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Why Supersymmetry

2

Naturalness
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An natural extension to the Standard Model

‣ A lot of new particles to discover 😍

‣ play an important role in canceling large 
corrections to Higgs mass in a natural way

‣ decay into Lightest Supersymmetric Particle 
(LSP) —> Dark Matter particle candidate
‣ Assuming R-parity is conserved

‣ Particles within reach of the LHC
‣ Relic density suggest                               

WIMP ~ Electroweak scale

Abundant observational 
evidence for DM
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FIG. 1: Natural electroweak symmetry breaking constrains the superpartners on the left to be

light. Meanwhile, the superpartners on the right can be heavy, M � 1 TeV, without spoiling

naturalness. In this paper, we focus on determining how the LHC data constrains the masses of

the superpartners on the left.

the main points, necessary for the discussions of the following sections. In doing so, we will

try to keep the discussion as general as possible, without committing to the specific Higgs

potential of the MSSM. We do specialize the discussion to 4D theories because some aspects

of fine tuning can be modified in higher dimensional setups.

In a natural theory of EWSB the various contributions to the quadratic terms of the Higgs

potential should be comparable in size and of the order of the electroweak scale v ⇠ 246 GeV.

The relevant terms are actually those determining the curvature of the potential in the

direction of the Higgs vacuum expectation value. Therefore the discussion of naturalness
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Third generation squarks (stop: t 
and sbottom: b ) play an 
important role in cancelling the                     
SM fine-tuning problem

~
~

Natural SUSY scenarios predict light 
third generation squarks - can be 
produced at the LHC

Decay to lightest supersymmetric 
particle (LSP)

LSP: light, stable DM candidate
Rich in experimental signatures 
common to other BSM scenarios

light

not too heavy

stops ~ TeV

Papucci/Ruderman/Weiler, 
arxiv:1110.6926 

light

not too heavy

stops ~ 1TeV

?
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SUSY DM @ the LHC
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Comprehensive searches in CMS and ATLAS looking at a variety of 
production mechanisms for the DM candidate


‣ Generic searches using experimental signature (e.g. #lepton, #jets)
‣ Targeting the production of SUSY particles according to simplified models
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Core strategy: Large missing energy from the DM candidate (LSP) 

Rich phenomenology that allows us to probe the how DM can show up in collider experiments

DM limits are tied to their SUSY decay chains

Only looking at a few 
examples today!
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Generic All Hadronic Searches
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Search in all hadronic final state

‣ Probe the strong sector of SUSY
‣ Gluino mass also constraint by naturalness

Key strategy: constraint multi-jet with MT2

‣ Multi-binned cut-and-count
‣ Background estimates all come from data

Neutralino DM excluded up to 1.5 TeV
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Complementary ATLAS result: 
JHEP 10 (2020) 062

http://arxiv.org/abs/1909.03460
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Versatility of All Hadronic Search

5

Aggregated regions used in reinterpretation

‣ Search consist of hundreds of mutual exclusive regions
‣ Combining these search regions can go beyond 

simplified models
‣ An ~3σ excess was found at previous iteration by 

external reinterpreter  [arXiv:1707.05783]
‣ Many non-SUSY interpretation is included in the run2 

result

Other interpretation with LQ also included

‣ LQ reinterpretation can also be found at the recent 

ATLAS 0𝓁 search: arXiv:2004.14060

qj

qi φ† qk

ψ

Eur. Phys. J. C 80 (2020) 3
[CMS-SUS-2019-005]

P. Asadi, et al.
arXiv:1712.04939

Massive invisible
fermion

https://arxiv.org/abs/2004.14060
http://arxiv.org/abs/1909.03460
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Searches for Stop + LSP

6

Central piece to the naturalness problem

‣ Lightest squark in natural SUSY scenarios
‣ Searches with signature: tt̅ + E̸T

More difficult to probe in compressed spectra 
(low ∆m(t̃,χ̃⁰) regions)


‣ Using more stats to explore low ∆m(t̃,χ̃⁰)
• Softer in object kinematics and E̸T

• New techniques on object tagging [recent]

soft at low ∆m(t,̃χ⁰̃)
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boosted at 
high ∆m(t,̃χ⁰̃)

Run2 results targeting at stop pair 
production:
0𝓁: arXiv:2004.14060 (ATLAS)
0𝓁: arXiv:2103.01290 (CMS)
1𝓁: arXiv:2012.03799v1 (ATLAS)
1𝓁: JHEP 05 (2020) 032 (CMS)
2𝓁: Eur. Phys. J. C 81 (2021) 3 (CMS)
CMS Combination: CMS-PAS-SUS-20-002

https://arxiv.org/abs/2004.14060
https://arxiv.org/abs/2103.01290
https://arxiv.org/abs/2012.03799v1
http://arxiv.org/abs/1912.08887
https://arxiv.org/abs/2008.05936
https://cds.cern.ch/record/2758361?ln=en
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Search for Stop in 1𝓁
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Optimize with heavy object identification 

‣ Top-tagging for large ∆m
‣ Soft-b tagging for ∆m ~ mW
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Cut-and-count & multi-binned analysis

‣ 39 search regions to cover variety of phase 

space and decay modes
‣ Retaining ability for re-interpretations

http://arxiv.org/abs/1912.08887
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Search for Stop in 1𝓁
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soft decay products & large background

Hard to explore with a generic search

Preselected Events

Full Run-2 dataset also allows us to look into background heavy 
regions using new machine learning tools

RNN 
allows for varying jet 

multiplicity
jet 4-vecs RNN output

Add. Variables
Shallow 
Neural 

Network

12 Event Variables 
MET, MT, Mlb, njets, nbtags, 

bjet pT, Δɸ(MET, lep), lepton pT

RNN & Shallow NN are trained simultaneously

Using ML: large 
improvement from 
previous limits: exclusion 
up to ~700 GeV in stop 
mass

Using soft-b ID
exclusion up to 
~ 600 GeV in 
stop mass

stop-1l 
 search
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Final states not unique to SUSY scenarios
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Top quark pairs + MET in one lepton final states

• Part of a SUSY search for new physics in  final state 

•  signal regions covered in 3G SUSY talk on Monday 

• Focus on spin-0 mediator SRs 

• Target final states with one top decaying leptonically and the other 
hadronically 

• 4 jets, including 2 from b-quarks 

• 1 lepton 

•

tt̄ + Emiss
T

t̃

Emiss
T

ATLAS-CONF-2020-003

ATLAS & CMS have interpreted their results in the tt+̅DM model

‣ Important channel for models with coupling to SM ~ yt

‣ First set of results that includes all Run 2 data and all top squark 
searches in CMS
‣ CMS-PAS-SUS-20-002
‣ Excludes mediator particle masses of up to 420GeV are set

https://cds.cern.ch/record/2758361?ln=en
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Searches for Electroweakino
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Electroweakinos pair production

‣ What if the strong sector is too heavy 
‣ With full Run 2 statistics can probe electroweakino sector

Perfect for use of new technology: 
DNN heavy object taggers

CMS-PAS-SUS-20-003

http://cds.cern.ch/record/2758360?ln=en
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Searches for Staus
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Stau is also important in the SUSY model

‣ Help in obtaining relic DM density

Challenging search

‣ Most sensitive at τhτh channel ⟵ misID
‣ Search in moderate E̸T region
‣ Search still limit by amount of statistics

Phys. Rev. D 101, 032009 (2020)
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https://arxiv.org/abs/1911.06660
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Summary
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A variety of searches for the supersymmetry is performed 
at LHC

❖ Low scale SUSY has been studied in depth
❖ So far no consistent excess that can hint SUSY mediated DM 

production at LHC has been observed
‣ Few more run2 results still coming out

We have largely excluded the most prevailing notions of 
Dark Matter and naturalness at the collider

Question for the next steps

❖ How can more data help efficiently? 
‣ Can we revisit some of the more challenging area with our new tools?

❖ Can the SUSY be hiding at space we overlooked?
❖ Can we still have light neutralino DM?
❖ More exotic signatures? Summary plots from ATLAS

Summary plots from CMS

Going after some of the uncovered and 
more challenging areas with a new set 
of tools to identify tops, b's and taus. 

New detector technologies

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2020-013/
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS#Run_2_Summary_plots_13_TeV


My research group has many undergraduates
Recruit students during their freshman year to learn 
skills related to research in particle physics → create 
a community 
Involve them in projects where they can make 
unique contributions → help them establish their 
physics identity and prepare them for various 
careers (academia & industry) 
Bridge them into other programs (REUs, internships, 
graduate programs) → invest in their future

Students are paid for research work through 
University Funding, work study, or grant funding 
Idea based on the TEAM-UP report, conversations 
with Flip Tanedo, Frank Golf, and Daniel Spitzbart

Diversity Through Research Mentorship
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https://www.aip.org/diversity-initiatives/team-up-task-force
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Backup
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Other Summaries
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Observed limits
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Background estimated from data driven methods
Irreducible Z(𝜈𝜈)̅ from Z(𝓁𝓁)
tt̅ (lost lepton) from tt̅→1𝓁 
Left-over QCD from jet rebalance & smear
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3.1 Event selection 3

an isolated lepton (e or µ) or an isolated charged PF candidate. The isolated charged PF candi-
date veto is designed to provide additional rejection against events with electrons and muons,
as well as to reject hadronic t decays.

Jets are formed by clustering PF candidates using the anti-kT algorithm [97, 98] and are cor-
rected for contributions from event pileup [99] and the effects of nonuniform detector re-
sponse [100, 101]. Only jets passing the selection criteria in Table 1 are used for counting and
for the determination of kinematic variables. In particular, we consider jets with pT > 30 GeV
and |h| < 2.4, unless otherwise stated. Jets that contain the decay of a bottom-flavored hadron
are identified using a deep neural network algorithm [102] with a working point chosen such
that the efficiency to identify a bottom quark jet is in the range 55–70% for jet pT between 20
and 400 GeV. The misidentification rate is approximately 1–2% for light-flavor or gluon jets,
and 10–15% for charm jets. We count b-tagged jets with pT > 20 GeV and |h| < 2.4. The mini-
mum pT threshold used for counting b-tagged jets is lowered to 20 GeV instead of 30, as used
for Nj, in order to maximize the sensitivity towards BSM scenarios with bottom quarks.

The negative of the vector pT sum of all selected jets is denoted by ~Hmiss
T , while the missing

transverse momentum ~pmiss
T is defined as the negative of the vector pT sum of all reconstructed

PF candidates. Their magnitudes are referred to as H
miss
T and p

miss
T , respectively. The ~pmiss

T is
further adjusted to reflect the jet energy corrections [100, 101]. Events with possible contribu-
tions from beam halo processes or anomalous noise in the calorimeter are rejected using dedi-
cated filters [103, 104]. For events with at least two jets, we start with the pair having the largest
dijet invariant mass and iteratively cluster all selected jets using an algorithm that minimizes
the Lund distance measure [105, 106] until two stable pseudo-jets are obtained. The resulting
pseudo-jets together with the ~pmiss

T are used to calculate the kinematic variable MT2 [1] as:

MT2 = min
~p miss

T
X(1)+~p miss

T
X(2)=~p miss

T

h
max

⇣
M

(1)
T , M

(2)
T

⌘i
, (1)

where~pmiss
T

X(i) (i = 1, 2) are trial vectors obtained by decomposing~pmiss
T , and M

(i)
T are the trans-

verse masses [107] obtained by pairing either of the trial vectors with one of the two pseudo-
jets. The minimization is performed over all trial momenta satisfying the ~pmiss

T constraint. The
background from multijet events (discussed in Section 4) is characterized by small values of
MT2, while processes with significant genuine ~pmiss

T yield larger values of MT2. More detailed
discussions of the MT2 variable properties are given in Refs. [96, 108, 109].

In both the inclusive MT2 search and the search for disappearing tracks, collision events are
selected using triggers with requirements on HT, p

miss
T , H

miss
T , and jet pT. The combined trig-

ger efficiency, as measured in an orthogonal data sample of events with an isolated electron, is
found to be >97% across the full kinematic range of the search. To suppress background from
multijet production, we require MT2 > 200 GeV in events with Nj � 2. In the inclusive MT2
search, this MT2 threshold is increased to 400 GeV for events with HT > 1500 GeV to maintain
multijet processes as a subdominant background in all search regions. In events with Nj = 1,
where MT2 is not defined, we require p

jet
T > 250 GeV and p

miss
T > 250 GeV. As a protection

against jet mismeasurement, we require the minimum difference in the azimuthal angle be-
tween the ~pmiss

T vector and the direction of each of the four pT-leading jets, Dfmin, to be greater
than 0.3 radians, and the magnitude of the difference between ~pmiss

T and ~Hmiss
T to be less than

half of p
miss
T . For the determination of Dfmin, we consider jets with |h| < 4.7. If fewer than four

such jets are found, all are considered in the Dfmin calculation.

In the search for disappearing tracks, events are selected requiring in addition the presence of
at least one disappearing track. These are defined as well-reconstructed isolated tracks with no
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qi φ† qk

ψ

2−10

1−10

1

10

210

310

410

510

610

Ev
en

ts
 / 

bi
n

[2
00

, 3
00

]
[3

00
, 4

00
]

[4
00

, 5
00

]
[5

00
, 6

00
]

[6
00

, 7
00

]
[7

00
, 8

00
]

[8
00

, 9
00

]
[9

00
, 1

00
0]

[1
00

0,
 1

10
0]

> 
11

00
[2

00
, 3

00
]

[3
00

, 4
00

]
[4

00
, 6

00
]

[6
00

, 8
00

]
[8

00
, 1

00
0]

> 
10

00
[2

00
, 3

00
]

[3
00

, 4
00

]
[4

00
, 6

00
]

[6
00

, 8
00

]
> 

80
0

[2
00

, 3
00

]
[3

00
, 4

00
]

[4
00

, 5
00

]
[5

00
, 6

00
]

[6
00

, 7
00

]
[7

00
, 8

00
]

[8
00

, 9
00

]
[9

00
, 1

00
0]

[1
00

0,
 1

10
0]

> 
11

00
[2

00
, 3

00
]

[3
00

, 4
00

]
[4

00
, 6

00
]

[6
00

, 8
00

]
[8

00
, 1

00
0]

> 
10

00
[2

00
, 3

00
]

[3
00

, 4
00

]
[4

00
, 6

00
]

[6
00

, 8
00

]
> 

80
0

[2
00

, 3
00

]
[3

00
, 4

00
]

[4
00

, 6
00

]
[6

00
, 8

00
]

> 
80

0
[2

00
, 3

00
]

[3
00

, 4
00

]
[4

00
, 6

00
]

[6
00

, 8
00

]
> 

80
0

[2
00

, 3
00

]
[3

00
, 4

00
]

[4
00

, 6
00

]
[6

00
, 8

00
]

> 
80

0
[2

00
, 3

00
]

[3
00

, 4
00

]
[4

00
, 6

00
]

[6
00

, 8
00

]
> 

80
0

[2
00

, 3
00

]
[3

00
, 4

00
]

[4
00

, 6
00

]
> 

60
0

[2
00

, 3
00

]
[3

00
, 4

00
]

> 
40

0
[2

00
, 3

00
]

[3
00

, 5
00

]
> 

50
0

[2
00

, 3
00

]
[3

00
, 5

00
]

> 
50

0
[2

00
, 3

00
]

[3
00

, 5
00

]
> 

50
0

[2
00

, 3
00

]
> 

30
0

> 
20

0

Pre-fit background  < 1200 GeVT575 < H

CMS  (13 TeV)-1137 fb

2-3j
0b

2-3j
1b

2-3j
2b

4-6j
0b

4-6j
1b

4-6j
2b

2-6j
3b≥

7-9j
0b

7-9j
1b

7-9j
2b

7-9j
3b

7-9j
4b≥

10j≥
0b

10j≥
1b

10j≥
2b

10j≥
3b

10j≥
4b≥

Data
νν→Z

Lost lepton
Multijet

0
0.5

1
1.5

2

D
at

a/
pr

ed
.



<latexit sha1_base64="Qka+ewQRvNS1k0gCx9wIvNoGZEY=">AAACA3icbVDLSgNBEOz1GeMr6tHLYBA8hd1c9Bj04jGCeUCyhNnJbDJkHsvMrBCWHP0Br/oH3sSrH+IP+B3OJnswiQUNRVU33V1Rwpmxvv/tbWxube/slvbK+weHR8eVk9O2UakmtEUUV7obYUM5k7RlmeW0m2iKRcRpJ5rc5X7niWrDlHy004SGAo8kixnB1kndfpRyNVLlQaXq1/w50DoJClKFAs1B5ac/VCQVVFrCsTG9wE9smGFtGeF0Vu6nhiaYTPCI9hyVWFATZvN7Z+jSKUMUK+1KWjRX/05kWBgzFZHrFNiOzaqXi/95vdTGN2HGZJJaKsliUZxyZBXKn0dDpimxfOoIJpq5WxEZY42JdREtbVnkMsuDCVZjWCftei3wa8FDvdq4LSIqwTlcwBUEcA0NuIcmtIAAhxd4hTfv2Xv3PrzPReuGV8ycwRK8r1/+zJgt</latexit><latexit sha1_base64="Qka+ewQRvNS1k0gCx9wIvNoGZEY=">AAACA3icbVDLSgNBEOz1GeMr6tHLYBA8hd1c9Bj04jGCeUCyhNnJbDJkHsvMrBCWHP0Br/oH3sSrH+IP+B3OJnswiQUNRVU33V1Rwpmxvv/tbWxube/slvbK+weHR8eVk9O2UakmtEUUV7obYUM5k7RlmeW0m2iKRcRpJ5rc5X7niWrDlHy004SGAo8kixnB1kndfpRyNVLlQaXq1/w50DoJClKFAs1B5ac/VCQVVFrCsTG9wE9smGFtGeF0Vu6nhiaYTPCI9hyVWFATZvN7Z+jSKUMUK+1KWjRX/05kWBgzFZHrFNiOzaqXi/95vdTGN2HGZJJaKsliUZxyZBXKn0dDpimxfOoIJpq5WxEZY42JdREtbVnkMsuDCVZjWCftei3wa8FDvdq4LSIqwTlcwBUEcA0NuIcmtIAAhxd4hTfv2Xv3PrzPReuGV8ycwRK8r1/+zJgt</latexit><latexit sha1_base64="Qka+ewQRvNS1k0gCx9wIvNoGZEY=">AAACA3icbVDLSgNBEOz1GeMr6tHLYBA8hd1c9Bj04jGCeUCyhNnJbDJkHsvMrBCWHP0Br/oH3sSrH+IP+B3OJnswiQUNRVU33V1Rwpmxvv/tbWxube/slvbK+weHR8eVk9O2UakmtEUUV7obYUM5k7RlmeW0m2iKRcRpJ5rc5X7niWrDlHy004SGAo8kixnB1kndfpRyNVLlQaXq1/w50DoJClKFAs1B5ac/VCQVVFrCsTG9wE9smGFtGeF0Vu6nhiaYTPCI9hyVWFATZvN7Z+jSKUMUK+1KWjRX/05kWBgzFZHrFNiOzaqXi/95vdTGN2HGZJJaKsliUZxyZBXKn0dDpimxfOoIJpq5WxEZY42JdREtbVnkMsuDCVZjWCftei3wa8FDvdq4LSIqwTlcwBUEcA0NuIcmtIAAhxd4hTfv2Xv3PrzPReuGV8ycwRK8r1/+zJgt</latexit>

Most important signal/
background discriminator: E̸T

Most important background 
reduction method: mT > 150 GeV
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through a technique called domain adaption via gradient reversal [88]. With this method, an
additional output is added to the neural network to distinguishing between trijet candidates
from QCD simulation and a QCD-enriched data sample. The main network is then restricted
to minimize its ability to discriminate simulation from data. This yields a network with good
separation between signal and background while minimizing over-fitting on features that exist
only in simulation. Before the final selection of trijets as top quarks can be made, any trijet
candidates that may share the jets with another candidate must be removed. This is achieved
by always favoring the candidate with a higher top discriminator value as determined by the
neural network. The reconstructed candidates are identified as hadronic tops when the neural
network discriminator is above the threshold corresponding to an efficiency of 45% and the
mistagging rate is 10% for dileptonic tt events.

The second DNN, referred to as a merged tagger, uses the DeepAK8 [89] algorithm to identify
top quarks with large boost, where the decay products are merged into a single jet (merged
top quark decay). The identification of this boosted top quark signature is based on anti-kT jets
clustered with a distance parameter of 0.8. The efficiency for lepton + hadronic-top events is
40% and the mistagging rate is 5% for dileptonic tt events.

4.2 Search strategy

The signal regions for the standard search are summarized in Table 2, and are defined by cat-
egorizing events passing the preselection requirements based on Nj, the number of identified
hadronic top quarks, pmiss

T , the invariant mass (M`b) of the lepton and the closest b-tagged jet
in DR, and a modified version of the topness variable [90], tmod [27], which is defined as:

tmod = ln(min S), with S =

⇣
m2

W � (pn + p`)2
⌘2

a4
W

+

⇣
m2

t � (pb + pW)2
⌘2

a4
t

,

with resolution parameters aW = 5 GeV and at = 15 GeV. The tmod variable is a c2-like variable
that discriminates signal from leptonically decaying tt events: an event with a small value of
tmod is likely to be a dilepton tt event, while signal events tend to have larger tmod values.
The first term in its definition corresponds to the top quark decay containing the reconstructed
lepton, and the second term corresponds to the top quark decay containing the missing lepton.
The pW in the second term symbolizes the momentum of the missing lepton and neutrino from
the W decay. The minimization of the variable S is done with respect to all components of the
three momentum ~pW and the component of the three momentum ~pn along the beam line with
the constraints that ~pmiss

T = ~pT,W + ~pT,n and p2
W = m2

W. The distribution of tmod for events
passing the preselection is shown in Fig. 3 (upper left). The tmod distribution is split into three
bins, each sensitive to a different mass splitting of the top squark and neutralino.

In events containing a leptonically decaying top quark, the invariant mass of the lepton and
the bottom quark jet from the same top quark decay is bound by

M`b  mt

vuut1 �
m2

W

m2
t

.

This bound does not apply to either W + jets events or signal events, where the top squark
decays to a bottom quark and a chargino. To maintain acceptance to a broad range of signal
scenarios, rather than requiring a selection on M`b, events are placed into low- or high-M`b
categories if the value of M`b is less or greater than 175 GeV, respectively. In signal regions
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 PreliminaryATLAS
 -1 = 13 TeV, 139 fbs

Scalar
χχ → φ, φ+tt
 = 1 GeV
χ

g = 1.0,  m

Observed 95% CL
Expected 95% CL

σ1 ±Expected 
σ2 ±Expected 

(g=1.0)σTheory unc. on 

Table 7: Event selections defining the DM signal regions.

Selection DM_scalar DM_pseudo

Preselection hard-lepton preselection

Njet, Nb-jet � (4, 2)
Jet pT [GeV] > (80, 60, 30, 25)
b-tagged jet pT [GeV] > (80, 25)

Emiss
T [GeV] > 230

Hmiss
T,sig > 15

mT [GeV] > 180
topness > 8
mreclustered

top [GeV] > 150
��(jet

i
, Æpmiss

T ), i 2 [1, 4] [rad] > 0.9

��( Æpmiss
T , `) [rad] > 1.1 > 1.5

Exclusion technique Based on shape fit in ��( Æpmiss
T , `)

Bin boundaries in ��( Æpmiss
T , `) {1.1, 1.5, 2.0, 2.5, ⇡}
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