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Summary in advance
• LHC provides incredible sensitivity to bulk of natural SUSY parameter space: 

• Initial searches are relatively general to rapidly take advantage of increasing 
pp collision energies.

• Analysis effort continues to increase on less general, targeted searches for both:

• alternate SUSY models 
• challenging corners of natural SUSY parameter space

• Aim of this talk 
• NOT to indicate the vast breadth of our search program
• explain status and give a few examples of expanding focus on specific/

targeted searches
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Spacetime symmetry that turns bosonic 
states into fermionic states and vice versa:

Why SUSY?
 Explains dark matter
 Explains hierarchy problem
 Unifies forces
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operator Q that generates such transformations must be an anti-commuting spinor, with

Q|Boson⟩ = |Fermion⟩, Q|Fermion⟩ = |Boson⟩. (1.5)

Spinors are intrinsically complex objects, so Q† (the hermitian conjugate of Q) is also a symmetry
generator. Because Q and Q† are fermionic operators, they carry spin angular momentum 1/2, so it is
clear that supersymmetry must be a spacetime symmetry. The possible forms for such symmetries in
an interacting quantum field theory are highly restricted by the Haag-Lopuszanski-Sohnius extension
[7] of the Coleman-Mandula theorem [8]. For realistic theories that, like the Standard Model, have
chiral fermions (i.e., fermions whose left- and right-handed pieces transform differently under the gauge
group) and thus the possibility of parity-violating interactions, this theorem implies that the generators
Q and Q† must satisfy an algebra of anticommutation and commutation relations with the schematic
form

{Q,Q†} = Pµ, (1.6)

{Q,Q} = {Q†, Q†} = 0, (1.7)

[Pµ, Q] = [Pµ, Q†] = 0, (1.8)

where Pµ is the four-momentum generator of spacetime translations. Here we have ruthlessly sup-
pressed the spinor indices on Q and Q†; after developing some notation we will, in section 3.1, derive
the precise version of eqs. (1.6)-(1.8) with indices restored. In the meantime, we simply note that
the appearance of Pµ on the right-hand side of eq. (1.6) is unsurprising, because it transforms under
Lorentz boosts and rotations as a spin-1 object while Q and Q† on the left-hand side each transform
as spin-1/2 objects.

The single-particle states of a supersymmetric theory fall into irreducible representations of the
supersymmetry algebra, called supermultiplets. Each supermultiplet contains both fermion and boson
states, which are commonly known as superpartners of each other. By definition, if |Ω⟩ and |Ω′⟩ are
members of the same supermultiplet, then |Ω′⟩ is proportional to some combination of Q and Q†

operators acting on |Ω⟩, up to a spacetime translation or rotation. The squared-mass operator −P 2

commutes with the operators Q, Q†, and with all spacetime rotation and translation operators, so
it follows immediately that particles inhabiting the same irreducible supermultiplet must have equal
eigenvalues of −P 2, and therefore equal masses.

The supersymmetry generators Q,Q† also commute with the generators of gauge transformations.
Therefore particles in the same supermultiplet must also be in the same representation of the gauge
group, and so must have the same electric charges, weak isospin, and color degrees of freedom.

Each supermultiplet contains an equal number of fermion and boson degrees of freedom. To prove
this, consider the operator (−1)2s where s is the spin angular momentum. By the spin-statistics
theorem, this operator has eigenvalue +1 acting on a bosonic state and eigenvalue −1 acting on a
fermionic state. Any fermionic operator will turn a bosonic state into a fermionic state and vice versa.
Therefore (−1)2s must anticommute with every fermionic operator in the theory, and in particular
with Q and Q†. Now, within a given supermultiplet, consider the subspace of states |i⟩ with the same
eigenvalue pµ of the four-momentum operator Pµ. In view of eq. (1.8), any combination of Q or Q†

acting on |i⟩ must give another state |i′⟩ with the same four-momentum eigenvalue. Therefore one has
a completeness relation

∑
i |i⟩⟨i| = 1 within this subspace of states. Now one can take a trace over all

such states of the operator (−1)2sPµ (including each spin helicity state separately):

∑

i

⟨i|(−1)2sPµ|i⟩ =
∑

i

⟨i|(−1)2sQQ†|i⟩+
∑

i

⟨i|(−1)2sQ†Q|i⟩
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Special particles
• gluino ( g )
• top squark or stop ( t )
• neutralino or LSP ( 𝛘0 )

• higgsinos ( h ; 𝛘0 , 𝛘± , 𝛘0   ) 
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“Natural” SUSY spectrum

Papucci, Ruderman, Weiler, arXiv:1110.6926
Barbieri, Giudice (1988)
Martin arXiv:hep-ph/9709356

Naturalness motivates the TeV scale
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• We measure |mH2|~|100 GeV|2.

• In standard model (SM), 
δmH2 ~ 1030 GeV.

• In SUSY, δmH2 can be small, but 

depends on sparticle masses.

• Define “natural” spectrum as 
giving δmH2  not ≫ mH2.

• Traditional metric:

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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D. Shih

Λ = UV cutoff scale
Q = IR scale appropriate to process

In conventional realizations of SUSY, a special role is played by the 
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Naturalness bounds

For Higgsinos, naturalness sets a direct and simple bound on their mass:

For gluinos and squarks, the bound depends on the messenger scale:
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Expect light Higgsinos!



SUSY production cross sections
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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.

4

Halkiadakis, Redlinger & DS ’14

How to search for natural SUSY
Halkiadakis, Redlinger, Shih (2014)

hh ≪ 𝛘𝛘 ~~ ~~



Gluino exclusions
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• Attack high cross section gluino with 
general, inclusive search for events with 
• large missing transverse energy (MET)
• large total event energy (HT)
• many jets
• many b-tagged jets 
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∆m=mtop

∆m=mW

∆m=0

2 2 The CMS detector
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Figure 1: Diagrams representing the pair production of top squarks and their subsequent decay
modes that are studied in this document.

ec±
1 is only 5 GeV greater than that of the ec0

1, with the W bosons resulting from chargino decays
consequently being produced far off-shell.

In scenarios with Dm less than the W boson mass, the et1 can decay through: a flavor-changing
neutral current process (et1 ! cec0

1, where c is the charm quark); or through the T2tt model
with off-shell t and W; or through the T2bW model with off-shell W bosons, which will be
referred to as the “T2cc”, “T2ttC”, and “T2bWC” models, respectively, where C represents the
compressed hypothesis. The signature of such low Dm models is experimentally challenging
since the visible decay products are typically very ’soft’ (i.e. low momentum), often escap-
ing identification. However, such compressed scenarios are particularly interesting since their
predicted dark matter relic density is consistent with cosmological observations [47]. We have
therefore developed dedicated object reconstruction tools and event selection criteria to attain
improved sensitivity to these scenarios compared to traditional SUSY searches.

This note is organized as follows: A brief description of the CMS detector is presented in Sec-
tion 2, while Section 3 discusses the simulation of background and signal processes. The event
reconstruction is presented in Section 4, followed by the description of the search design in
Section 5. The methods employed to estimate the SM background and the discussion of the
systematic uncertainties assigned to the estimation are reported in Sections 6 and 7, respec-
tively. The results and their interpretation in various models of et1et1 production are presented
in Section 8, followed by a summary in Section 9.

2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are an all-silicon pixel and
strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scin-
tillator hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. For-
ward calorimeters extend the pseudorapidity (h) coverage provided by the barrel and endcap

• Good sensitivity to 1 TeV stop 
for low mass LSP.

• Gap in sensitivity when 
Δm ≈ mtop  or Δm < mW

• Later show search for Δm < mW   



stop production 
cross section falls 
by factor 5!
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∆m=mtop

t cross section falls 
by a factor of 5!

Expected limits

Top squark 
exclusions

2 2 The CMS detector
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Figure 1: Diagrams representing the pair production of top squarks and their subsequent decay
modes that are studied in this document.

ec±
1 is only 5 GeV greater than that of the ec0

1, with the W bosons resulting from chargino decays
consequently being produced far off-shell.

In scenarios with Dm less than the W boson mass, the et1 can decay through: a flavor-changing
neutral current process (et1 ! cec0

1, where c is the charm quark); or through the T2tt model
with off-shell t and W; or through the T2bW model with off-shell W bosons, which will be
referred to as the “T2cc”, “T2ttC”, and “T2bWC” models, respectively, where C represents the
compressed hypothesis. The signature of such low Dm models is experimentally challenging
since the visible decay products are typically very ’soft’ (i.e. low momentum), often escap-
ing identification. However, such compressed scenarios are particularly interesting since their
predicted dark matter relic density is consistent with cosmological observations [47]. We have
therefore developed dedicated object reconstruction tools and event selection criteria to attain
improved sensitivity to these scenarios compared to traditional SUSY searches.

This note is organized as follows: A brief description of the CMS detector is presented in Sec-
tion 2, while Section 3 discusses the simulation of background and signal processes. The event
reconstruction is presented in Section 4, followed by the description of the search design in
Section 5. The methods employed to estimate the SM background and the discussion of the
systematic uncertainties assigned to the estimation are reported in Sections 6 and 7, respec-
tively. The results and their interpretation in various models of et1et1 production are presented
in Section 8, followed by a summary in Section 9.

2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are an all-silicon pixel and
strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scin-
tillator hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. For-
ward calorimeters extend the pseudorapidity (h) coverage provided by the barrel and endcap

• Primary example of benefits of 
targeted search over general search

• Targeted searches uses:
• MVA-based top ID algorithms
• Top quark decay kinematics

General
Targeted

~



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

Buckley, Feld, M
acaluso, M
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• Allowed phase space for 10% fine 
tuning with low Λ=20TeV.

State of natural SUSY

Naturalness bounds

For Higgsinos, naturalness sets a direct and simple bound on their mass:

For gluinos and squarks, the bound depends on the messenger scale:
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Expect light Higgsinos!

[1] Buckley, Feld, Macaluso, Monteux, 
Shih; arXiv:1610.08059

• Λ=GUT scale implies 0.5% fine tuning.

• Denial: new naturalness metric?
 H.Baer et al. arXiv:1611.08511 

• Guilt/anger: Are missing we are looking 
in the right places?

• Depression: Naturalness mechanism 
without accessible particles? Twin Higgs?

• Acceptance: 0.1% tuning better than 10-30

• Hope:  a few more places to look ...

Options:
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Recent search highlights

Give up dark matter candidate?  

 Explains dark matter
 Explains hierarchy problem
 Unifies forces

X

X

 Explains dark matter
 Explains hierarchy problem
 Unifies forces

• Challenging corners of parameter space for natural SUSY?
• low pT decay products for top squark mass degenerate with neutralino LSP.
• low cross sections and low pT decay products for mass degenerate higgsinos.

Give up solving hierarchy problem? 
Look for long-lived gluino 
in "split" SUSY model.

Look for MET-less gluino resonances 
in R-parity violating SUSY.

✔

✔

✔
✔
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Alternate models
• long-lived particles in split SUSY
• R-parity violation 
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Figure 4: Observed upper limit in cross section at 95% CL (indicated by the colour scale) as
a function of the eg and ec0

1 masses for simplified models that assume the production of pairs
of long-lived gluinos that each decay via highly virtual light-flavour squarks to the neutralino
and SM particles (T1qqqqLL). Each subfigure represents a different gluino lifetime: ct0 = 1
(upper left), 10 (upper centre), and 100 µm (upper right); 1 (middle left), 10 (middle centre),
and 100 mm (middle right); and 1 (lower left), 10 (lower centre), and 100 m (lower right). The
thick (thin) black solid line indicates the observed excluded region assuming the nominal (±1
standard deviation in theoretical uncertainty) production cross section. The red thick dashed
(thin dashed and dotted) line indicates the median (±1 and 2 standard deviations in experi-
mental uncertainty) expected excluded region.
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Long-lived gluino in split SUSY
Split SUSY [1,2]: 

• bosonic sparticles have very high mass
• gluino is long-lived from suppressed 

decay through highly off-shell squark

SUS-16-038

[1] Arkani-Hamed, Dimopolous; arXiv:hep-th/0405159
[2] Giudice, Romanino; arXiv:hep-ph/0406088

• Inclusive search 
• uses only standard prompt jets and 

missing energy
• makes no assumption about 

interaction of gluino with detector - 
only decay products.
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Figure 4: Observed upper limit in cross section at 95% CL (indicated by the colour scale) as
a function of the eg and ec0

1 masses for simplified models that assume the production of pairs
of long-lived gluinos that each decay via highly virtual light-flavour squarks to the neutralino
and SM particles (T1qqqqLL). Each subfigure represents a different gluino lifetime: ct0 = 1
(upper left), 10 (upper centre), and 100 µm (upper right); 1 (middle left), 10 (middle centre),
and 100 mm (middle right); and 1 (lower left), 10 (lower centre), and 100 m (lower right). The
thick (thin) black solid line indicates the observed excluded region assuming the nominal (±1
standard deviation in theoretical uncertainty) production cross section. The red thick dashed
(thin dashed and dotted) line indicates the median (±1 and 2 standard deviations in experi-
mental uncertainty) expected excluded region.
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cτ = 1mm 
cτ = 1m 

cτ = 10mm 
cτ = 100m 

SUS-16-038
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Figure 5: The 95% CL upper limits on the gluino and top squark mass, using the cloud model
of R-hadron interactions, as a function of lifetime, for combined 2015 and 2016 data for the
calorimeter search. We show gluinos and top squarks that undergo a two-body decay (left)
and gluinos that undergo a three-body decay (right). The discontinuous structure observed
between 10�7 and 10�5 s is due to the increase of the number of observed events in the search
window as the lifetime increases.
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Figure 6: The 95% CL upper limits in the gluino (top squark) mass vs. neutralino mass plane,
for lifetimes between 10 µs and 1000 s, for combined 2015 and 2016 data for the calorimeter
search. The excluded region is indicated by the yellow shaded area. We show gluinos that
undergo a two-body decay (upper left), top squarks that undergo a two-body decay (upper
right), and gluinos that undergo a three-body decay (lower).

Long-lived gluino in split SUSY

EXO-16-004

Expected exclusions

EXO-16-004
100ns

• Probes 10-15s < τ < metastable
• Complementary to long-lived gluino 

searches for out-of-time energy 
deposition in range 10-7 < τ < 106 s. 

metastable
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R-parity 

WRPV =
1
2
�ijkLiLjĒk + ��

ijkLiQjD̄k +
1
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���

ijkŪ iD̄jD̄k

(�L,�B) = (1, 0) (�L,�B) = (0, 1)(�L,�B) = (1, 0)

• R-parity is even for SM particles and odd for SUSY particles
RP = (-1)3(B-L)+2S

• RP conservation ➔ SUSY does result in rapid proton decay or other unobserved processes.
• However, allowing single RP violating coupling (λ, λ', λ") in the super potential would not 

cause problems for theory:

RPV Interactions
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R-parity violating gluino decay SUS-16-040

• Main sensitivity from events with 1ℓ, ≥8 jets, 
≥4 b-tagged jets, and ΣMjets > 1TeV.

• When λ"323>0, gluino ➔ tbs decay proceeds via virtual t.

2 2 The CMS detector, samples, and event selection

Figure 1: Example diagram for the simplified model used as the benchmark signal in this anal-
ysis.

a top, bottom, and strange quark, and the gluino decays primarily via eg ! tet ! tbs. Pair
production of gluinos that decay in this way is used as the benchmark signal for this analysis.

The simplified model [24, 25] that is used in the interpretation makes several assumptions
about the SUSY mass spectrum. It is assumed that squarks other than the top squark are much
heavier than the gluino, so they do not affect the gluino decay, and the branching ratio of
eg ! tet ! tbs is 100%. The top squark is assumed to be off-shell in its decay. This results
in a three-body decay, so searches for dijet resonances, i.e., et ! bs, are not applicable in this
scenario. It is further assumed that the gluinos decay promptly. An example diagram for this
simplified model is shown in Fig. 1. Although this benchmark is used for interpreting results,
the search is structured to be generically sensitive to high-mass signatures with large jet and
bottom quark jet multiplicities and either little or no pmiss

T , which are potential features of other
models of physics beyond the SM. Previous limits on such MFV models were obtained by the
ATLAS and CMS Collaborations at

p
s = 8 TeV [26–28] and by the ATLAS Collaboration atp

s = 13 TeV [29], excluding gluino masses below ⇠1 TeV and 1.6 TeV, respectively.

This analysis searches in a single-lepton (electron or muon) final state for an excess of events
with a large number of identified bottom quark (b-tagged) jets in regions determined as a func-
tion of the jet multiplicity and the sum of masses of large-radius jets, MJ. Signal events are
expected to contribute to this final state through the leptonic decay of one of the top quarks
while populating the high jet multiplicity and high MJ kinematic regions due to the hadronic
decay of the second top quark and the additional bottom and strange quark jets. The four b
quarks, two from the top quark decays and two from the top squark decays, provide a high
b-tagged jet multiplicity signature. The quantity MJ was proposed in phenomenological stud-
ies [30–32] and was used for RPC SUSY searches by the ATLAS Collaboration in all-hadronic
final states [33, 34] and by the CMS Collaboration in single-lepton events [21, 35].

2 The CMS detector, samples, and event selection

This search uses a sample of proton-proton collision data at a center-of-mass energy of
p

s =
13 TeV corresponding to an integrated luminosity of 35.9 fb�1, which was collected by the CMS
experiment during 2016. The central feature of the CMS detector is a superconducting solenoid
of 6 m internal diameter, providing a magnetic field of 3.8 T. Within the solenoid volume are

12 5 Results
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Figure 8: Data and the background-only post-fit Nb distribution for bins with large expected
signal contribution: 800 < MJ  1000 GeV, 6  Njet  7 (upper-left), 800 < MJ  1000 GeV,
Njet � 8 (upper-right), MJ > 1000 GeV, 6  Njet  7 (lower-left), and MJ > 1000 GeV, Njet � 8
(lower-right). The expected signal distribution is also shown for a gluino mass of 1600 GeV. The
ratio of data to post-fit yields is shown in the lower panel. The post-fit uncertainty is depicted
as a hatched band.

~

• Preferred decay in models with minimal flavor violation.

14 6 Summary
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Figure 9: Cross section upper limits at 95% CL for a model of gluino pair production with
eg ! tbs compared to the gluino pair production cross section. The theoretical uncertainties in
the cross section are shown as a band around the red line [59]. The expected limits (dashed line)
and their ±1 s.d. and ±2 s.d. variations are shown as green and yellow bands, respectively. The
observed limit is shown by the solid line with dots.

6 Summary330

Results are presented from a search for new phenomena in events with a single lepton, large331

jet and bottom quark jet multiplicities, and high sum of large-radius jet masses, without a332

missing transverse momentum requirement. The background is predicted using a simultane-333

ous fit in bins of the number of jets, number of b-tagged jets, and the sum of masses of large334

radius jets, using Monte Carlo simulated predictions with corrections measured in data con-335

trol samples for the normalizations of the dominant backgrounds and nuisance parameters336

for theoretical and experimental uncertainties. Statistical uncertainties dominate in the signal337

regions, while the most important systematic uncertainties arise from the modeling of gluon338

splitting and the bquark tagging efficiency and mistag rate. The observed data are consistent339

with the background-only hypothesis. An upper limit of approximately 10 fb is determined340

for the gluino-gluino production cross section using a benchmark R-parity violating super-341

symmetry model of gluino pair production with a prompt three-body decay to tbs quarks, as342

predicted in minimal flavor violating models. For this model, gluinos are observed (expected)343

to be excluded up to 1610 (1640)GeV at a 95% confidence level, which improves upon previous344

searches at
p

s = 8 TeV [31–33] and is comparable to recent results at 13 TeV [34].345
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• Exclude 
m<1.6 TeV 
without use 
of MET!

• Final states w/out 
top and bottom 
quarks are more 
challenging.
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Challenging corners of natural 
SUSY parameter space

• mass degenerate top squark and neutralino
• mass degenerate higgsinos
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Top squark in "compressed 
spectrum"

1

1 Introduction

One of the main objectives of the physics programme at the LHC is searches for new physics,
in particular Supersymmetry (SUSY) [1–6], one of the most promising extensions of the stan-
dard model (SM). Supersymmetry predicts superpartners of SM particles (sparticles) whose
spin differs by one-half unit with respect to their SM partners. If R-parity [7], a new quantum
number, is conserved, sparticles would be pair-produced and their decay chains would end
with the lightest supersymmetric particle (LSP). Supersymmetric models can offer solutions
to several shortcomings of the SM, in particular those related to the explanation of the mass
hierarchy of elementary particles [8, 9] and to the presence of dark matter in the universe. The
search for SUSY has special interest in view of the recent discovery of a Higgs boson [10, 11]
as it naturally solves the problem of quadratically divergent loop corrections to the Higgs bo-
son mass by associating to each SM particle a supersymmetric partner having the same gauge
interactions. In many SUSY models the lightest neutralino is the LSP and, being neutral and
weakly interacting, would match the characteristics required of a dark-matter candidate.

After the symmetry breaking, the mass splitting between the two mass eigenstates is propor-
tional to the mass of the SM partner of the squarks. Given the large mass of the top quark, this
splitting can be the largest among all squarks. Therefore the lightest supersymmetric partner
of the top quark, the et1, is often the lightest squark. Furthermore, if SUSY is a symmetry of
nature, cosmological observations may suggest third generation sfermions to be almost degen-
erate with the LSP [12]. This motivates the search for a four-bodyet1 decay: et1 ! b f f 0 ec0

1. Here,
due to the small mass difference between the et1 and the ec0

1, two-body (et1 ! t ec0
1, ! b ec±

1 for
cases where m(ec±

1 )>m(et1)) and three-body (et1 ! bW± ec0
1) decays of the lightest top squark are

kinematically closed and the two-body (et1 ! c ec0
1) decay can be suppressed depending on the

details of the model. Alternatively, the decayet1 ! bec±
1 ! b f f 0 ec0

1 is possible if the mass of the
lightest chargino is lower than the top squark mass. Fig. 1 represents the production of a pair
ofet1 followed by a four body or chargino-mediated decay.

p

p t̃1

t̃1

b

f

f
′

χ̃
0
1

χ̃
0
1

f
′

f

b

p

p t̃1

t̃1

χ̃
+
1

χ̃
−

1

b

f

f
′

χ̃
0
1

χ̃
0
1

f
′

f

b

Figure 1: Top squark pair production at the LHC with four-body (left) or chargino-mediated
(right) decays.

In this document we describe a search for pair production of theet1 at the LHC at
p

s = 13 TeV,
where each top squark can decay either to four bodies or via a chargino, assuming a 100%
branching ratio for each case when interpreting the results [13]. The final states considered
contain jets, missing transverse energy (Emiss

T ), and a lepton, which can be either an electron or
a muon, and can be efficiently reconstructed and identified with transverse momentum as low
as 5 GeV. In this search we expand the result of the previous search [14], where the preselection
of events is similar. Two different approaches are used in this analysis. Signal selection by
the cut and count approach (CC) has been designed to provide good sensitivity over a wide
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How to identify this challenging signature?
• Trigger on jet from gluon initial state radiation (ISR).

• CMB measurements consistent with      dark matter 
mass degenerate with co-annihilating       [1].

• One      should be light since mass 
splitting ∝  Yukawa coupling

• Challenge: When Δm(.   ,    , )< mW,         undergoes 
4-body decay into low pT final state particles.

1

• Require ℓ with pT > 3.5-5 GeV, 
MET > 200 GeV, Njets = 1 or 2.
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Figure 6: Exclusion limit at 95% CL for the four-body decay of the top squark as a function of
m(et1) and Dm for the CC (top) and MVA (bottom) search. The colour shading corresponds to
the observed limit on the cross section. The black (red) lines represent the observed (expected)
limits, derived using the expected top squark pair production cross section. The thick lines rep-
resent the central values and the thin lines the variations due to the theoretical (experimental)
uncertainties.

5.2 Background prediction 11

They are also used to evaluate the precision of the method for predicting background as de-
scribed in Sec. 5.2. The final selection is made by applying a minimum threshold to each BDT
output. Each resulting region in the output of the BDT is called signal region (SR). The thresh-
olds on the BDT output are reported in Tab. 5. On average the BDT selection suppresses the
SM background by a factor ⇠3 · 103 while reducing the signal by a factor ⇠25.
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Figure 4: Data and expected MC distributions for the BDT output for L=35.9 fb�1 at the pre-
selection level. Starting from top-left to bottom-right: Dm = 10 to 80 GeV. For each case, a
representative (m(et1),m(ec0

1)) signal point has also been reported while not added to the SM
background. The shaded area on the Data/MC ratio represents the statistical uncertainty of
the simulated background.

5.2 Background prediction

The estimation of the W + jets and tt background processes is done from data control regions
(CR) based on the output of the MVA. The number NSR

DDprompt of estimated background events

Top squark in "compressed spectrum"
• Use Boosted Decision Tree to distinguish from W and tt background.
• BDT based on final state kinematics, multiplicity, b-tagging, etc.
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Figure 6: Exclusion limit at 95% CL for the four-body decay of the top squark as a function of
m(et1) and Dm for the CC (top) and MVA (bottom) search. The colour shading corresponds to
the observed limit on the cross section. The black (red) lines represent the observed (expected)
limits, derived using the expected top squark pair production cross section. The thick lines rep-
resent the central values and the thin lines the variations due to the theoretical (experimental)
uncertainties.

5.2 Background prediction 11

They are also used to evaluate the precision of the method for predicting background as de-
scribed in Sec. 5.2. The final selection is made by applying a minimum threshold to each BDT
output. Each resulting region in the output of the BDT is called signal region (SR). The thresh-
olds on the BDT output are reported in Tab. 5. On average the BDT selection suppresses the
SM background by a factor ⇠3 · 103 while reducing the signal by a factor ⇠25.
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Figure 4: Data and expected MC distributions for the BDT output for L=35.9 fb�1 at the pre-
selection level. Starting from top-left to bottom-right: Dm = 10 to 80 GeV. For each case, a
representative (m(et1),m(ec0

1)) signal point has also been reported while not added to the SM
background. The shaded area on the Data/MC ratio represents the statistical uncertainty of
the simulated background.

5.2 Background prediction

The estimation of the W + jets and tt background processes is done from data control regions
(CR) based on the output of the MVA. The number NSR

DDprompt of estimated background events

Top squark in "compressed spectrum"
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Higgsino search SUS-16-048

4

M1 varies between 300 GeV and 1 TeV. Events for this “higgsino pMSSM” are generated with137

MADGRAPH5 aMC@NLO [52]. The NLO cross sections are computed using Prospino 2 [53].138

Several additional packages [54–58] are used to calculate mass spectra and particle decays.139
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Figure 1: Production and decay of an electroweakino pair (left) and of a chargino-mediated et
pair (right).

4 Object reconstruction140

The analysis makes use of the particle-flow (PF) algorithm [59], which reconstructs and identi-141

fies each individual particle through an optimized combination of information from the various142

elements of the CMS detector. The difficulties in reconstructing the event of interest, because143

of the presence of the large average number of interactions per bunch crossing (pileup), are144

mitigated by a primary vertex selection and other methods described below. The reconstructed145

vertex with the largest value of summed physics-object p2
T is taken to be the primary pp inter-146

action vertex. The physics objects are the jets, clustered using the jet finding algorithm [60, 61]147

with the tracks assigned to the vertex as inputs, and the associated pmiss
T , taken as the negative148

vector pT sum of those jets.149

The leading and subleading muon (electron) are required to satisfy pT > 5 GeV, |h| < 2.4150

(2.5). A requirement of pT < 30 GeV on the leptons is also applied; this threshold is identified151

as the pT value below which the current analysis is more sensitive in the compressed regions152

compared to other CMS analyses. To increase the sensitivity in the compressed mass regime,153

the lower threshold on the pT of the subleading muon is set to 3.5 GeV in the high-pmiss
T regions154

of theet search.155

Muons are required to satisfy standard identification criteria [62], and to be isolated within a156

cone in h–f space of radius DR =
p
(Dh)2 + (Df)2 = 0.3: the pT sum of other charged particle157

tracks within the cone, Isoabs, is required to be less than 5 GeV. In addition, the quantity Isorel,158

which is the ratio of Isoabs and the pT of the muon, is required to be less than 0.5. Contamina-159

tion from pileup within the isolation cone is subtracted using techniques that utilize charged160

particle deposits within the cone itself [62].161

Electrons from prompt decays are selected using a multivariate discriminant based on the en-162

ergy distribution in the shower and track quality variables. The loose working point employed163

by the H ! ZZ⇤ ! 4` analysis [63] is used for pT < 10 GeV, and a tighter one for pT > 10 GeV.164

The same definition of isolation and the same isolation criteria are applied for electrons as used165

for muons.166

To suppress nonprompt leptons, requirements on the three-dimensional impact parameter [64]167

relative to the primary vertex, IP3D, and its significance, SIP3D, are applied. Leptons are re-168

• Search for ISR jet + missing energy and ℓℓ with 
ℓ pT  of 3.5 - 30 GeV.

• As for top squark search, trigger on ISR jet.

8. Results 13

tion 6, are included as log-normal distributed nuisance parameters in the likelihood approach.415

8 Results416

The estimated yields of the SM background processes and the data observed in the SRs are417

shown in Figs. 3 and 4. No significant excess has been observed. The estimates in the SR bins418

are extracted from a maximum likelihood fit of the data using the expected yields described419

in Section 6, namely the DY+jets, tt (2`), and SS CRs. Log-normal distributions for nuisance420

parameters are used to describe the systematic uncertainties of Section 7. The uncertainties in421

the predicted yields quoted in the following are those determined from the fit.
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Figure 3: Left: electroweakino search regions in bins of M(``) for 125 < pmiss
T < 200 GeV (muon

only channel) for 33.2 fb�1; middle: 200 < pmiss
T < 250 GeV (muon and electron channel) for

35.9 fb�1; right: pmiss
T > 250 GeV (muon and electron channel) for 35.9 fb�1. A signal from

neutralino-chargino (ec0
2-ec±

1 ) production is superimposed. The gap between 9 and 10.5 GeV
corresponds to the U veto.

422

Figure 4: Left: et search regions in bins of leading lepton pT for 125 < pmiss
T < 200 GeV (muon

only channel) for 33.2 fb�1; middle: 200 < pmiss
T < 300 GeV (muon and electron channel) for

35.9 fb�1; right: pmiss
T > 300 GeV (muon and electron channel) for 35.9 fb�1. A signal fromet pair

production is superimposed.

• Mass splitting between h states 
expected to be <10 GeV, so 
decay products have low pT.
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• Higgsino cross section is 
smallest of all SUSY particles.

Two challenges:

• Reduce background: tight requirements on ℓ 
impact parameter, small MT(ℓ, MET), small Mℓℓ , 
no b-tagged jets
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Two h search interpretations
SUS-16-048

~

2. realistic simplified model [1] 
1. pMSSM : vary M1 (bino) and μ (higgsino), 

M2 (wino) = 2M1, other mass scales set high

~

4

M1 varies between 300 GeV and 1 TeV. Events for this “higgsino pMSSM” are generated with137

MADGRAPH5 aMC@NLO [52]. The NLO cross sections are computed using Prospino 2 [53].138

Several additional packages [54–58] are used to calculate mass spectra and particle decays.139
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Figure 1: Production and decay of an electroweakino pair (left) and of a chargino-mediated et
pair (right).

4 Object reconstruction140

The analysis makes use of the particle-flow (PF) algorithm [59], which reconstructs and identi-141

fies each individual particle through an optimized combination of information from the various142

elements of the CMS detector. The difficulties in reconstructing the event of interest, because143

of the presence of the large average number of interactions per bunch crossing (pileup), are144

mitigated by a primary vertex selection and other methods described below. The reconstructed145

vertex with the largest value of summed physics-object p2
T is taken to be the primary pp inter-146

action vertex. The physics objects are the jets, clustered using the jet finding algorithm [60, 61]147

with the tracks assigned to the vertex as inputs, and the associated pmiss
T , taken as the negative148

vector pT sum of those jets.149

The leading and subleading muon (electron) are required to satisfy pT > 5 GeV, |h| < 2.4150

(2.5). A requirement of pT < 30 GeV on the leptons is also applied; this threshold is identified151

as the pT value below which the current analysis is more sensitive in the compressed regions152

compared to other CMS analyses. To increase the sensitivity in the compressed mass regime,153

the lower threshold on the pT of the subleading muon is set to 3.5 GeV in the high-pmiss
T regions154

of theet search.155

Muons are required to satisfy standard identification criteria [62], and to be isolated within a156

cone in h–f space of radius DR =
p
(Dh)2 + (Df)2 = 0.3: the pT sum of other charged particle157

tracks within the cone, Isoabs, is required to be less than 5 GeV. In addition, the quantity Isorel,158

which is the ratio of Isoabs and the pT of the muon, is required to be less than 0.5. Contamina-159

tion from pileup within the isolation cone is subtracted using techniques that utilize charged160

particle deposits within the cone itself [62].161

Electrons from prompt decays are selected using a multivariate discriminant based on the en-162

ergy distribution in the shower and track quality variables. The loose working point employed163

by the H ! ZZ⇤ ! 4` analysis [63] is used for pT < 10 GeV, and a tighter one for pT > 10 GeV.164

The same definition of isolation and the same isolation criteria are applied for electrons as used165

for muons.166

To suppress nonprompt leptons, requirements on the three-dimensional impact parameter [64]167

relative to the primary vertex, IP3D, and its significance, SIP3D, are applied. Leptons are re-168

First time pushing 
past LEP limit of 
mh >100 GeV!

[1] Fuks et al; arXiv:1710.09941
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Figure 5: The projected 5s discovery reach for a simplified model describing gluino production,
with each gluino decaying to a tt̄ pair and an LSP, for 300 fb�1 (dashed curves) and 3000 fb�1

(solid curves). The discovery reach is shown for hPUi = 0 (black) and hPUi = 140 (magenda).

those of events with larger b-tag multiplicities. To correct for any residual dependencies, we
assign correction factors (kCS) from simulation. The uncertainty of these factors is of the order
of 30% and mainly caused by the limited statistics of the Delphes samples.

Figure 5 illustrates the 5s discovery potential for a center-of-mass energy
p

s = 14 TeV and
an integrated luminosity of 300 fb�1 and 3000 fb�1. The discovery range of gluinos can be
enhanced by 300 GeV for from 300 fb�1 to 3000 fb�1 up to 2.2 TeV, for a c0

1 with mass of up to
1.2 TeV. The mass reach is mitigated due to pileup by about 100 GeV.

5 EWKino search with final states including three leptons and

missing transverse energy

Searches for the direct electroweak production of SUSY particles are challenging at the LHC
due to its low production cross section and low hadronic activities in the event. The mass reach
for weakly-produced SUSY particles is generally weaker than that for the strongly-produced
SUSY particles; however, the large integrated luminosity expected from HL-LHC would allow
extending our sensitivity to weakly-produced SUSY particles significantly. In this section, fu-
ture sensitivities of the analysis designed to discover the direct production of charginos (c±

1 )
and neutralinos (c0

2), that decay via a W and Z boson, are presented based on a CMS 8 TeV
search [12]. Depending on the actual flavor structure of the c0

2, the concurrent c0
2 decay mode

can also be c0
2 ! Hc0

1. However, as a baseline for this study we assume the simplified model
presented in Fig. 6 with Br(c0

2 ! Zc0
1) = 100%. In order to reduce the background as efficiently

as possible, we concentrate on the decays where both bosons decay leptonically, leading to a
final state with three leptons.

We select muons and electrons with a transverse momentum of at least pT > 10 GeV. The
leading lepton is required to have pT > 20 GeV, corresponding to the trigger thresholds in

22

Summary and outlook
• As bulk of natural SUSY space is ruled out, focus on targeted searches increases.

A higgsino projection for the future
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whole new sensitivity to an unprobed before at the LHC SUSY scenario is opened!
new result =) no official projections to HL-LHC (yet)
p
L scaling leads to 230 GeV @ �m = 7.5 GeV with 3000/fb

14 / 17CMS-PAS-SUS-16-048

L. Shchutska, Moriond 2017

FTR-13-014

Gluino sensitivity 
projection

Higgsino sensitivity 
projection

Prospect for long term discovery at HL-LHC depends on particle:
• 5σ reach for gluinos is ~2.3 TeV at HL-LHC; current reach is 1.9 TeV.
• 2σ reach for higgsinos is 300 GeV at HL-LHC; current reach is 170 GeV.



L1 hardware trigger
HLT software triggerDark Ma

Additional Material
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76k PbWO4 crystals
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Figure 5: The observed exclusion contours (black curves) assuming the NLO+NNL cross sec-
tions, with the corresponding 1 standard deviation uncertainties for electroweakino (left) and
et (right) search. The dashed (red) curves present the expected limits with 1 standard devia-
tion experimental uncertainties. For the electroweakino search, results are based on a simpli-
fied model of ec0

2 ec
±
0 ! ec0

1 ec0
1Z⇤W⇤ process with a pure Wino production cross section, while

a simplified model of the et pair production, followed by the et ! ec±
1 b and the subsequent

ec±
1 ! ec0

1W⇤ decay is used for the et search. In this last model, the mass of the ec±
1 is set to

be (Met + Mec0
1
)/2. Data corresponds to an integrated luminosity ranging from 33.2 fb�1 to

35.9 fb�1.

NB: assumes wino-like cross section!



EWKino branching fractions in pMSSM
• M1 (bino) = 50 GeV
• M2 (wino), μ (higgsino) running
• all others decoupled

SUS-16-048
• M1, μ running
• M2 = 2M1

• tan β = 10 



gaugino-higgsino simplified model

To calculate the cross sections in this model, a scan in |μ|, M1, M2 
and tan β is carried out. All parameters are required to be real, M2 
to be positive and tan β ∈ [1, 100]. The remaining SUSY particle 
masses are decoupled, and all trilinear couplings are discarded. 
The parameter space is then scanned to achieve the maximum 
higgsino content for χ20, χ1±  , and χ10.

[1] Fuks et al; arXiv:1710.09941


