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Natural SUSY expectations
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Figure 14: An example of a natural SUSY spectrum in �SUSY with � ⇠ 2. The fine-tuning
of the Higgs mass, and electroweak symmetry breaking, can remain milder than 10% with the
Higgsinos at 350 GeV, the stops at 1.5 TeV, and the gluino at 3 TeV. Mixing between the Higgs
and the singlet lowers the Higgs mass to 125 GeV.

heavy, about 1.5 TeV, before they introduce fine-tuning into electroweak symmetry breaking. In

Figure 14 we give an example of such a natural superparticle spectrum. This possibility presents

a new twist on the null supersymmetry results: maybe superparticles are above the 7 TeV reach

of the LHC because the Higgs potential is protected by a large value for �. Of course, since the

tree-level contributions are large in �-SUSY, the stops are not required to be heavy in order to

raise the Higgs mass. Thus it is also possible that the superparticle spectrum is about to be

discovered. We have also found that �-SUSY has the possibility of interesting non-decoupling

e↵ects. Mixing between the two doublets depletes the coupling of the lightest Higgs to bottom

quarks (the opposite of how non-decoupling usually works in the MSSM), enhancing the ��

and WW rates and depleting the branching ratios to b’s and ⌧ ’s. In �-SUSY, non-SM Higgs

branching ratios may present the first experimental clue for supersymmetry, instead of the direct

discovery of sparticles.

21

Hall, Pinner, Ruderman:  arXiv:1112.2703

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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Gluino results
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Similar reach of ~ 1.9 TeV in various final states as long as the event has high missing energy
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Squark results
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Again, similar reach of ~ 1.1 TeV for various flavors of squarks (when not assumed degenerate). 



★Reinterpretation of SUSY coverage based on 
results from 13fb-1 dataset shown at ICHEP’16
✦ assuming Higgsino mass ≲ 300 GeV
✦ in context of various SUSY breaking messenger scales

★Natural SUSY models with high missing energy 
signatures now have very limited room left for 
realization

5

Status of Natural SUSY Buckley, Feld, Macaluso, 
Monteux, Shih: arXiv:1610.08059
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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

15

Natural SUSY with high MET

~ today



★Reinterpretation of SUSY coverage based on 
results from 13fb-1 dataset shown at ICHEP’16
✦ assuming Higgsino mass ≲ 300 GeV
✦ in context of various SUSY breaking messenger scales

★Natural SUSY models with high missing energy 
signatures now have very limited room left for 
realization

★Alternative scenarios leading to low missing 
momentum such RPV/Stealth SUSY still offer a 
significant unexplored phase-space  with better 
than 10% tuning for low messenger scales
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Status of Natural SUSY Buckley, Feld, Macaluso, 
Monteux, Shih: arXiv:1610.08059
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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

18
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Natural SUSY with low or no MET
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Exploring beyond …

Vanilla SUSY
High Missing Energy
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★Long-lived particles
✦ talk on dedicated searches later today
✦ this talk: reach of prompt searches for 

displaced decays

★ Interpretation in Split SUSY
✦ does not solve hierarchy problem, but still 

offers gauge unification and dark matter
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Exploring beyond …
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★Maximize the covered phase-space
✦ require at least 1-jet and veto leptons
✦ HTmiss > 200 GeV

★Reduce multijet background to << 1% with specialized 
variables: αT and 𝜙*min

★Remaining dominant backgrounds from tt+jets, W(→ ℓν)
+jets and Z(→νν)+jets
✦ estimated by extrapolating yields from corresponding μ+jets and 
μμ+jets control regions in data

★ Bin phase space to increase sensitivity to various models
✦ bins in HT, HTmiss, Njets and Nb
✦ a total of 254 bins

9

Inclusive jets+MET CMS-SUS-16-038
arXiv:1802.02110 , JHEP05 (2018) 025  
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CMS-SUS-16-038
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Also, a remarkable 
achievement of SM…

Inclusive jets+MET 
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Inclusive jets+MET vs. Split SUSY CMS-SUS-16-038

10�6 10�5 10�4 10�3 10�2 10�1 100 101 102

c⌧0 [m]

500

1000

1500

2000

2500

3000

Lo
w

er
lim

it
(9

5%
C

L)
on

m
eg[

G
eV

]

P
ix

el

Tr
ac

ke
r

C
al

o

M
uo

n

(⌘ = 0, �� = 1)

P
ro

m
pt

S
ta

bl
e

CMS Supplementary 35.9 fb�1 (13 TeV)

eg ! qq̄�0

(R-hadron cloud model)

Expected

Observed

Jets + pmiss
T , arXiv:1802.02110

m�0 = 100 GeV

meg � m�0 = 100 GeV

10�5 10�4 10�3 10�2 10�1 100 101 102

⌧0 [ns]

Bump in sensitivity 
from b-tagging for    

c𝝉 ~ 1mm

Leading jet no longer 
from gluino, but ISR
→ sensitivity flattens

Compressed case: 
leading jet generally ISR

→ sensitivity flat

Jet cleaning cuts on lead jet 
inefficient for displaced jets;  

worse with more displacement

Prompt decays: 
much better sensitivity 

at large ∆m

Limit holds all the 
way to stable gluinos

p

p g̃

g̃

t̄

t

χ̃
0
1

χ̃
0
1

t̄

t

Sensitivity to 1 TeV gluinos across the full lifetime range !!



12

Exploring beyond …

Vanilla SUSY
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★ Limits always weaker when LSP mass 
approaches the mass of the produced 
squark/gluino
✦ visible activity significantly softer
✦ less missing energy

★ Easy to build models with such spectra, 
while keeping SUSY features of appeal
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★ Tackle difficult final state by requiring jet from initial state radiation (ISR) with pT > 100 GeV
✦ energy picked up by LSPs → can reach high MET regime, allows to trigger events

★Require 1 lepton with pT>3.5 GeV for muons or pT > 5 GeV for electrons → W+jets dominated
★Using two approaches 

✦ cut and count (C&C): more versatile, sensitivity to additional models, e.g. chargino mediated decay
✦ MVA-based: better reach for the targeted 4-body decay model
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Soft 1ℓ search CMS-SUS-17-005
arXiv:1805.05784 , Submitted to JHEP
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★ Stop and LSP mass splitting largely determines event kinematics
★MVA → trained an independent BDT for each ∆m between 10 and 80 GeV in 10 GeV steps

✦ Input variables for BDT optimized using discovery significance 
• lepton kinematics, mT, MET, HT, Njets, Nb, pT (lead jet), pT (lead b-jet), ∆R (ℓ, lead b-jet)

★C&C → bin in the two strongest variables: lepton pT and mT
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Soft 1ℓ search
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★Prompt background
✦ normalize simulation in control 

regions at low BDT score (MVA) 
or high lepton pT (C&C)

★Non-prompt background 
✦ important for phase space with 

high mT and very low pT(ℓ)
✦ extrapolate from control region 

with looser lepton isolation via an 
efficiency for fakes derived in data
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Soft 1ℓ search vs. Compressed SUSY CMS-SUS-17-005
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Combination with 
previous 0ℓ result

Comparison between 
C&C and MVA

for 4-body model

Additional sensitivity 
from  MVA-based 

optimization extends 
the reach by up to 

~150 GeV at high ∆m
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4-body decay

chargino-mediated 
decay

Exclusion up to ~0.5 TeV 
for a range of ∆m, 

significantly lower than 
reach for non-compressed 

high-MET signatures!
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★R-parity violation consequences
✦ nonzero B- or L-number violation alone allowed 

by current experimental results 
✦ least constrained for B-number violation for 3rd 

generation couplings
✦ consequences: no obvious dark matter candidate

• but many other DM options possible

★ Experimental consequences:
✦ no stable LSP → no missing energy
✦ have to rely on additional activity in event
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suchB- and L-violating effects are usually suppressed by powers of the high scale, and therefore generally small— even
though some of them, like proton decay, may be observable. By contrast, in supersymmetric extensions of the Standard
Model, the scale of possible baryon and lepton-number violations is associated with the masses of the superpartners
(squarks and leptons) responsible for the violations, which may lead to unacceptably large effects. Avoiding this,
was the main interest of the introduction of R-parity, as discussed in the previous section. In view of the important
phenomenological differences between supersymmetric models with and without R-parity, it is worth studying the
extent to which R-parity can be broken. Furthermore, there are in principle other symmetries (discrete or continuous,
global or local) that can forbid proton decay while still allowing for the presence of some R-parity-violating couplings.
Their classification will allow to explore which kind of R-parity-violating terms can possibly appear.

2.1. R-Parity-violating couplings

In the StandardModel (assuming two-component,massless neutrino fields) it is impossible towrite down renormaliz-
able, gauge-invariant interactions that violate baryon or lepton numbers.This is no longer the case in supersymmetric ex-
tensions of the StandardModel where, for each ordinary fermion (boson), the introduction of a scalar (fermionic) partner
allows for new interactions that do not preserve baryonor lepton number.As explained inSection 1, these interactions can
be forbidden by introducingR-parity. This leads in particular to the popular “Minimal Supersymmetric StandardModel”
(MSSM), the supersymmetric extension of the Standard Model with gauge symmetry SU(3)C × SU(2)L × U(1)Y ,
with minimal particle content and for which R-parity invariance is generally assumed. Throughout most of this review,
the MSSM will normally be our reference model, although the discussion of R-parity violation does not in general
depend much on the specific version of the Supersymmetric Standard Model which is considered.

couplings originate either from the superpotential itself, or from soft supersymmetry-breaking terms. There
are various kinds of such couplings, of dimensions 4, 3 or 2 only, with a potentially rich flavor structure. In this section,
we shall write down explicitly all possible terms in the framework of theMSSM, assuming themost general breaking
of R-parity. We shall then consider particular scenarios which allow to reduce the number of independent couplings
used to parametrize R-parity violation.

2.1.1. Superpotential couplings
Assuming R-parity invariance, the superpotential of the Supersymmetric Standard Model with minimal particle

content contains only one supersymmetric Higgs mass term, the !-term, and the supersymmetric Yukawa interactions
generatingmasses for the quarks and charged leptons (see Section 1.1, andAppendixA for the definition of superfields),

WRp ≡ WMSSM = !HuHd + "e
ijHdLiE

c
j + "d

ijHdQiD
c
j − "u

ijHuQiU
c
j . (2.1)

Other versions of the Supersymmetric Standard Model, with an extended Higgs sector and/or additional U(1) gauge
factors, may have a slightly different R-parity conserving superpotential, especially since they involve in general
additional chiral superfields. This is for instance the case in the NMSSM where an extra neutral singlet is coupled to
the two doublet Higgs superfields Hd and Hu.
In the absence of R-parity, however, R-parity odd terms allowed by renormalizability and gauge invariance must also,

in principle, be included in the superpotential. The ones that violate lepton-number conservation can be easily found
by noting that the lepton superfields Li and the Higgs superfield Hd have exactly the same gauge quantum numbers.
Thus, gauge invariance allows for bilinear and trilinear lepton-number-violating superpotential couplings obtained by
replacing Hd by Li in Eq. (2.1). The only other renormalizable superpotential term allowed by gauge invariance,
Uc

i Dc
jD

c
k , breaks baryon-number conservation. Therefore the most general renormalizable, R-parity odd superpotential

consistent with the gauge symmetry and field content of the MSSM is8 [8] (see also [23]),

= !iHuLi + 1
2 "ijkLiLjE

c
k + "′

ijkLiQjD
c
k + 1

2 "′′
ijkU

c
i Dc

jD
c
k , (2.2)

8 Other versions of the Supersymmetric Standard Model may allow for additional superpotential terms.
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i,j,k = generation



★ Take advantage of large hadronic activity for trigger and background discrimination
✦ HT > 1200 GeV, Njets ≥ 6

★ Exploit event structure → hadronic activity from decay of heavy particles → correlated jets
✦ recluster event into large-R jets and use scalar sum of all jet masses (MJ) to discriminate background

★Binning in Njets and MJ to improve sensitivity as a function of gluino mass
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Scalar sum of jet masses CMS-SUS-16-040
arXiv:1712.08920, Accepted by PLB

Jae'Hyeok'Yoo'(UCSB) SUSY'17'in'Mumbai'(12/11/2017)

Analysis'strategy
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Use'three'variables'to'dis2nguish'signal'from'background:'MJ,'Njet'and'Nb

4 2 The CMS detector, samples, and event selection

The pT-dependent cone size reduces the rate of accidental overlaps between the lepton and jets109

in high-multiplicity or highly Lorentz-boosted events, particularly overlaps between bottom110

quark jets and leptons originating from a boosted top quark. Relative isolation is computed111

as Irel = Imini/p`T after subtraction of the average contribution from additional proton-proton112

collisions in the same bunch-crossing (pileup). To be considered isolated, electrons (muons)113

must satisfy Irel < 0.1 (0.2).114

The combined efficiency for the electron reconstruction, identification, and isolation require-115

ments is about 50% at p`T of 20 GeV, increasing to 65% at 50 GeV, and reaching a plateau of 80%116

above 200 GeV. The corresponding efficiency for muons is about 70% at p`T of 20 GeV, increas-117

ing to 80% at 50 GeV, and reaching a plateau of 95% for p`T > 200 GeV. Data-to-simulation118

corrections (scale factors) are applied for both electrons and muons to correct the simulated119

lepton selection efficiency to match that observed in data.120

The charged PF candidates associated with the PV and the neutral PF candidates are clustered121

into jets using the anti-kT algorithm [47] with distance parameter R = 0.4, as implemented in122

the FASTJET package [48]. The estimated contribution to the jet pT from neutral PF candidates123

produced by pileup is removed with a correction based on the area of the jet and the average124

energy density of the event [52]. The jet energy is calibrated using pT- and h-dependent correc-125

tions; the resulting calibrated jets are selected if they satisfy pT > 30 GeV and |h|  2.4. Each126

jet must also meet loose identification requirements [53] to suppress, for example, calorimeter127

noise. Finally, jets that have PF constituents matched to the selected lepton are removed from128

the jet collection. These resulting jets are considered to be “small-R” jets.129

The combined secondary vertex algorithm [54, 55] is applied to each jet to create a subset of130

b-tagged jets. The tagging efficiency for b jets in the range pT = 30 to 50 GeV is 60–67% (51–131

57%) in the barrel (endcap) and increases with pT. Above pT ⇡ 150 GeV the efficiency decreases132

to ⇡ 50%. The probability to misidentify jets arising from c quarks is 13–15% (11–13%) in the133

barrel (endcap), while the misidentification probability for light-flavor quarks or gluons is 1–134

2%. Data-derived scale factors for the b tag efficiency and mistag rate are applied to simulation135

such that the simulated b tagging performance matches that observed in data.136

“Large-R” (R = 1.2) jets are created by clustering small-R jets and the selected lepton using137

the anti-kT algorithm. Leptons are included to encompass the full kinematics of the event.138

Clustering small-R jets instead of PF candidates incorporates the jet pileup corrections, thereby139

reducing the dependence of the large-R jet mass on pileup. This technique of clustering small-140

R jets into large-R jets has been used previously in Refs. [35, 56]. The variable MJ is defined as141

the sum of all large-R jet masses, where m(J) is the mass of a single large-R jet:142

MJ = Â
Ji2large-R jets

m(Ji). (3)

The quantity MJ is used as a measure of the mass-scale of an event. Signal events tend to143

have large MJ as the large-R jets capture the kinematic information of the high-mass gluinos.144

Comparatively, SM background processes tend to have smaller values of MJ due to their lower145

mass-scales. SM events, however, can have large values of MJ in the presence of significant146

initial-state-radiation (ISR). For example, in tt events, ISR jets can either overlap with tt daugh-147

ter jets or boost the tt system such that the system is collimated, both of which result in high-148

mass large-R jets and, correspondingly, high MJ. The MJ distributions for tt and signal are149

shown in Fig. 2.150

Events are selected with triggers [57] that require either at least one jet with pT > 450 GeV or151

the scalar sum of the pT of all small-R jets (HT) above 900 GeV. Trigger efficiencies are over 99%152

 [GeV]JM
500 1000 1500 2000 2500

%
 e

ve
nt

s 
/ (

10
0 

G
eV

)
1−10

1

10

210

Simulation CMS 13 TeVSimulation CMS 13 TeV

t t  = 1000 GeVg~ m
 = 1600 GeVg~ m

m(J1)
m(J2)

m(J3)
MJ'='m(J1)+m(J2)+m(J3)

• MJ:'scalar'sum'of'masses'of'large+R'(R=1.2)'jets'

• To'form'a'large+R'jet,'regular'(R=0.4)'jets'and'
leptons'are'clustered'together

lepton

R=0.4

R=1.2

jetN
0 5 10 15

Ev
en

ts
 / 

bi
n

1

10

210

310

410

Simulation Preliminary CMS  (13 TeV)-135.9 fb

t t
 QCD
 W+jets

 Other
 = 1000 GeVg~ m
 = 1600 GeVg~ m

Fr
ac

tio
n 

of
 e

ve
nt

s 
[%

] /
 (1

00
 G

eV
)



★Targeting final state with 2 top and 2 b quarks 
→ total of 4 b quarks
✦ require 1ℓ and Nb ≥ 1 as baseline
✦ main background → tt+jets

★Global fit of Nb distribution in bins of Njets 
and MJ to extract signal
✦ Nb shape for each background from MC
✦ Nuisances on Nb shape from:

• b-tagging data/MC scale factors
• study gluon splitting modeling in data (largest unc.)

✦ tt+jets and QCD normalization constrained from 
data in each Njets and MJ bin

✦ W+jets normalization as a function of Njets from 2ℓ 
control region in data dominated by Z+jets
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Scalar sum of jet masses vs. RPV SUSY CMS-SUS-16-040
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★Excluded gluinos and squarks up to about 
1.1 TeV and 1.9 TeV in various final states 
with high missing energy
✦ significant challenge to Vanilla SUSY, but still 

some room for realization!

★Actively exploring a broader phase-space of 
SUSY models, e.g.:
✦ Split SUSY → long-lived gluinos
✦ Compressed SUSY → soft decay products
✦ RPV SUSY → no missing energy

★With another 100 fb-1 of fresh data in the 
oven, expect new searches and results soon!
✦ who knows what might be in those tails?!

22

Conclusion

Supersymmetry ?
Theory X ??

Thank you for your attention!


