is a ⇠ 2 GeV positive threshold correction

6We emphasize that this figure is meant to give a general impression and should not be taken literally.

The A-term required for mh = 123 GeV can depend sensitively on the masses of the other superpartners

and their contributions to the Higgs mass.
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Here the . . . denote important additional corrections from mQ3 6= mU3 , other sparticle thresh-

olds and higher loops. These are accounted for in our analysis using SoftSUSY.
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Vanilla SUSY cannot be 100% natural anymore. 

Both direct searches and the 125 GeV Higgs are 
separately pointing at heavier-than-expected 
superpartners and percent-level tuning.

CARAMEL COFFEE FRAPPE BASE: 
Ingredients:  Water, Cream, Sugar, Milk, High Fructose Corn Syrup, Coffee Extract, Natural (Plant Source) and Artificial Flavors, Mono and Diglycerides, Guar Gum,
Potassium Citrate, Disodium Phosphate, Carrageenan, Carob Bean Gum. 
CONTAINS: MILK.
VANILLA REDUCED FAT ICE CREAM: 
Ingredients:  Milk, Sugar, Cream, Nonfat Milk Solids, Corn Syrup Solids, Mono- and Diglycerides, Guar Gum, Dextrose, Sodium Citrate, Artificial Vanilla Flavor,
Sodium Phosphate, Carrageenan, Disodium Phosphate, Cellulose Gum, Vitamin A Palmitate. 
CONTAINS: MILK.
STRAWBERRY BANANA FRUIT BASE: 
Ingredients: Strawberry Puree, Banana Puree, Water, Grape Juice Concentrate, Clarified Demineralized Pineapple Juice Concentrate, Sugar, Contains Less Than
1%: Natural (Plant Source) and Artificial Flavors, Cellulose Powder, Pear Juice Concentrate, Peach Juice Concentrate, Xanthan Gum, Citric Acid, Pectin, Colored
with Fruit and Vegetable Juice, Ascorbic Acid (Preservative). 
CONTAINS: MILK. 
*Dispensed from equipment that also dispenses milk ingredients.
LOWFAT SMOOTHIE YOGURT: 
Cultured Grade A Reduced Fat Milk, Sugar, Whey Protein Concentrate, Fructose, Corn Starch, Modified Food Starch, Gelatin.  Contains Active Yogurt Cultures. 
CONTAINS: MILK.
OREO COOKIE PIECES: 
Ingredients: Sugar, Enriched Flour (Wheat Flour, Niacin, Reduced Iron, Thiamin Mononitrate, Riboflavin, Folic Acid), Vegetable Oil (May contain one or more of the
following: High Oleic Canola Oil, Palm Oil, Canola Oil and/or Soybean Oil), Cocoa (Processed with Alkali), High Fructose Corn Syrup, Corn Starch, Leavening
(Baking Soda, Calcium Phosphate), Salt, Soy Lecithin (Emulsifier), Artificial Flavor (Vanillin), Chocolate. 
CONTAINS: WHEAT , SOY LECITHIN.
BLUEBERRY POMEGRANATE SMOOTHIE BASE: 
Ingredients: Blueberry Puree, Water, Clarified Demineralized Pineapple Juice Concentrate, Raspberry Puree, Apple Juice Concentrate, Pomegranate Juice
Concentrate, Contains 1% or Less: Natural (Plant Source) and Artificial Flavors, Cellulose Powder, Peach Juice Concentrate, Pear Juice Concentrate, Citric Acid,
Lemon Juice Concentrate, Xanthan Gum, Pectin, Fruit and Vegetable Juice For Color. 
CONTAINS: MILK. 
*Dispensed from equipment that also dispenses milk ingredients.
WHITE CHOCOLATE FLAVORED SYRUP: 
Ingredients: Sugar, Condensed Nonfat Milk, Water, Contains less than 2% of: Natural and Artificial Flavor, Salt, Potassium Sorbate (Preservative), Xanthan Gum. 
CONTAINS: MILK.
PREMIUM ROAST COFFEE:
MARASCHINO CHERRY: 
Ingredients: Cherries, Water, Corn Syrup, High Fructose Corn Syrup, Sugar, Malic Acid, Citric Acid, Natural (Plant Source) and Artificial Flavors, Sodium Benzoate
and Potassium Sorbate (Preservatives), Red 40, Sulfur Dioxide as Preservative (Contains Sulfites).
WHOLE MILK: 
Ingredients: Milk, Vitamin D3 Added.
LIGHT CREAM: 
Ingredients: Milk, Cream, Sodium Phosphate, DATEM, Sodium Stearoyl Lactylate, Sodium Citrate, Carrageenan. 
CONTAINS: MILK.
COFFEE (Medium): 
Ingredients: Brewed Coffee
SUGAR FREE FRENCH VANILLA SYRUP: 
Ingredients: Water, Eythritol, Natural (Plant Source) and Artificial Flavor, Cellulose Gum, Salt, Malic Acid, Potassium Sorbate (Preservative), Acesulfame Potassium,
Sucralose, Caramel Color.
FRENCH VANILLA SYRUP: 
Ingredients: Sugar, Water, Natural (Plant Source) and Artificial Flavor, Potassium Sorbate and Sodium Benzoate (Preservatives), Citric Acid, Caramel Color (with
Sulfites).
ICED TEA (Large): 
Ingredients: Water, Orange Pekoe and Pekoe Cut Black Tea.
ICED TEA  (Extra Small): 
Ingredients: Water, Orange Pekoe and Pekoe Cut Black Tea.
COFFEE (Large): 
Ingredients: Brewed Coffee
ICED TEA  (Small): 
Ingredients: Water, Orange Pekoe and Pekoe Cut Black Tea.
ICED TEA (Medium): 
Ingredients: Water, Orange Pekoe and Pekoe Cut Black Tea.
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and Potassium Sorbate (Preservatives), Red 40, Sulfur Dioxide as Preservative (Contains Sulfites).
WHOLE MILK: 
Ingredients: Milk, Vitamin D3 Added.
LIGHT CREAM: 
Ingredients: Milk, Cream, Sodium Phosphate, DATEM, Sodium Stearoyl Lactylate, Sodium Citrate, Carrageenan. 
CONTAINS: MILK.
COFFEE (Medium): 
Ingredients: Brewed Coffee
SUGAR FREE FRENCH VANILLA SYRUP: 
Ingredients: Water, Eythritol, Natural (Plant Source) and Artificial Flavor, Cellulose Gum, Salt, Malic Acid, Potassium Sorbate (Preservative), Acesulfame Potassium,
Sucralose, Caramel Color.
FRENCH VANILLA SYRUP: 
Ingredients: Sugar, Water, Natural (Plant Source) and Artificial Flavor, Potassium Sorbate and Sodium Benzoate (Preservatives), Citric Acid, Caramel Color (with
Sulfites).
ICED TEA (Large): 
Ingredients: Water, Orange Pekoe and Pekoe Cut Black Tea.
ICED TEA  (Extra Small): 
Ingredients: Water, Orange Pekoe and Pekoe Cut Black Tea.
COFFEE (Large): 
Ingredients: Brewed Coffee
ICED TEA  (Small): 
Ingredients: Water, Orange Pekoe and Pekoe Cut Black Tea.
ICED TEA (Medium): 
Ingredients: Water, Orange Pekoe and Pekoe Cut Black Tea.

Maybe we got unlucky and that’s the way things are?



Or maybe it’s not vanilla SUSY...



Going beyond vanilla SUSY
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(MSSM+R-parity+flavor universality)

Higgs mass
Collider constraints
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naturalness bounds
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Hidden valleys
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Compressed spectra
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PNGB Higgs

Dirac gluinos

Non-decoupling D-terms 
(U(1)’, SU(2)1xSU(2)2, ...)

Non-decoupling F-terms
(NMSSM, λSUSY...)

Additional vector-like matter
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Natural SUSY scenario #2
“Effective SUSY”: decoupled 1st/2nd gen. squarks 

Light 1st/2nd generation squarks are not required for naturalness. 

Decoupling them relaxes collider limits by decreasing SUSY xsec, but 
not completely.

g̃

H̃

t̃1, t̃2, b̃1
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Natural SUSY scenario #2
“Effective SUSY”: decoupled 1st/2nd gen. squarks 

Buckley, Feld, M
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For two-body decays, low masses are covered only for scenarios 
with b’s. 

Stops → lower cross section 
                  → lower masses are relevant 
                         → trigger limitations 

All-hadronic signatures 

ATLAS-CONF-2015-026 

Natural SUSY scenario #3:
“no-MET SUSY”: R-parity violation (for example)

Turning on R-parity violation allows the LSP to decay to SM particles. Trading the 
MET from the LSP for jets generally weakens the limits. 

For many-body decays – no relevant searches at all. 
Seems possible to design searches for at least the 
(quite motivated) cases with high b multiplicity. 

Stops → lower cross section 
                  → lower masses are relevant 
                         → trigger limitations 

All-hadronic signatures 

Evans and Kats, arXiv:1209.0764 
                            arXiv:1311.0890 
Evans, arXiv:1402.4481 

WRPV =
1

2
�ijkLiLjEk + �0

ijkLiQjDk +
1

2
�00
ijkUiDjDk



RPV + flavor universal squarks
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RPV + flavor universal squarks

RPV can relax bounds on flavor-
universal squarks. 
(Graham, Rajendran & Saraswat ’14)
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RPV + flavor universal squarks

RPV can relax bounds on flavor-
universal squarks. 
(Graham, Rajendran & Saraswat ’14)

But after the ICHEP results, the fully 
natural part of parameter space is 
shrinking...
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Alternative to RPV: HV/Stealth

Can also preserve R-parity while 
trading MET for jets, using hidden 
valleys/Stealth SUSY. 
(Strassler & Zurek; 
Fan, Reece & Ruderman)

For example:

H̃ ! SS̃, S ! gg

mS +mS̃ ⇡ mH̃
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RPV + effective SUSY

Trading MET for jets and 
decoupling 1st/2nd 
generation squarks opens up 
the most parameter space for 
natural SUSY.

But still only at extremely low 
messenger scales...
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Figure 5: Limits on the E↵ective RPV SUSY model with µ = 100 GeV (left) and 300 GeV (right) as

a function of the gluino and the stops and left-handed sbottom masses. All other conventions are as in

Fig. 2.

The same features are also seen in the HV/Stealth SUSY results, bottom row of

Fig. 4. As in the RPV case, ⇤ = 100 TeV is already ruled out for HV/Stealth, and

only lower values of the messenger scale remain viable. The fact that the limits on the

RPV and the HV/Stealth scenarios are so quantitatively similar, despite the scenarios

having di↵erent kinematics and di↵erent number of jets in the final state, is evidence

that the LHC limits are fairly robust, and that the simplified models we have chosen are

representative of a broader class of scenarios that trade MET for jets.

4.4 RPV E↵ective SUSY

Finally, having seen the (limited) success of both RPV/HV scenarios and E↵ective SUSY

in evading the LHC bounds on natural SUSY, we consider their combination. In Fig. 5,

we show the experimental reach for models of E↵ective RPV SUSY, where the higgsino is

unstable and only the two stop squarks and the left-handed sbottom are light, while the

remaining sbottom and the first and second generation squarks are decoupled at 5 TeV.

As expected, the limits are the weakest of all the models considered so far, with limits

on gluinos and third-generation squarks respectively at 1.4–1.5 TeV and 600–800 GeV.

(As in the previous subsection, the same limits would apply to any ui 6=3

djdk final state.)

region (SR1b-GG) that does not require any MET. This further highlights the power and importance

of doing SUSY searches with low or no MET.
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Tuning vs. Messenger Scale
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Figure 9: Minimum amount of tuning � which is experimentally allowed as a function of SUSY

breaking scale ⇤.

or the squarks. For mass-degenerate squarks, the gluino t-channel contribution to va-

lence squark production decouples at 10 TeV.

AM Pointing out that RPV limits are general: It should be noted that the

RPV limits presented above also apply if the higgsino decay to di↵erent final states: in

general, for any uidjdk final state without tops (i 6= 3), the limits will be the same, or

possibly stronger if there are additional b quarks in the decay. For final states involving

tops, leptonic top decays give (same-sign) leptons as well as missing energy, and we find

that the limits are raised by about 200 GeV for both gluinos and squarks/stops.

In general, limits on natural regions of the parameter space are more stringent than

in Table 3, as multiple superpartners have sizable cross sections. In Fig. 9, we show the

minimum amount of tuning � compatible with a given messenger scale ⇤, for each of

the natural SUSY models we consider in this paper. As can be seen, even with our most

optimistic model of natural SUSY (E↵ective SUSY with RPV decay of higgsinos), the

scale ⇤ must be less than 100 TeV.

6 Conclusions

Move these summary paragraphs to the introduction and make it into more

of an ”Introduction and Summary” type section? It is clear from our results that

25

Even in best case scenario, need Λ<100 TeV for Δ < 10!
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We are entering the slow phase...

Run 2 

Peak lumi 
E34 cm-2s-1 

Days proton 
physics 

Approx. int 
lumi [fb-1] 

2015 1.3 100 10 
2016 1.5 160 35 
2017 1.7 160 45 
2018 1.7 40 10 

10 year plan 

Run 3: 14 TeV c.m. with peak 
luminosity of ~2x1034 cm-2 s-1    

Run 2: 13 to 14 TeV c.m. with peak 
luminosity of ~1.7x1034 cm-2 s-1    

• Long years – 13 weeks Christmas stop  
• Interspersed with long shutdown every 3 to 4 years 
• Ions very much part of the plan 

LS2: 18 months 
Connection of LINAC4 
LHC Injectors Upgrade 

EYETS 19 weeks 
Extended year end 

technical stop (CMS) 

LS3: 30 months 
High Luminosity LHC 

(M. Lamont, Moriond 2015)



Assumptions: background, signal efficiencies unchanged, cross section controlled by parton luminosity 
divided by m2. (cf. Salam & Weiler http://collider-reach.web.cern.ch/collider-reach/)

Relative to previous 8 TeV limits, we’ve probed only a third of the 
eventual gluino reach, although future progress will be slower.
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More potential for rapid progress in max stop reach...

(parton luminosity ~ e-a m  => reach Δm ~ 1000 GeV across a wide range of m!)
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Important Caveat

These are just the maximum possible limits (“kinematic limits”). 
They assume low background and optimal signal efficiencies.

There is still much parameter 
space at lower masses that 
involves more difficult kinematic 
configurations.

We still need more data to 
probe these regions.
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Summary

Natural SUSY is under severe pressure from LHC searches and mh =125 GeV. 

• The vanilla scenario is at least percent-level tuned. 

• But many other flavors of natural SUSY are still viable, even after ICHEP. 

• For instance, decoupling 1st/2nd generation squarks and trading MET for jets 
both allow for natural SUSY to evade current searches. 

• Fully natural SUSY must have a very low messenger scale Λ < 100 TeV to be 
compatible with all the bounds.

If SUSY exists and is fully natural, it’s almost certainly not what most people 
envisioned before the LHC turned on.



Outlook

Opportunities for model building:

• Effective SUSY with such a low mediation scale? Is it really possible? Existing 
models?

• Hidden valley / Stealth SUSY -- ad hoc or good for anything else (dark matter, 
Higgs mass...)

• Dirac gluinos?

• Models where Higgsino mass comes from SUSY breaking instead of mu-term?



Outlook



Outlook

Natural SUSY (and new physics more generally) could still be around the corner.

We’ve looked in most of the obvious places and haven’t found anything yet, but 
there is still time for a fluctuation to grow into a discovery.

Also, there exist many, more challenging signatures that will require more data 
and improved analysis techniques. 
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Outlook

Natural SUSY (and new physics more generally) could still be around the corner.

We’ve looked in most of the obvious places and haven’t found anything yet, but 
there is still time for a fluctuation to grow into a discovery.

Also, there exist many, more challenging signatures that will require more data 
and improved analysis techniques. 

With only a few percent of the data collected so far, much discovery potential 
still remains... 

...but we may need to be patient.



Thanks for your attention!



Relaxing Naturalness Bounds

Gluinos:

• Well-known solution: Dirac instead of Majorana masses for gluinos.

• Allows for much heavier (multi-TeV) gluinos without spoiling naturalness.

• Many positive benefits, e.g. decreased squark cross sections at LHC (Kribs & Martin ’12)

• Incompatible with simple SU(5) unification, mu/Bmu type problems, tachyons

M3g̃g̃ ! M3g̃ ψ:  new color octet

�m2
t̃ ⇠ ↵3M
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Dirac mass is “supersoft” 
(Fox, Nelson & Weiner ’02)



Relaxing Naturalness Bounds

Higgsinos:

• Not easy to break tree-level connection between Higgsinos and tuning. 

• One interesting idea: Higgsino mass from hard SUSY breaking 
(Brust, Katz, Lawrence & Sundrum ’11; Nelson & Roy ’15; Martin ’15)

• Can generate Higgsino mass without contributing to mHu2.  UV completion??

• Other ideas: Higgs as PNGB? (Cohen, Kearny & Luty ’15). Or SUSY from 5D Scherk-Schwarz 
compactification? (Dimopoulos, Howe & March Russell ’14)...

L =

Z
d4✓X†XD↵HuD↵Hd

L =

Z
d2✓W 0

↵D
↵HuHd



Naturalness bounds the gluino mass as a function of the messenger scale Λ. 

In calculating the gluino 
tuning bound, it is important 
to do a careful treatment of 
the quantum corrections 

• Factor of 2 error

cf  Casas et al 1407.6966
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Naturalness bounds the gluino mass as a function of the messenger scale Λ. 

In calculating the gluino 
tuning bound, it is important 
to do a careful treatment of 
the quantum corrections 

• Factor of 2 error

• LL vs. resummed RGEs

cf  Casas et al 1407.6966
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Naturalness bounds the gluino mass as a function of the messenger scale Λ. 

In calculating the gluino 
tuning bound, it is important 
to do a careful treatment of 
the quantum corrections 

• Factor of 2 error

• LL vs. resummed RGEs

• 2-loop RGEs

cf  Casas et al 1407.6966
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Naturalness bounds the gluino mass as a function of the messenger scale Λ. 

In calculating the gluino 
tuning bound, it is important 
to do a careful treatment of 
the quantum corrections 

• Factor of 2 error

• LL vs. resummed RGEs

• 2-loop RGEs

• UV vs. IR mass 

cf  Casas et al 1407.6966
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Naturalness bounds the gluino mass as a function of the messenger scale Λ. 

In calculating the gluino 
tuning bound, it is important 
to do a careful treatment of 
the quantum corrections 

• Factor of 2 error

• LL vs. resummed RGEs

• 2-loop RGEs

• UV vs. IR mass 

• finite threshold corrections 

cf  Casas et al 1407.6966
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Naturalness bounds the gluino mass as a function of the messenger scale Λ. 

In calculating the gluino 
tuning bound, it is important 
to do a careful treatment of 
the quantum corrections 

• Factor of 2 error

• LL vs. resummed RGEs

• 2-loop RGEs

• UV vs. IR mass 

• finite threshold corrections 

• IR mass vs. pole mass

cf  Casas et al 1407.6966

Together, these effects relax 
the gluino tuning bounds by at 

least a factor of 2!
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In calculating the gluino tuning bound, it is important to treat the quantum 
corrections carefully. 
Buckley, Feld, Macaluso, Monteux, DS 1609.NNNNN
(see also Casas et al 1407.6966)
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In calculating the gluino tuning bound, it is important to treat the quantum 
corrections carefully. 
Buckley, Feld, Macaluso, Monteux, DS 1609.NNNNN
(see also Casas et al 1407.6966)

• Factor of 2 error

At loop level there are additional constraints. The Higgs potential in a SUSY theory is

corrected by both gauge and Yukawa interactions, the largest contribution coming from the

top-stop loop. In extensions of the MSSM there can be additional corrections, e.g. coming

from Higgs singlet interactions in the NMSSM, which can be important for large values of

the couplings. The radiative corrections to m2
Hu

proportional to the top Yukawa coupling

are given by,

�m2
Hu

|stop = � 3

8⇡2
y2
t

⇣
m2

Q3
+ m2

u3
+ |At|2

⌘
log

✓
⇤

TeV

◆
, (5)

at one loop in the Leading Logarithmic (LL) approximation (which is su�cient for the

current discussion), see e.g. [49]. Here ⇤ denotes the scale at which SUSY breaking e↵ects

are mediated to the Supersymmetric SM. Since the soft parameters m2
Q3

, m2
u3

and At control

the stop spectrum, as it is well-known, the requirement of a natural Higgs potential sets an

upper bound on the stop masses. In particular one has

q
m2

t̃1
+ m2

t̃2
<⇠ 600 GeV

sin �

(1 + x2
t )1/2

 
log (⇤/ TeV)

3

!�1/2 ✓
mh

120 GeV

◆ 
��1

20%

!�1/2

, (6)

where xt = At/
q

m2
t̃1

+ m2
t̃2
. Eq. 6 imposes a bound on the heaviest stop mass. Moreover,

for a fixed Higgs boson mass, a hierarchical stop spectrum induced by a large o↵-diagonal

term At tend to worsen the fine-tuning due to the direct presence of At in the r.h.s. of eq. 5.

All the other radiative contributions to the Higgs potential from the other SM particles

pose much weaker bounds on the supersymmetric spectrum. The only exception is the

gluino, which induces a large correction to the top squark masses at 1-loop and therefore

feeds into the Higgs potential at two loops. One finds, in the LL approximation,

�m2
Hu

|gluino = � 2

⇡2
y2
t

✓
↵s

⇡

◆
|M3|2 log2

✓
⇤

TeV

◆
, (7)

where M3 is the gluino mass and we have neglected the mixed AtM3 contributions that can

be relevant for large A-terms. From the previous equation, the gluino mass is bounded from

above by naturalness to satisfy,

M3
<⇠ 900 GeV sin �

 
log (⇤/ TeV)

3

!�1 ✓
mh

120 GeV

◆ 
��1

20%

!�1/2

. (8)

In the case of Dirac gauginos [50] there is only one power of the logarithm4 in Eq. 7, amelio-

4 The other logarithm is traded for a logarithm of the ratio of soft masses. We assume that the new log is

O(1), but in principle it can be tuned to provide further suppression.
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In calculating the gluino tuning bound, it is important to treat the quantum 
corrections carefully. 
Buckley, Feld, Macaluso, Monteux, DS 1609.NNNNN
(see also Casas et al 1407.6966)

• Factor of 2 error

At loop level there are additional constraints. The Higgs potential in a SUSY theory is

corrected by both gauge and Yukawa interactions, the largest contribution coming from the

top-stop loop. In extensions of the MSSM there can be additional corrections, e.g. coming

from Higgs singlet interactions in the NMSSM, which can be important for large values of

the couplings. The radiative corrections to m2
Hu

proportional to the top Yukawa coupling

are given by,

�m2
Hu

|stop = � 3

8⇡2
y2
t

⇣
m2

Q3
+ m2

u3
+ |At|2

⌘
log

✓
⇤

TeV

◆
, (5)

at one loop in the Leading Logarithmic (LL) approximation (which is su�cient for the

current discussion), see e.g. [49]. Here ⇤ denotes the scale at which SUSY breaking e↵ects

are mediated to the Supersymmetric SM. Since the soft parameters m2
Q3

, m2
u3

and At control

the stop spectrum, as it is well-known, the requirement of a natural Higgs potential sets an

upper bound on the stop masses. In particular one has

q
m2

t̃1
+ m2

t̃2
<⇠ 600 GeV

sin �

(1 + x2
t )1/2

 
log (⇤/ TeV)

3

!�1/2 ✓
mh

120 GeV

◆ 
��1

20%

!�1/2

, (6)

where xt = At/
q

m2
t̃1

+ m2
t̃2
. Eq. 6 imposes a bound on the heaviest stop mass. Moreover,

for a fixed Higgs boson mass, a hierarchical stop spectrum induced by a large o↵-diagonal

term At tend to worsen the fine-tuning due to the direct presence of At in the r.h.s. of eq. 5.

All the other radiative contributions to the Higgs potential from the other SM particles

pose much weaker bounds on the supersymmetric spectrum. The only exception is the

gluino, which induces a large correction to the top squark masses at 1-loop and therefore

feeds into the Higgs potential at two loops. One finds, in the LL approximation,

�m2
Hu

|gluino = � 2

⇡2
y2
t

✓
↵s

⇡

◆
|M3|2 log2

✓
⇤

TeV

◆
, (7)

where M3 is the gluino mass and we have neglected the mixed AtM3 contributions that can

be relevant for large A-terms. From the previous equation, the gluino mass is bounded from

above by naturalness to satisfy,

M3
<⇠ 900 GeV sin �

 
log (⇤/ TeV)

3

!�1 ✓
mh

120 GeV

◆ 
��1

20%

!�1/2

. (8)

In the case of Dirac gauginos [50] there is only one power of the logarithm4 in Eq. 7, amelio-

4 The other logarithm is traded for a logarithm of the ratio of soft masses. We assume that the new log is

O(1), but in principle it can be tuned to provide further suppression.
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In calculating the gluino tuning bound, it is important to treat the quantum 
corrections carefully. 
Buckley, Feld, Macaluso, Monteux, DS 1609.NNNNN
(see also Casas et al 1407.6966)

• Factor of 2 error

• LL vs. resummed RGEs

�m2
H = �

 
y2t
⇡2

↵s

⇡

✓
log

⇤

TeV

◆2
!
M2

3

e.g. c(Q=1 TeV; Λ=1016 GeV)~1.5

�m2
H(Q) = �c(Q;⇤)M2

3
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In calculating the gluino tuning bound, it is important to treat the quantum 
corrections carefully. 
Buckley, Feld, Macaluso, Monteux, DS 1609.NNNNN
(see also Casas et al 1407.6966)

• Factor of 2 error

• LL vs. resummed RGEs

• 2-loop RGEs

�m2
H = �

 
y2t
⇡2

↵s

⇡

✓
log

⇤

TeV

◆2

+

y2t
⇡2

↵s

⇡

✓
log

⇤

TeV

◆!
M2

3



4 6 8 10 12 14 16
0

1

2

3

4

5

Log10LêGeV

us
êPR

W
In calculating the gluino tuning bound, it is important to treat the quantum 
corrections carefully. 
Buckley, Feld, Macaluso, Monteux, DS 1609.NNNNN
(see also Casas et al 1407.6966)

• Factor of 2 error

• LL vs. resummed RGEs

• 2-loop RGEs

• UV vs. IR mass 

M IR
3 =

(g23)
IR

(g23)
UV

MUV
3
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In calculating the gluino tuning bound, it is important to treat the quantum 
corrections carefully. 
Buckley, Feld, Macaluso, Monteux, DS 1609.NNNNN
(see also Casas et al 1407.6966)

• Factor of 2 error

• LL vs. resummed RGEs

• 2-loop RGEs

• UV vs. IR mass 

• finite threshold corrections 

�m2
H = �
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2-loop effective potential 
calculation (Martin 0206136)
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• Factor of 2 error

• LL vs. resummed RGEs

• 2-loop RGEs

• UV vs. IR mass 

• finite threshold corrections 

• IR mass vs. pole mass

Together, these effects relax 
the gluino tuning bounds by a 

factor of 2 or more!

In calculating the gluino tuning bound, it is important to treat the quantum 
corrections carefully. 
Buckley, Feld, Macaluso, Monteux, DS 1609.NNNNN
(see also Casas et al 1407.6966)

Mpole

gluino

= M3(Q)

"
1�

✓
�M3

M3

◆
gg̃

�
✓
�M3

M3

◆
qq̃

#�1

Additional benefit from varying 
msquark from 1 TeV to 10 TeV!



In calculating the stop tuning bound, it is important to treat the quantum 
corrections carefully. 
Buckley, Feld, Macaluso, Monteux, DS 1609.NNNNN
(see also Casas et al 1407.6966)

Here the main effect is 
UV vs IR stop mass:

�m2
Q3

(Q) = +b(Q;⇤)M3(⇤)
2

�m2
Hu

(Q) = �a(Q;⇤)m2
Q3

(⇤)

Tuning bounds UV stop mass, 
while IR stop mass is pulled 

up by gluinos.

Heavier gluino can result in 
more naturally heavier stops!4 6 8 10 12 14 16
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In calculating the stop tuning bound, it is important to treat the quantum 
corrections carefully. 
Buckley, Feld, Macaluso, Monteux, DS 1609.NNNNN
(see also Casas et al 1407.6966)



Validation plots
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Figure 11: Limits on a supersymmetric simplified model from our recasted search of Ref. [27] (blue

line) with 50% error on the number of events in the signal regions (blue shaded region), compared to

the experimental results (red line).

A.2 ATLAS Lepton Plus Jets

The ATLAS note CONF-2016-054 [28] is a search for gluinos and squarks decaying

through W± bosons (via charginos), requiring one lepton in the final state, along with

jets and missing transverse momentum. A number of signal regions are defined, sepa-

rated by number of jets, b-tagged jets, and missing transverse momentum.

We validate our recasting of the search by generating events using the supersym-

metric simplified model considered by Ref. [28]: gluino pair production decaying to

light-flavor quarks and a chargino, which itself decays to a neutralino and a W boson:

g̃ ! qq̄0�̃±
1

, �̃±
1

! W±�̃1

0

. The chargino mass is set to be the average of the gluino and

neutralino mass. The published limits are shown in Figure 12 with the results of our

recasted search on simulated data, along with a 50% “theory error” on the number of

events in each signal region.

A.3 ATLAS Multi-b

The ATLAS note CONF-2016-052 [29] is a search for gluinos decaying to third generation

quarks (tops or bottoms) and missing transverse momentum. At least three b-jets must

be identified in the final state. Some signal regions further require “fat” jets which have

topological similarities to top quarks. We followed the procedure outlined in Ref. [29]

by re-clustering the �R = 0.4 jets into jets of radius 0.8 using the anti-kT algorithm in

Delphes, and then further trimming the resulting jets by removing subjets whose pT

falls below 10% of the pT of the re-clustered jet.

We validate our recasting of the search by generating events using the supersymmetric
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Figure 12: Limits on supersymmetric simplified models from our recasted search of Ref. [28] (blue

line) with 50% error on the number of events in the signal regions (blue shaded region), compared to

the experimental results (red line).

simplified model considered by Ref. [29]: gluino pair production decaying decaying to

top pairs and a neutralino g̃ ! tt̄�̃0

1

and gluino pair production decaying to bottom

pairs and a neutralino g̃ ! bb̄�̃0

1

. The published limits are shown in Figure 12 with the

results of our recasted search on simulated data, along with a 50% “theory error” on the

number of events in each signal region.

Figure 13: Limits on supersymmetric simplified models from our recasted search of Ref. [29] (blue

lines) with 50% error on the number of events in the signal regions (blue shaded regions), compared to

the experimental results (red lines).

A.4 ATLAS RPV

The ATLAS note CONF-2016-057 [30] is a search for R-parity violating (RPV) super-

symmetry, where the LSP can decay to three quarks via new operators not present in the

22

Figure 12: Limits on supersymmetric simplified models from our recasted search of Ref. [28] (blue

line) with 50% error on the number of events in the signal regions (blue shaded region), compared to

the experimental results (red line).

simplified model considered by Ref. [29]: gluino pair production decaying decaying to

top pairs and a neutralino g̃ ! tt̄�̃0

1

and gluino pair production decaying to bottom

pairs and a neutralino g̃ ! bb̄�̃0

1

. The published limits are shown in Figure 12 with the

results of our recasted search on simulated data, along with a 50% “theory error” on the

number of events in each signal region.
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Figure 13: Limits on supersymmetric simplified models from our recasted search of Ref. [29] (blue

lines) with 50% error on the number of events in the signal regions (blue shaded regions), compared to

the experimental results (red lines).

A.4 ATLAS RPV

The ATLAS note CONF-2016-057 [30] is a search for R-parity violating (RPV) super-

symmetry, where the LSP can decay to three quarks via new operators not present in the
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Validation plots

MSSM. A number of signal regions are identified with varying number of jets, b-tagged

jets, and large radius jets. These “fat” jets are simulated in Delphes by reclustering the

calorimeter jets into jets of radius 1.0 using the anti-kT algorithm. Then, the resulting

large jets are trimmed by re-clustering their components using the kT algorithm with

a sub-jet radius parameter of 0.2 and discarding sub-jets carrying less than 5% of the

original large jet. The surviving sub-jets are used to calculate the “fat” jet energy and

momentum, which is then further corrected by the jet energy scale.

We validate our recasting of the search by generating events using the supersymmetric

simplified model considered by Ref. [30]: gluino pair production decaying decaying to

light-flavor quark pairs and a neutralino g̃ ! qq̄�̃0

1

followed by neutralino decay via RPV

operators into three light quarks �̃0

1

! qqq, and gluino pair production decaying directly

to three light quarks g̃ ! qqq. The published limits are shown in Figure 14 with the

results of our recasted search on simulated data, along with a 50% “theory error” on the

number of events in each signal region.
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Figure 14: Limits on supersymmetric simplified models from our recasted search of Ref. [30] (blue

lines) with 50% error on the number of events in the signal regions (blue shaded regions), compared to

the experimental results (red lines). On the right-hand plot, the expect gluino pair production cross

section is shown in black.

A.5 ATLAS 2–6 Jets Plus MET

The ATLAS note CONF-2016-078 [31] is a search for gluinos and squarks decaying to

jets and missing energy, requiring between two and six jets, significant missing energy,

and vetoing on leptons. Two search strategies are employed in Ref. [31]: one using a

m
e↵

variable to separate signal and background, and a second using RJR variables [35].

For simplicity, we use the former search signal regions, which set competitive bounds as
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Validation plots

the latter.

We validate our recasting of the search by generating events using the supersymmetric

simplified models considered by Ref. [31]: gluino pair production decaying to light-flavor

quarks and a neutralino g̃ ! qq̄�̃0

1

, light-flavor squark pair production decaying to quarks

and a neutralino q̃ ! q�̃0

1

, gluino pair production decaying to light-flavor quarks and a

chargino, which itself decays to a neutralino and a W boson: g̃ ! qq̄0�̃±
1

, �̃±
1

! W±�̃1

0

.

In the latter case, the chargino mass is set to be the average of the gluino and neutralino

mass. The published limits are shown in Figure 15 with the results of our recasted search

on simulated data, along with a 50% “theory error” on the number of events in each

signal region.
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Figure 15: Limits on supersymmetric simplified models from our recasted search of Ref. [31] (blue

lines) with 50% error on the number of events in the signal regions (blue shaded regions), compared to

the experimental results (red lines).
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Figure 16: Limits on supersymmetric simplified models from our recasted search of Ref. [32] (blue

lines) with 50% error on the number of events in the signal regions (blue shaded regions), compared to

the experimental results (red lines).

A.8 CMS Black Hole

The CMS paper Ref. [] is a search for microscopic blackholes decaying into a large number

of energetic particles. The strategy of this search is to analyze the ST distributions of

multiparticle (� N) final states, where ST is defined as the scalar sum of the MET (if

for MET > 50 GeV) and the pT ’s for objects with pT > 50 GeV. We cannot directly

apply this search for most of our scenarios since CMS chooses regions of ST ⇠ 2�3 TeV

to normalize background predictions. For the range of gluino masses we consider, these

normalization regions would be badly contaminated by gluino signal.

This search still proves useful however, as we can derive conservative limits using the

following procedure: assume all observed data is entirely from signal and then exclude

regions where the predicted number of signal events greatly exceeds the observed number

(to 95% CL using Poisson statistics). With this approach we can definitively rule out

parameter space in our benchmark models while avoiding the issues of contaminating
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