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Why we (used to) like SUSY a lot
• One solution for three problems:

• Hierarchy problem: cancellation of quantum corrections to 

Higgs mass


• Dark Matter: when R-parity is assumed, the lightest SUSY 
particle is a DM candidate (DM production in cascade)


• Unification of gauge interactions: match of the running of the 
SU(3)/SU(2)/U(1) coupling constants
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As you might have noticed…
 … We didn’t discover SUSY at LEP and the Tevatron

3 R. Barbieri and A. Strumia hep-ph/0007265
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 … We didn’t discover SUSY looking at indirect effects @ EW scale…
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As you might have noticed…

 … and we set strong limits on the scale of new physics (under some 
assumption (e.g., NP through oblique corrections)

http://hepfit.roma1.infn.it

http://hepfit.roma1.infn.it


 … We didn’t discover SUSY looking at indirect effects in Flavor…
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Generic Flavor structure 
for New Physics

Next To Minimal Flavor 
Violation

 … and we set strong limits on the scale of new physics (under some 
assumption (e.g., NP entering mixing processes through DIM6 operators)

http://www.utfit.org/UTfit/

http://www.utfit.org/UTfit/


The 7 TeV Legacy 
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• Hoping for an early discovery 
of CMSSM-like SUSY 


• Full spectrum accessible

• A lot of signatures


• Quick exclusion of ballpark


• high energy

• tricky corners                   

(e.g. degenerate spectra)


• As we said, not really 
unexpected


• EW precision

• Flavor physics

7 TeV

8 TeV
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The Natural SUSY paradigm
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• Given the existing limits, part of the spectrum has to 
decouple 


• For naturalness, we need part of the spectrum to be 
light


• Natural SUSY paradigm


• LHC-accessible spectrum: g, t, b, h’s


• Other particles too heavy

“Natural” SUSY
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FIG. 5: The mass spectra of the MSSM models LM2p, LM5, LM8, CS4d and CS6. Only the most relevant particles are shown:
the lighter gauginos χ̃0

1, χ̃0
2 and χ̃±

1 , the lightest stau τ̃1, the right-smuon and selectron denoted collectively as ℓ̃R, the lightest
stop t̃1, the gluino, and the left/right up and down squarks ũL, ũR, d̃L and d̃R. The very heavy ≃ 2 TeV squarks of model CS6
lie outside the displayed range.

Group 1 models both before and after our event selec-
tion. The production fractions are much more similar
after the event selection than before it; this is expected
because the selection shapes the kinematics of the surviv-
ing sample. Gluino pair production dominates for model
CS6, while squark-gluino and squark-squark production
dominate for the other four models. Pair production of
the lightest stop is important for model CS4d before the
selection cuts, but after the event selection very few of
these events remain.

Table VII shows the most relevant superpartner de-
cay branching fractions. For models LM2p and LM5,
gluino decay is predominantly to quark+squark; for
LM8 and CS4d it is dominantly to top and the light-
est stop, and gluinos decay in CS6 mostly through the

three-body mode qqχ̃0
1. For models LM2p, LM5 and

LM8, left-squarks cascade through quark+chargino or
quark+second neutralino; right-squarks have a two-body
decay to quark+LSP; right-squarks in model LM8 also
have a large branching to quark+gluino. In model CS4d
left-squarks decay almost entirely to quark+gluino, while
right-squarks decay almost entirely to quark+LSP; for
CS6 all squarks except the stop decay dominantly to
quark+gluino.

In models LM2p, LM5 and LM8 the decays of the
lightest stop split between b+chargino and top+LSP; for
CS4d t̃1 decays 100% via the three-body mode bW+χ̃0

1,
while for CS6 almost all of the decays are to top+gluino.

Chargino decay is dominated by decays to the lightest
stau and a neutrino for models LM2p and CS6, and by

Natural SUSY spectrum

Benchmark SUSY 
models @ 7TeV~ ~ ~ ~
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“Natural” SUSY
• Signatures @LHC 

are still abundant


• b quarks

• leptons

• MET


• Higgsinos almost 
degenerate  
[difficult to probe 
h± daughters]
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• Consider gluino-gluino and stop stop pair production

• gluino 3-body decays to Higgsinos

• squark 2-body decays to bh or th 

• Consider one production x one or two decay modes

10
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Fine Tuning & Top partners



Natural stop should be light…

12arxiv:1212.6847

• A stop with light mass has many 
appealing features


• consistent with collider data 
& flavor constraints


• naturally generated by simple 
RGE evolution of simple UV 
completions


• (in compress spectra) offers a 
co-annihilation mechanism to 
bring Bino-like DM in 
agreement with relic density 
abundance


• etc etc…
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Figure 3: Illustrative example of renormaliza-
tion group evolution from the unification scale
to the weak scale of gaugino masses M

1

, M

2

,
M

3

(green curves), of the stop mass parameters
m

˜tL
and m

˜tR
(full and dashed blue curves, re-

spectively), ytAt (red dashed curve), mHu (black
curve), in a configuration leading to m

˜tR
⌧ m

˜tL
at the weak scale. All masses are in GeV units
and we assumed the MSSM.

Figure 4: Gluino and light-stop masses result-
ing from a scan of the parameter space assum-
ing universal scalar and gaugino masses, and
the condition |At| < 3m

0

, at the GUT scale.
All points satisfy the mh ⇡ 126 GeV con-
straint and are colored according to the value of
m

˜t2
/m

˜t1
, as indicated on the right-handed axis.

For illustrative purposes lines corresponding to
M

3

/m

˜t1
= 1, 2, 3, 4 are also shown.

2.2 Constraints from the RG evolution

A numerically large splitting between m
˜tL

and m
˜tR

naturally arises from the evolution under

renormalization-group equations (RGE), provided scalar masses are significantly larger than

gaugino masses at the high scale [17]. This can be understood by looking at the one-loop

RGE for third generation squark masses and mHu . Neglecting o↵-diagonal flavor-mixing

terms we have
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where µ is the renormalization scale, and

Yt = m2

˜tL
+m2

˜tR
+m2

Hu
+ A2

t . (11)

5

Figure 5: Correlation between BR(B ! Xs�) and ✏K . The two ellipses denote the 68% and 90% CL
experimental range. All points reproduce the observed Higgs mass. The two black curves are obtained
varying m

˜tR
between 200GeV and 400GeV (from left to right) for mS = 500GeV, µ = 250GeV,

and tan� = 20 (dashed curve) or tan� = 10 (full curve). The points are obtained varying the
parameters in the range µ = [150� 400]GeV and m

˜tR
= [200� 400]GeV, with mS < 700GeV and

tan� = 20 (red) or tan� = 10 (blue).

the second one, both because of the large value of the loop function F LR

7

and because the mh

constraint favors tan � � 1. As a result, the experimental constraint on BR(B ! Xs�) puts

a very stringent bound on the maximal value of |✓t| for higgsino masses of O(m
˜tR
), providing

a further argument in favor of a sizable hierarchy between the two stop mass eigenstates [see

eq. (7)]. The sign of the correction can be positive or negative, depending on the relative

sign of µ and At. The experimental data favor a constructing interference with the SM

amplitude: BR(B ! Xs�)exp/BR(B ! Xs�)SM = 1.09± 0.11.2

In the case of ✏K , the correction is always positive and, in first approximation, is inde-

pendent from the mixing angle. As a result, the present experimental constraint ✏expK /✏SMK =

1.14± 0.10 [22] can be better satisfied if µ is not too heavy.

The correlation between the two observables is shown in fig. 5, where we restrict the

attention to the value of sgn(µAt) favored by BR(B ! Xs�). As can be seen, after imposing

the mh constraint and requiring |µ| ⇠< 400 GeV, present data favor the configuration with

2This ratio is evaluated using the SM estimate from Ref. [19], and a naive average of the HFAG result
and the latest Babar result [21] on BR(B ! Xs�)exp.
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Figure 6: Points in the supersymmetric parameter space that lead to the correct DM abundance.

m
˜tR

⌧ m
˜tL

that maximizes the correction to ✏K and minimizes the impact in BR(B ! Xs�).

2.4 Constraints from dark matter

A light stop o↵ers the opportunity of curing the excessive relic abundance of B-ino LSP,

generally encountered in supersymmetric models. Indeed, the DM cosmological abundance

can be reproduced with a B-ino thermal relic that co-annihilates with stops if

m
˜t1 = M

DM

+�M with �M ⇡ 30GeV. (19)

The relatively small mass di↵erence arises imposing that the average annihilation cross sec-

tion equals

�v
cosmo

⌘ (2.3± 0.1)⇥ 10�26 cm3s�1 (20)

at the freeze-out temperature Tf ⇡ M
DM

/25. The dominant annihilation process is s-wave

stop annihilation into gluons (annihilation into quarks is p-wave suppressed):

�(t̃
1

t̃⇤
1

! gg)v =
7 g4

3

432⇡m2

˜t1

. (21)

Averaging over the components of the DM system (t̃ and t̃⇤ have 3 colors each, and the

neutralino has 2 polarisations) we get

�v
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= �(t̃
1

t̃⇤
1

! gg)v ⇥

1 +

e�M/T

3(1 +�M/M)3/2
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. (22)
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… so we looked for it in Run I
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• Searched for decays to top+LSP

• All top final states explored (0l,1l,2l)

• Excluded large portion of mass plane, with two notable “degeneracy” 

exceptions:

• stealthy-stop valley (tt pair with small MET)

• compressed spectrum (soft particles from stop decays)



… so we looked for it in Run II
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• Already with a few fb-1 of 
data, Run I precision matched


• Confirmed findings from Run I

• More data needed to explore 

new territory

ATLAS-CONF-2016-007

ATLAS-CONF-2016-009

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-007/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2014-07/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-009/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2014-07/


Is natural SUSY in danger?
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• Run I and Run II results cover the 
ballpark of the “natural” stop mass


• But we should keep in mind that we are 
looking at Simplified Models

• BR always fixed to 100% (not true in a 

full model)

• What would be a more realistic model?

• a pMSSM-like scan with sbottom, stop, 

chargino and neutralino. Much easier 
than pMSSM!!!


• more final states, less BR for each final 
state


• SIDE REMARK: in a realistic scenario, 
tt+MET and bb+MET are the final 
states with the smallest BR. Why did 
we start with those?
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The natural SUSY paradigm is challenged
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• How do we go around the limitations of Simplified models?

• combining analyses or designing an inclusive search

• deriving results for generic Branching Ratios


• Plenty of place for SUSY to hide. 13 TeV data will tell us


Generic BR



The tricky spots…
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t
small Δm

~

~
t

Δm=mt

~

~

Compressed 
spectra: only 
soft objects 
from stop 
decays. Mainly 
probed with 
monojet & soft 
leptons


Stealthy stop: tt 
pair produced with 
small momentum 
and small MET. 
Mainly probed 
measuring tt 
properties (e.g. 
spin correlations)


In both scenarios, probing the region of interest for 
naturalness (the light stop window) is complicated




Are the tricky spots so tricky?
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• In the stealthy-stop valley (ΔM~mt), difficult to directly see the stop


• tt production cross section enhanced within the theory and 
experimental uncertainty


• spin correlation modified (stop is a scalar)

ATLAS-TOPQ-2014-07CMS-TOP-14-023

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2014-07/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2014-07/
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-14-023/index.html


Are the tricky spots so tricky?
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• In the compressed region, stop decay products 
are too soft to be seen


• The stop “looks” like an invisible particle, but with 
a strong production xsec


• One can then “recycle” DM searches (monojet etc)

ATLAS-EXOT-2015-03

N
o

t
r
e
v

i
e
w

e
d

,
f
o

r
i
n

t
e
r
n

a
l

c
i
r
c
u

l
a

t
i
o

n
o

n
l
y

DRAFT

A

q
g

�

q̄ �̄

gq g�

Figure 1: Left: A generic diagram for the pair production of squarks with the decay mode q̃ ! q + �̃0
1. Right:

Diagram for the pair production of weakly interacting massive particles, with a leptophobic Z0-like mediator A with
axial-vector couplings exchanged in the s-channel. The presence of a jet from initial-state radiation is also indicated
for illustration purposes.

of the mediator to WIMPs (g�) and the flavor-universal coupling to quarks (gq). Couplings to other SM95

particles are not allowed and the miminal mediator width is taken, defined in accord with Ref. [41] as96

�min =
g2
�mA

12⇡
�3
�✓(mA � 2m�) +

X

q

3g2
qmA

12⇡
�3

q✓(mA � 2mq) , (1)

where ✓(x) denotes the Heaviside step function and � f =

r
1 � 4m2

f

m2
A

is the velocity of the fermion f with97

mass m f in the mediator rest frame. The sum runs over all quark flavors. The monojet-like signature in98

this model emerges from initial-state radiation of a gluon as shown in Fig. 1 (right).99

The paper is organized as follows. The ATLAS detector is described in the next section. Section 3100

provides details of the simulations used in the analysis for background and signal processes. Section 4101

discusses the reconstruction of jets, leptons, and missing transverse momentum, while Section 5 describes102

the event selection. The estimation of background contributions and the study of systematic uncertainties103

are discussed in Sections 6 and 7. The results are presented in Section 8 and are interpreted in terms of104

limits in models for ADD LED, SUSY in compressed scenarios, and WIMP pair production. Finally,105

Section 9 is devoted to the conclusions.106

2 Experimental setup107

The ATLAS detector [44] covers almost the whole solid angle2 around the collision point with layers of108

tracking detectors, calorimeters, and muon chambers. The ATLAS inner detector covers the pseudorapid-109

ity range |⌘| < 2.5. It consists of a silicon pixel detector, a silicon microstrip detector, and a straw tube110

2 The ATLAS experiment uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the
center of the detector and the z-axis along the beam pipe. The x-axis points from the IP to the center of the LHC ring, and
the y-axis points upward. The azimuthal angle � is measured around the beam axis, and the polar angle ✓ is measured with
respect to the z-axis. The transverse energy is defined as ET = E sin✓, the transverse momentum as pT = p sin✓, and the
pseudorapidity as ⌘ = �ln[tan(✓/2)]. The rapidity is defined as y = 0.5 ⇥ ln[(E + pz)/(E � pz)], where E denotes the energy
and pz is the component of the momentum along the beam direction.
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Figure 3: Measured distributions of the Emiss
T , leading-jet pT, leading-jet ⌘, jet multiplicity, second-leading-jet pT,

and third-leading-jet pT for the IM1 selection compared to the SM predictions. The latter are normalized with
normalization factors as determined by the global fit that considers exclusive Emiss

T regions. For illustration purposes,
the distributions of di↵erent ADD, SUSY, and WIMP scenarios are included. The error bands in the ratios shown
in the lower panels include both the statistical and systematic uncertainties in the background predictions. The
contributions from multijets and non-collision backgrounds are negligible and not shown in the figures.
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Figure 5: Excluded region at the 95% CL in the (t̃1, �̃0
1) mass plane for the decay channel t̃1 ! c+ �̃0

1 (BR = 100%).
The dotted lines around the observed limit indicate the range of observed limits corresponding to ±1� variations of
the NLO SUSY cross-section predictions. The shaded area around the expected limit indicates the expected ±1�
ranges of limits in the absence of a signal. The results from this analysis are compared to previous results from
ATLAS at

p
s = 8 TeV [10].

uncertainties in the signal cross sections. In the on-shell regime, the models with mediator masses up533

to 1 TeV are excluded. This analysis loses sensitivity to the models in the o↵-shell regime, where the534

decay into the pair of WIMPs is kinematically suppressed. The perturbative unitarity is violated in the535

parameter region defined by m� >
p
⇡/2 mA [96]. The masses corresponding to the correct relic density536

as measured by the Planck and WMAP satellites, in the absence of any interaction other than the one537

considered, are indicated in the figure as a line that crosses the excluded region at mA ⇠ 880 GeV and538

m� ⇠ 270 GeV. The region towards lower WIMP masses or higher mediator masses corresponds to dark539

matter overproduction. On the opposite side of the curve, other WIMP production mechanisms need to540

exist in order to explain the observed dark matter relic density.541

In Fig. 7 (right) the results are translated into 90% CL exclusion limits on the spin-dependent WIMP–542

proton scattering cross section as a function of the WIMP mass, following the prescriptions explained543

in Refs. [41, 42], and are compared to results from the direct-detection experiments XENON100 [97],544

LUX [98], and PICO [99, 100]. This comparison is model-dependent and solely valid in the context of545

this particular Z0-like model. In this case, stringent limits on the scattering cross section of the order of546

10�42 cm2 up to WIMP masses of about 300 GeV are inferred from this analysis, and complement the res-547

ults from direct-detection experiments for m� < 10 GeV. The loss of sensitivity in models where WIMPs548

are produced o↵-shell is expressed by the turn of the exclusion line, reaching back to low WIMP masses549

and intercepting the exclusion lines from the direct-detection experiments at around m� = 80 GeV.550
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New Interpretation
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The Elephant in SUSY’s 
room: gluino



The LHC should be a gluino factory

21

• Largest pair-production rate for one SUSY particle

• Largest gain in the energy increase


• Unlike for squarks, we are already exploring new territory




… so we looked for it in Run I

22
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… so we looked for it in Run II
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large cross section allows to probe 
quickly the large-mass region
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• How do we go around the limitations of Simplified models?

• combining analyses or designing an inclusive search

• deriving results for generic Branching Ratios


Generic BR

Is natural SUSY in danger?



Are the tricky spots so tricky?

25

• If stop produced from gluino decay, it 
comes with a top


• For compressed spectra, difficult to see 
particles from stop decays 


• Production from gluino cascade gives tt
+soft particles + MET (similar to stop 
searches)


• One can recast stop searches with x10 
larger cross section


• Gluino production @LHC is unique 
opportunity: if kinematically accessible, 
SUSY is (typically) observable at the LHC 
through gluino decay, regardless of the 
final state

reinterpreting stop 
bounds in SUS-13-004 
(CERN seminar Oct 

2014)

ATLAS-CONF-2016-007

8 TeV

13 TeV

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-007/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2014-07/
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What if SUSY has nothing to do 
with Dark Matter? RPV Stop decays



RPV Stop decays: di-dijet

27

• Search for two jet pairs (with and w/o b-tag) with similar mass

• Analysis similar to dijet resonance search, with less background

• Explored the “natural” range of stop masses above mt

• For smaller mass values, main limitation from trigger

CMS-EXO-12-052 ATLAS-SUSY-2015-05

http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-12-052/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2015-05/


RPV Stop decays: di-dijet

28

• Search for two jet pairs (with and w/o b-tag) with similar mass

• Analysis similar to dijet resonance search, with less background

• Explored the “natural” range of stop masses above mt

• For smaller mass values, main limitation from trigger

CMS-EXO-12-052 ATLAS-SUSY-2015-05

http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-12-052/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2015-05/


RPV gluino decays: di-trijet

29

• More jets in the final state: easier signature

• Larger production xsec

• More combinatoric (problematic to associate jets to two triplets)

• jet substructure techniques will play a major role here

ATLAS-SUSY-2013-07CMS-EXO-12-049

Adding b-tag 
online

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2013-07/
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-12-049/index.html


Staying sensitive to low masses: data scouting

30

• Instead of dropping events, save limited information (jet 4-mom)


• ~5 kB/evt rather than ~500 kB/evt [these are CMS numbers]


• @ 1 kHz, take same disk/evt than ordinary 10 Hz [these are CMS numbers]


• PRO: can go beyond the trigger/processing limitations


• CON: limited info in case debug is needed (e.g., no event display)

L1 Reco Filter

scouting: save 4momenta of jets@HLT

Accept
HLT
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What if fine-tuning is just our 
(and not nature’s) problem?



Split SUSY in the time of Higgs discovery
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• Split SUSY in a nutshell:

• All scalars decoupled

• Gauginos light (good enough for unification)

• SUSY to explain DM -> Stable LSP

• Naturalness is not a real issue in nature (cosmology, etc)


• The discovery of the 
Higgs boson puts a bound 
on the scale of SUSY 
scalars


• Low enough to probe it 
with future colliders?


• Meanwhile, we can search 
for gauginos @LHC



A Typical Split-SUSY spectrum
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\
These are beyond reach @LHC 

(and a 100 TeV collider?

These are the “usual” EWkino 
searches. We know what to do 
with those, and we know that 

it’s complicated

This is special: a long 
living gluino 



Search for EWkinos
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• Strong bounds are derived if one postulates the existence of light sleptons 
(decay through sleptons make lepton spectra different than for bkg)


• In the minimal scenario, signal quite similar to diboson production → 
weaker limits


• Run II will be crucial to extend these searches 
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Exotic gluino signatures
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• In this scenario, gluinos are 
long living, resulting in exotic 
experimental signatures

• gluinos stopping in the 

detector and decaying 
when there are no beams


• R-hadrons traveling in the 
detector as heavy stable 
charged particles


• gluino/gluon balls + decays 
to displaced jets 


• These signatures extensively 
studied during Run I


• More effort (and more data) 
needed in Run II



Exotic gluino signatures
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Conclusions
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• Our vision of what light SUSY looks like evolved with year

• we buried the super-natural SUSY we looked for @LEP time

• we now focus on a minimal SUSY spectrum


• LHC data are challenging this scenarios, but bounds on plots look 
stronger than what they are (mind the assumptions)


• Still room for SUSY to hide, but no place look prohibitive with 
enough data


• Run II will be the crucial time to answer many questions about 
SUSY vs naturalness, hopefully with some surprise
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