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Why SUSY?
(At least) two ways to see SUSY: 

1. SUSY is an opportunity/framework to explore data in interesting topologies 
• Compare data to SM predictions in different regions of phase space 
• Use simplified models to estimate acceptance for hypothetical signal 
• Measure signal significance or cross-section limits across the mass spectrum 
 
 
 
 
 
 
 
 
 

2

Falling production cross-section

A
cc

ep
ta

nc
e 

an
d 

Ba
ck

gr
ou

nd
s

x-axis: produced  
particle mass

y-axis: LSP mass

Simplified Model: 100% branching fraction

Color = limit on cross-section
Lines = limit on masses



Why SUSY?
(At least) two ways to see SUSY: 

1. SUSY is an opportunity/framework to explore data in interesting topologies 
• Compare data to SM predictions in different regions of phase space 
• Use simplified models to estimate acceptance for hypothetical signal 
• Measure signal significance or cross-section limits across the mass spectrum 

  

2. SUSY is a well defined, falsifiable theory 
• The SUSY cross-sections are linked to the SM ones, so specific configurations 

can be excluded for good 
• Some regions of SUSY are more likely/interesting than others 

• especially where SUSY solves naturalness and/or dark matter 

Here we use (2) to give us a well-defined goal, but CMS must 
also continue to pursue (1) at the HL-LHC
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Current status: CMS SUSY searches at 36 fb-1

Latest limits are based on the full 2016 dataset: 36 fb-1 at 13 TeV 
Gluinos: 1.4-1.9 TeV 
Squarks: 0.6-1.1 TeV 
EWK-inos (Wino cross section):  
• C1N2 —> W(*)Z(*)+MET: 150-650 GeV 
• C1N2 —> WH+MET: 180-480 GeV 

4Plots: PhysicsResultsSUS, SUS-17-004

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS


Simplified models: handle with care!
Wino pair production has significant interference from t-channel squark diagrams 

With current ~q exclusion at 1 TeV, purple line is quite possible 
Only a few % effect for higgsinos 
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the squarks and gluinos, as described in the legend. The cross section depends significantly
on the masses of the strongly coupled particles until they reach masses of at least 10 TeV, for
the range of ec±

1 and ec0
2 masses considered here, with reductions of up to 90% in the cross

section value. This is due to large destructive interference effects from t-channel diagrams
involving squark exchange. The cross section calculation used in the interpretations of the
analysis results assumes a mass of 100 TeV for the squarks and gluinos to have them fully
decoupled. We performed the same study for ec±

1 ec0
2, ec±

1 ec0
1, ec±

1 ec⌥
1 , and ec0

2 ec0
1 production with the

assumption of mass-degenerate higgsino ec±
1 , ec0

2, and ec0
1. The dependence on the decoupling

mass assumption was found to be much smaller, at most a few percent, and it is small compared
to the uncertainty in the cross section calculation.
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Figure 3: Cross section for ec±
1 ec0

2 production at
p

s = 13 TeV versus the wino mass, assum-
ing mass-degenerate wino ec±

1 and ec0
2. The various curves show different assumptions on the

masses of the squarks and gluinos, as described in the legend. The green band shows the
theoretical uncertainty in the cross section calculation for the 100 TeV squark and gluino mass
assumption.

3 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid, 13 m in length and 6 m
in diameter, that provides an axial magnetic field of 3.8 T. The bore of the solenoid is outfitted
with various particle detection systems. Charged-particle trajectories are measured by silicon
pixel and strip trackers, covering 0 < f < 2p in azimuth and |h| < 2.5, where the pseudo-
rapidity h is defined as h = � log[tan(q/2)], with q being the polar angle of the trajectory of
the particle with respect to the beam direction. A crystal electromagnetic calorimeter, and a
brass and scintillator hadron calorimeter surround the tracking volume. The calorimeters pro-
vide energy and direction measurements of electrons and hadronic jets. Muons are measured
in gas-ionization detectors embedded in the steel flux-return yoke outside the solenoid. The
detector is nearly hermetic, allowing for energy balance measurements in the plane transverse
to the beam direction. A two-tier trigger system selects the most interesting pp collision events
for use in physics analysis. A more detailed description of the CMS detector, together with a
definition of the coordinate system used and the relevant kinematic variables, can be found in
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How do we estimate future reach?
1. Back of the envelope: extrapolation for L and σ 

Assumptions: 
• 1. Comparable detector performance 
• 2. Exclusion driven by signal regions with 0 

background events 
—> Works well for high Δm 

2. Parametrized simulations, based on expected 
performance in full simulation 

Construct full analyses 
Understand backgrounds, acceptance, kinematics 
—> Necessary for low Δm (“compressed”) regions 

[3. Full simulations] 
Cannot afford to generate 3 ab-1 
But generate enough to understand performance of 
every object (leptons, jets, MET, tagging) 

Top: L. Shchutska (Moriond EWK 2017); Bottom: 100 TeV report (arXiv:1606.00947)
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Fig. 19: Results for the squark-neutralino model. The left [right] panel shows the 5 � discovery reach [95% CL
exclusion] for the four collider scenarios studied here. A 20% systematic uncertainty is assumed and pile-up is not
included. The dashed green line shows the results of a re-tuned search at

p
s =100 TeV.

Background estimates are made using the “Snowmass 2013” background samples [120]. Gener-
ated processes include W/Z+jets, t¯t, single-top, diboson, t + V and t¯t + V , and Higgs. QCD multijet
backgrounds were not generated, thus the analysis makes stringent cuts on E/T and related quantities to
ensure that QCD multijet backgrounds will be negligible.

The squark search is optimized in two different regions of the squark-neutralino mass plane. The
first search targets high-mass squarks with relatively-light LSPs using a straighforward jets+E/T strategy.
The second search targets the “compressed” region where meq ⇡ me�0

1
.

As with the jets+E/T search for gluinos presented in section 3.4, a standard event pre-selection is
defined by the following requirements:

– E/T /
p

HT > 15 GeV1/2

– The leading jet pT must satisfy pleading
T < 0.4 HT

After pre-selection, rectangular cuts on E/T and HT are simultaneously optimized to yield maxi-
mum signal significance. The resulting requirements on HT and E/T are typically a substantial fraction of
the squark mass for low values of me�0

1
. After optimization, the background is dominated by W/Z + jets,

with smaller contributions from t¯t production. All other backgrounds are negligible.
The results of the squark search are shown in the solid lines in Fig. 19 for four different collider

scenarios. The 14 TeV 300 fb

�1 limit with massless neutralinos is projected to be 1.5 TeV (correspond-
ing to 1022 events), while the 14 TeV 3000 fb

�1 limit is projected to be 1.7 TeV (corresponding to
3482 events). The 14 TeV LHC with 3000 fb

�1 could discover a squark as heavy as 800 GeV if the
neutralino is massless. The 33 TeV 3000 fb

�1 limit with massless neutralinos is projected to be 3.4 TeV
(corresponding to 3482 events), with discovery reach up to 1.4 TeV for massless neutralinos.

The 100 TeV 3000 fb

�1 limit with massless neutralinos is projected to be 8.0 TeV (corresponding
to 849 events), with discovery reach up to 2.4 TeV if the neutralino is massless. Compared to the 14
and 33 TeV searches, the squark reach degrades less rapidly as the neutralino mass is increased from the
massless limit. The reduced cross section for light-squark production and the lower jet multiplicity of
the final state combine to reduce the mass reach for this model relative to the stop or gluino searches.

The poor performance of the search at 100 TeV motivated a re-analysis of this model for the 100
TeV scenario. In the re-optimized analysis, the pre-selection requirements, which were optimized for
the gluino-neutralino model described earlier, are removed. Events are required to have four jets with
pT > 500 GeV, and must satisfy the following topological selection requirements, motivated by the

35

Prediction power of the common sense: t̃ example
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extrapolation with ⇡ 0 background in the highest mass excluded point works very well

Assuming that the detector performance does not degrade with time/conditions!
(that is where the hard work in all projection studies enters)
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See talk by Keith Ulmer (BSM Session 1) for a full picture and new ideas 



Starting point: 2015 Technical Proposal
Most complete SUSY@HL-LHC results are documented in the 
Phase 2 Technical Proposal  

1) Projections of individual analyses for simplified models (FTR-13-014) 
2) Interplay of several analyses for full models (SUS-14-012) 

• If there is SUSY, it will be seen across multiple signatures 
• Important to keep a broad program: 2-3σ evidence in several places can be as 

interesting as 5σ in a single analysis

8

10.3. Supersymmetry searches and measurements 317
5.2 Evaluation of systematic uncertainties 7

Table 1: Overview over the analyses and their application to the different models.

Analysis Luminosity Model
( fb�1) NM1 NM2 NM3 STC STOC

all-hadronic (HT-Hmiss
T ) search 300

3000
all-hadronic (MT2) search 300

3000
all-hadronic eb1 search 300

3000
1-leptonet1 search 300

3000
monojetet1 search 300

3000
m`+`� kinematic edge 300

3000
multilepton + b-tag search 300

3000
multilepton search 300

3000
ewkino WH search 300

3000

< 3s 3 � 5s > 5s

with an efficiency of unity. The FastJet area method [31] is applied to correct measurements
of jets and energy in the calorimeters for the contribution from neutral pileup particles and
charged pileup particles outside the tracker acceptance.

About 10 to 100 million events per background process are produced with MADGRAPH 5 [14,
15], including up to four extra partons from initial and final state radiation, matched to PYTHIA 6.4
for fragmentation and hadronization. The background cross section is normalized to the next-
to-leading-order (NLO) cross section, which is based on the work in preparation for the Snow-
mass summer study 2013 and discussed in more detail in Refs. [32–34].

5.2 Evaluation of systematic uncertainties

All presented studies are based on 8 TeV analyses, where the systematic uncertainties have
been evaluated based on the various background estimation methods. We assume that the
backgrounds will be estimated in a similar way for the 14 TeV analyses in the future, while in
this paper we use the Monte-Carlo prediction only. Therefore, we use the systematic uncertain-
ties of the 8 TeV analyses as starting point, and scale them on a case-by-case basis depending
on their origin and predicted development of this origin:

• If the selection requirements of the 14 TeV analysis have been tightened such that the
background yield in the signal region is comparable to the one in the 8 TeV analysis,
we quote a typical uncertainty from the 8 TeV search. This is the case for both all-
hadronic analyses with HT-Hmiss

T and MT2 variables.

Figure 10.23: Overview over the SUSY search analyses and their application to the different
full-spectrum models.

750 GeV, E/T > 450 GeV. MT(b1,2, E/T) thresholds 500 � 900 GeV.
• Direct top squark production in the single-lepton channel: 1 isolated lepton (e or

µ), � 5 jets, 1 or 2 b-tagged jets, centrality cut, E/T > 400 (800) GeV, MT > 260 GeV,
MW

T2 > 260 GeV.
• Compressed SUSY spectra, including top squark production with et ! ce

c

0
1, in the

monojet-like final state: pT(jet1) > 900 GeV, Df(jet1, jet2) < 1.8, veto events with
third jet with pT > 100 GeV, no leptons, E/T > 600 GeV.

• Neutralino-slepton cascade signature using the kinematic edge in the dilepton
mass (m`+`�) distribution: 2 opposite-sign, same-flavor isolated leptons (e or µ),
� 6 jets, � 1 b-tagged jet, E/T > 450 GeV, HT > 1250 GeV.

• Electroweak production of chargino-neutralino pair in the W±H + E/T final state:
1 lepton (e or µ), 2 b-tagged jets, 90 < m(bb) < 150 GeV, MCT > 160 GeV, MT >
100 GeV, E/T thresholds 200 GeV to 500 GeV.

• Gluino pair production in the trilepton + b-jets final state: � 3 leptons (e or µ),
b-tagged jets: 2–3 bin and � 4 bin, E/T > 500 GeV.

• Electroweak production of chargino-neutralino pair in the W±Z + E/T final state:
� 3 leptons (e or µ), On-Z and above-Z mass regions in m`+`� , veto events with
b-tagged jets, multiple signal regions in MT vs. E/T.

While each search in this list is given a name that reflects both the nominal target process and
the experimental signature, in many cases the signature is relevant to multiple SUSY processes.

In general, the lepton pT requirements are in the range 15 GeV to 40 GeV, while jet pT require-
ments are in the range 30 GeV to 60 GeV. An exception is the search for bottom-squark pair pro-
duction, where the b-tagged jets are required to satisfy much higher threshold requirements,
as noted above.

314 Chapter 10. Exploring the High Luminosity LHC Physics Program
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Figure 10.21: Mass reach of SUSY searches from selected 8 TeV results (masses excluded at 95%
CL) and from projections for 14 TeV running at high luminosities (highest masses for 5s obser-
vation). Simplified models are used for the interpretations in each case. The processes listed
are, from top to bottom, the direct electroweak production of e

c

±
1 e

c

0
2 pairs, using the W± e

c

0
1Ze

c

0
1

and W± e
c

0
1He

c

0
1 final states; gluino pair production with eg ! tt̄ec0

1; and gluino pair production
with eg ! qq̄e

c

0
1. For the latter two processes, the gluino decay can proceed via either on- or

off-shell squarks. For the case eg ! qq̄e
c

0
1, eight intermediate-state squarks (assumed to be de-

generate in mass) contribute (the L and R partners of each of the first- and second-generation
quarks). The searches for final states reached via strong interaction processes in general have
sensitivity to higher masses, but in most of natural SUSY models, the Higgsinos have the lowest
expected masses.

pair production, and Figure 10.21 shows that gluinos are excluded [249] up to a mass of about
1.3 TeV, assuming an SMS decay scenario with eg ! tt̄ec0

1. This process takes place via eg ! ett̄
(charge conjugate final states implied), where theet can be produced either on or off mass shell.
The limit applies only for m(e

c

0
1) < 500 GeV, because higher neutralino masses lead to insuffi-

cient E/T to suppress the tt̄ background. Limits have also been obtained for the case in which
eg ! bb̄e

c

0
1 and for gluino decays to the sum of first- and second-generation squark-antiquark

pairs, assuming squark mass degeneracy [250, 251].

Searches for the direct pair production of et quarks lead to mass limits of m(et) > 750 GeV as-
suming that the decay proceeds viaet ! tec0

1 and that the mass difference m(et)�m(e
c

0
1) is signif-

icantly larger than m(t). Searches for pair production of first and second generation squarks,
(assumed to be mass degenerate) yield the common mass limit m(eq) > 900 GeV in an SMS
scenario with eq ! qe

c

0
1 and m(e

c

0
1) < 300 GeV [252].

Even though the cross sections for electroweak processes are much smaller, the signatures can
be extremely distinctive, as in the case of a trilepton final state. Furthermore, in most natural
SUSY scenarios, the Higgsinos expected to be the lightest SUSY partners. Searches [252, 253]
for e

c

±
1 e

c

0
2 ! W±Z + E/T imply m(e

c

+
1 ) > 275 GeV assuming a 100% branching fraction and that

m(e
c

±
1 ) = m(e

c

0
2) with m(e

c

0
1) < 50 GeV. Alternatively, searches for e

c

±
1 e

c

0
2 ! W±H + E/T exclude

m(e
c

+
1 ) in the range 140 GeV–220 GeV, assuming 100% branching fraction and that m(e

c

±
1 ) =

m(e
c

0
2) with e

c

0
1 nearly massless. By combining these results, one can exclude m(e

c

±
1 ) in the

https://cds.cern.ch/record/2020886


Future CMS Studies
Currently focus of CMS Future Studies group: Technical Design Reports for HL-LHC 

  

Possible directions of improvements with respect to Technical Proposal 

1. Extend the “toolbox” of experimental techniques using strategies from Run 2 

9



New experimental techniques
Several object improvements in Run 2: these are now integral parts of our program, we 
need to make sure they are still feasible at the HL-LHC 

Soft leptons: muons (electrons) down to 3.5 (5) GeV 
• Developed for compressed EWK-ino search (next slide) 
• Offline: typical efficiencies are 60-80% (µ), 30-50% (e)  
• Online: dedicated MET+µµ tigger added in mid-2016  

• 80% efficiency for events with MET > 125 GeV, pT(µ) > 5 GeV 

Soft b-tagging: b hadrons with 10 < pT < 20 GeV 
• Developed for all-hadronic stop search (arXiv: 1707.03316) 
• Recovers acceptance in compressed region 

Boosted double-b-tagging:  
• Developed in BTV-15-002 
• Hints of boosted boosted pp—>H—>bb (HIG-17-010) 
• Applicable to Higgsino pair-production at high mass 

10Plots: SUSMoriond2017ObjectsEfficiency, HIG-17-010
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New final state: ISR + soft leptons
New strategy to address compressed EWK-inos 

Suggested by arXiv:1401.1235 and arXiv:1409.7058 
• Require ISR jet, and focus on soft lepton from off-shell Z decay 
• Use event kinematics to reduce DY(ττ) and tt backgrounds 
• m(l,l) ≤ Δm         Bin in MET and opposite-sign m(l,l) 

Largest experimental challenge: nonprompt leptons 
• Estimate: “fake rate” method (improved by CMS in Run 2) 
• Validation region to constrain uncertainty: same-sign lepton  

11
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New final states: bbbb, τhτh
Other recent searches, to be considered for HL-LHC extensions 

4 b-jets + MET: low Δm Higgsino pair production, Goldstino/Gravitino LSP 
• Wide mass range excluded. High-mass regions are background-free 
• Analysis uses resolved b-jets. Boosted techniques needed to extend to higher mass 
2 hadronic taus + MET: Stau pair production: 
• Approaching sensitivity to direct staus in Run 2. Interesting to explore for HL-LHC

13arXiv:1709.04896, CMS-PAS-SUS-17-003

bbbb+MET τhτh+MET



Future CMS Studies
Currently focus of CMS Future Studies group: Technical Design Reports for HL-LHC 

  

Possible directions of improvements with respect to Technical Proposal 

1. Extend the “toolbox” of experimental techniques using strategies from Run 2 

2. Showcase the new detector capabilities of the planned HL-LHC upgrades 

14



New detector capabilities
Focus on the effect of specific detector improvements on analyses  

This is a key ingredient to motivate the CMS detector upgrade for HL-LHC 

Extension of muon spectrometer coverage at high η: 
• Lepton vetoes improve with extended coverage 
• Ex: WZ(µµµ) background in same-sign dileptons 

• Bkg reduced by 35% extending η from 2.4 to 2.8 

MET resolution impact of HGCAL and Timing Layer 
• Many analyses rely on MET-related edges:  

• mT(lep, MET), MT2(lep1, lep2) 
• Studied during Technical Proposal, to be updated 

with latest detector and reconstruction plans 

Impact of HL-LHC detectors on VBF topologies 
• Studied in FTR-13-014 and FTR-16-002, but 

impact of new detectors not yet fully simulated 

15Plots:  CMS-TDR-17-003, CMS-TDR-15-002
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b-quark tagging, lepton-identification, E/T resolution, and trigger efficiency have been applied.

to detector performance and provides a demonstration of how important the detector upgrade
can be.

10.3.2 Overview of SUSY search strategies and full-spectrum models

The searches presented here span a range of final states ranging from a single high-pT jet recoil-
ing against E/T to signatures with three leptons and multiple b-tagged jets. The full SUSY search
program involves many more signatures, but these nine studies allow us to address many of
the key issues.

The scope and results of these studies are summarized in Figure 10.23, which lists the discov-
ery significances obtained when the analyses are applied to the five full-spectrum benchmark
models. This section describes the basic selection requirements for each of these searches and
then discusses the main features of the models. The results of these studies are presented in
Section 10.3.3.

The details of these searches, including a full description of the selection criteria and tables
showing the reduction of backgrounds as the selection requirements are applied, are presented
in a separate document [244]. Here we focus on the main topological aspects of the signatures,
as well as the key kinematic variables used in the analyses.

• All-hadronic final state with b-jets and the HT and Hmiss
T variables: � 3 jets, � 2 b-

tagged jets, no leptons, QCD suppression with Df(jet, Hmiss
T ), HT > 2.5 TeV, Hmiss

T >
1.3 TeV.

• All-hadronic final state with b-jets and the MT2 variable: � 8 jets, � 3 b-tagged
jets, no leptons, HT > 2 TeV, MT2 thresholds 500 � 800 GeV.

• Direct bottom squark production in the dijet channel: 2 b-tagged jets with pT >
300 GeV and > 200 GeV, no additional jets, no leptons, Df(jet1, jet2) < 2.5, HT >

2015 Technical Proposal

1lep+bb



Future CMS Studies
Currently focus of CMS Future Studies group: Technical Design Reports for HL-LHC 

  

Possible directions of improvements with respect to Technical Proposal 

1. Extend the “toolbox” of experimental techniques using strategies from Run 2 

2. Showcase the new detector capabilities of the planned HL-LHC upgrades 

3. Explore ideas from the theory community, fill holes in the (natural) SUSY program 
 [Completely arbitrary selection] 

16



Radiatively-driven Natural Susy
Reconcile mZ and mH close to 100 GeV with gluinos and squarks 
beyond the TeV scale, without large cancellation 

Interplay between two existing final states used to reject “natural” region

17
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What if the Winos are out of reach?
Other models with light Higgsinos, different from RNS, can still 
achieve naturalness without requiring Winos with mass < 1 TeV 

In all cases they have gluinos with mass < 6 TeV 
• Out of reach for HL-LHC (~2.5 TeV), but perfect for a 33 TeV HE-LHC 
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FIG. 2: Plot of mg̃ vs. �EW from scan over NUHM2 model
(red squares), nGMMmodel (green traingles) and the mini-LS
picture (blue circles). Points with �EW < 30 are conserva-
tively regarded as natural.

SU(5)[36] also lead to a compressed gaugino spectrum
which may likewise lie beyond the HL-LHC reach.

To assess the capability of testing SUSY naturalness
in a relatively model-independent way, we should not
rely on signals which are contingent upon the lightness
of the wino relative to the gluino. We have therefore
programmed the nGMM model into the Isasugra/Isajet
7.86 spectrum generator[37] (for details on parameter
space, see Ref. [32]). This also allows us also to gen-
erate the mini-LS spectrum. Next, we have performed
detailed scans over the allowed parameter space, requir-
ing mg̃ > 1.9 TeV and mh : 123 � 127 GeV (allowing
for ±2 GeV theory error in the Isasugra calculation of
mh). We show in Fig. 2 a scatter plot of �EW ver-
sus mg̃ for both the nGMM model (green triangles),
the NUHM2 model (red squares) and the mini-LS pic-
ture (blue circles). From the plot, we read o↵ an up-
per bound mg̃

<⇠ 4.6 (5.6)[6.0] TeV if �EW < 30 in the
nGMM (NUHM2) [mini-LS] model. The bound is only
mildly sensitive to the specific assumption about high
scale wino and bino masses, but does depend on the hier-
archy between first/second generation scalar and the top
squark masses. Henceforth we regard the more conser-
vative mg̃ < 6.0 TeV as representative of an upper limit
on mg̃ in all natural SUSY models and explore prospects
for gluino detection at a variety of hadron colliders with
a view to either detecting or excluding supersymmetry
with  3% electroweak fine-tuning.

In Fig. 3, we show the NLL+NLO evaluation[39]
of �(pp ! g̃g̃X) versus mg̃ for pp collider energiesp
s = 13, 14, 33 and 100 TeV. For 3000 fb�1 at LHC14,

the gluino reach for the NUHM2 model extends out to
mg̃ ⇠ 2.8 TeV[24], insu�cient to probe the entire natu-
ral SUSY parameter space in this channel. Naive scal-
ing suggests that the gluino reach would cover the entire

FIG. 3: Total cross section (NLL+NLO) for gluino pair pro-
duction at various hadron colliders vs. mg̃ for mq̃ � mg̃.

natural SUSY range even at the HE-LHC, a 33 TeV pp
collider, for which a peak luminosity of 2 ⇥ 1034 cm�2

s�1, corresponding to about 100 fb�1 per operating year,
has been projected[38].

Here, we perform a careful analysis of the natural
SUSY reach via gluino pair production at the HE-LHC,
assuming the gluinos primarily decay to third generation
squarks as expected in natural SUSY models. We have
explored the reach in various multijet plus 6ET channels
and found that the greatest reach (as measured by sta-
tistical significance of the signal over SM backgrounds) is
obtained in the � 4j+ 6ET channel with � 2 tagged b-jets.
We use the same b-jet tagging algorithm as in Ref.[24] and
find that the reach is nearly optimized with the same set
of cuts as in that study, except that we now require jets
to have ET > 200 GeV and require 6ET > 1500 GeV for
the heavier gluinos under consideration.

We perform our analysis for several model lines de-
signed to capture features of gluino events in natural
SUSY models. We first examine an NUHM2 model line
with m0 = 5m1/2, A0 = �1.6m0, mA = m1/2, tan� = 10
and µ = 150 GeV. For this model line, over the mass
range of interest (2-6 TeV), the gluino always decays

via g̃ ! t̃1t, with t̃1 ! bfW1 at 50%, t̃1 ! t eZ1 at
⇠ 25% and t̃1 ! t eZ2 at ⇠ 25%[40]. The decay prod-
ucts of the daughter higgsinos are essentially invisible.
Gluino pair production gives rise to final states with tttt,
tttb or ttbb plus large 6ET . For this model line mt̃1

in-
creases with gluino mass and is 0.8-1 TeV below mg̃ for
mg̃ = 2 � 5 TeV. Since the e�ciency for detection after
cuts will be sensitive to event kinematics, we have also ex-
amined three simplified model lines with mt̃1

= 1, 2 and
3 TeV independent of mg̃, where we assume the gluino
always decays via g̃ ! tt̃1 and that the stop decays as
in model line 1. We expect that these model lines cap-
ture much of the variation expected from natural SUSY
models, including the possibility that some fraction of

(1) arXiv:1702.06588, arXiv:1708.09054; (2) arXiv:1606.00947
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Fig. 13: Results for the gluino-neutralino model with light flavor decays. The left [right] panel shows the 5 �

discovery reach [95% CL exclusion] for the four collider scenarios studied here. A 20% systematic uncertainty is
assumed and pile-up is not included.

an event preselection, rectangular cuts on one or more variables are optimized at each point in parameter
space to yield maximum signal significance. Specifically, we simultaneously scan a two-dimensional
set of cuts on E/T and HT , where E/T is the magnitude of the missing transverse momentum and HT is
defined as the scalar sum of jet pT . Following a standard four-jet pre-selection, the following cuts are
applied:

– E/T /
p

HT > 15 GeV1/2

– The leading jet pT must satisfy pleading
T < 0.4 HT

– E/T > (E/T )optimal

– HT > (HT )optimal

The discovery reach and limits for all several future collider scenarios in the full meg versus me�0
1

plane can be seen in Fig. 13. For a 100 TeV collider with 3000 fb

�1, the limit with massless neutralinos
is projected to be 13.5 TeV (corresponding to 60 events). The 100 TeV proton collider with 3000 fb

�1

could discover a gluino as heavy as 11 TeV if the neutralino is massless, while for me�0
1
& 1 TeV the

gluino mass reach rapidly diminishes.
A separate analysis is used to target the compressed region of parameter space of this simplified

model, where:
meg � me�0

1
⌘ �m ⌧ meg. (11)

For models with this spectrum, the search strategy of the previous section does not provide the op-
timal reach. With compressed spectra the gluino decays only generate soft partons, thereby suppressing
the HT signals and reducing the efficiency for passing the 4 jet requirement. A more effective strategy
for compressed spectra searches relies instead on events with hard initial state radiation (ISR) jets to
discriminate signal from background.

The dominant background is the production of a Z boson in association with jets, where the Z
boson decays into a pair of neutrinos (Z ! ⌫⌫), leading to events with jets and a significant amount
of missing transverse energy. Subleading backgrounds are the production of a W boson which decays
leptonically

�
W ! ` ⌫

�
in association with jets, where the charged lepton is not reconstructed properly.

Finally, when considering events with a significant number of jets, t¯t production in the fully hadronic
decay channel

�
t ! b q q0

�
can be relevant.

In this study, we will apply two different search strategies that are optimized for this kinematic
configuration and will choose the one that leads to the most stringent bound on the production cross

28



RPV: another hiding place for naturalness?
Bounds on ~t and ~g are weaker in RPV than RPC models (arXiv:1610.08059) 

[ Here Δ is defined differently from previous slides, thus dependent on log(Λ) ] 
HL-LHC needed to completely cover “natural” region 

But not all RPV bounds are necessarily weaker than RPC ones:  
See arXiv:1706.09418, focusing on CMSSM models.  
See talk by M. Krauss (next BSM session)
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Figure 3: Limits on the E↵ective 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. The masses of the first and second

generation squarks are set to 5 TeV. All other conventions are as in Fig. 2.

jets+MET is nearly as e↵ective as the dedicated stop searches in constraining the basic

t̃ ! t + �0

1

simplified model. So we expect that including the dedicated stop searches

would not qualitatively change the conclusions here.

Despite these strong limits, there remains a viable (albeit small) range of natural

gluino and stop masses in E↵ective SUSY, but only for extremely low values of ⇤.

While ⇤ = 20 TeV is not yet ruled out, ⇤ = 100 TeV is already excluded. Evidently,

reducing the SUSY cross section by a factor of ⇠ 10 (see Fig. 1) by decoupling the first

and second generation squarks is not enough to completely relax the constraints from

the latest round of searches.

4.3 RPV and HV/Stealth SUSY

We now turn to SUSY models which trade MET for jets. Obviously, these models

are going to be far less constrained by the standard MET-based searches. However,

searches which target large multiplicities of high-pT jets instead of MET (such as the

ATLAS 8-10 jets search [30] and the ATLAS RPV search [33]), are still very power-

ful. In these scenarios, we have included one additional jet at the generator level (and

matched the matrix-element and parton-shower calculations in the MLM scheme [87–

89]): for squarks, the hard process would have resulted in 8 final partons, and adding

an extra parton raises the reach of the ATLAS RPV and ATLAS 8-10 jets searches by
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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.

4.5 Summary of results and further implications

In the previous sections we have excluded a wide range of gluino, squark and stop masses

for a variety of natural SUSY models, and understood the implications for fine-tuning. In

Fig. 6, we further apply the calculations of [22] in order to show the minimum amount of

tuning� compatible with a given messenger scale ⇤, for each of the natural SUSY models

we consider in this paper. (Qualitatively, these curves can be understood/extrapolated

from the results shown in the previous subsections, using the LL formulas (1.2)-(1.4).)

As can be seen, even with our most optimistic scenario (E↵ective SUSY with RPV decay

of higgsinos), the scale ⇤ must be less than 100 TeV for �  10. It should be noted

that other choices of “acceptable” levels of fine-tuning allow higher messenger scales.

For example every scenario we have considered (except perhaps vanilla SUSY) is only

tuned at the percent-level or better, even with messengers at the GUT scale.

Aside from naturalness considerations, the individual recasted limits on each super-

partner are noteworthy as they cannot always be obtained from the ATLAS and CMS

summary plots (this is particularly true for the RPV/HV/Stealth cases, where the AT-

LAS RPV and 8-10 jets searches do not consider squark simplified models). For this

reason, in Table 2 we summarize the asymptotic limits on each colored superpartner

(gluinos and either mass degenerate squarks or third-generation squarks); these limits
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What about other non-resonant signatures?
MonoX dark matter searches 

Same signature as very compressed SUSY spectra 
• Simplified models based on the production of a single 

SM-DM mediator particle 
• Example: Jet+MET, 10% syst in highest MET bin  

(>2.4 TeV) based on Run 2 analysis 

See dedicated talk by Anne-Marie Magnan in the Higgs+BSM Session 

20CMS-PAS-FTR-16-005



What about other non-resonant signatures?
Long-lived particle searches 

For example: pair-production of long lived smuons  

Explored in depth for Tracker and Muon upgrade TDRs 
See dedicated talk by Juliette Alimena in BSM Session 1

21CMS-TDR-17-003

Long-Lived	Smuons (I):
Muon	System	Upgrades

• Long-lived	smuon in	GMSB:	
• Decay	signature:	two	displaced	muons	+	MET
• Decay	length:	10	mm	to	1	m
• Low	production	cross	section	(~10-2 fb	for	1	TeV smuon)

October	31,	2017 Juliette	Alimena 18

Displaced	StandAlone
Muons:	Dedicated	muon	
reconstruction	algorithm	
using	only	hits	in	the	muon	
system	and	no	constraints	
to	the	IP

Improved	muon	
reconstruction	efficiency	
using	Displaced	StandAlone
Muons,	compared	to	
standard	muon-only	
reconstruction	(StandAlone
Muons)

CMS-TDR-17-003



Summary
Since the Technical Proposal of 2015, CMS has a solid basis for 
understanding HL-LHC reach of classic SUSY searches 

1. Individual searches exploring individual simplified models 
2. Interplay between multiple searches exploring full SUSY models 

Ongoing explorations are based on three general directions: 
1. Explore the potential of recent (Run 2) advances and searches 
2. Take advantage of HL-LHC detector capabilities  
3. Test ideas and suggestions from the theory community 

Reminder: as we explore the reach of HL-LHC, it is important not to 
lose track of the detectors which we are proposing to build 

Anchoring all our objects to realistic detector simulations and 
reconstruction will be crucial to be confident in our expected results 
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