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Overview
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Recent SUSY results from ATLAS:

challenging scenarios


Electroweak SUSY

The 4 lepton search


Compressed SUSY spectra

The disappearing track search


Better late than never

The long-lived stopped particle search



09 June 2021Will Fawcett (University of Cambridge)

SUSY production mechanisms
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• Each of these can decay in a variety of ways, giving a rich set of signatures to 
search for, not to mention keeping us busy!

Partners of the charged 
and neutral Higgs 
bosons, and W/Z
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Electroweak scale SUSY
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~10 events in 

Run 2 dataset

Gluino    and squark   :

SUSY partners of the 
gluon and quarks

• Each sparticle has different decay phenomenology, giving a rich set of signatures

• ATLAS has dedicated groups targeting each of these production mechanisms

g̃
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SUSY and g-2
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Limit of our simulation as it was 3σ 
beyond the previous experimental list!


SUSY models will populate this area

https://arxiv.org/abs/1508.06608
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Electroweak 4 lepton search
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14/07/2020 DANIEL NOEL 5

“The most beautiful 6 lepton 
event ever displayed”

"Have you considered a 
7 lepton signal region?"

arXiv:2103.11684 

https://arxiv.org/abs/2103.11684
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4 leptons: R-Parity Conserving models 

• Searches for the Higgsino highly motivated from theory


• GGM offers an opportunity to search for the Higgsino without experimentally 
challenging low-pT leptons


• Signal regions: >=4 e or μ, mll close to Z mass for both lepton pairs, b-jet veto,      
……….> 100 or 200 GeV
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Figure 1: Diagrams of the processes in the SUSY RPC GGM higgsino models. The ,⇤/ /⇤ produced in the j̃
±
1 /j̃0

2
decays are o�-shell (< ⇠ 1 GeV) and their decay products are usually not reconstructed. The Higgs boson may decay
into leptons and possible additional products via intermediate gg, ,, or // states.

where !8 and &8 indicate the lepton and quark SU(2)-doublet superfields, respectively, and ⇢̄8 , *̄8 and ⇡̄8

are the corresponding singlet superfields. Quark and lepton generations are referred to by the indices 8, 9
and : , while the Higgs field that couples to up-type quarks is represented by the Higgs SU(2)-doublet
superfield �2. The _, _0 and _00 parameters are three sets of new Yukawa couplings, while the ^8 parameters
have dimensions of mass.

Simplified models of RPV SUSY scenarios are considered here, with a bino neutralino (j̃0
1) LSP which

decays via an RPV interaction. The lepton-number-violating superpotential term 1
2_8 9:!8! 9 ⇢̄: mediates

the LSP decay into two charged leptons and a neutrino,

j̃
0
1 ! ✓

±
:
✓
⌥
8/ 9a 9/8 , (1)

through a virtual slepton or sneutrino, with the allowed lepton flavours depending on the indices of the
associated _8 9: couplings [50]. The complex conjugate of the decay in Eq. (1) is also allowed. Thus, when

two j̃
0
1 are present in a signal process, every signal event contains a minimum of four charged leptons and

two neutrinos, giving an opportunity to study four-lepton SUSY signatures.

In principle, the nine1
_8 9: RPV couplings allow the j̃

0
1 to decay to every possible combination of

charged-lepton pairs, where the branching ratio for each combination di�ers for each _8 9: . For example, for

_121 < 0 the branching ratios for j̃0
1 ! 4`a, j̃0

1 ! 44a and j̃
0
1 ! ``a are 50%, 50% and 0% respectively,

whereas for _122 < 0 the corresponding branching ratios are 50%, 0% and 50%. It was shown in Ref. [17]
that the four-charged-lepton search sensitivity is comparable in the cases of _121 < 0 or _122 < 0, and for
_133 < 0 or _233 < 0. Since the analysis reported here uses similar techniques for these cases, the number
of !-violating RPV scenarios studied is reduced by making no distinction between the electron and muon
decay modes of the j̃

0
1 . Two extremes of the _8 9: RPV couplings are considered:

• !!⇢̄12: (: 2 1, 2) scenarios, where _12: < 0 and only decays to electrons and muons are included,

• !!⇢̄833 (8 2 1, 2) scenarios, where _833 < 0 and only decays to g-leptons and either electrons or
muons are included,

1 The 27 _
8 9:

RPV couplings are reduced to 9 by the antisymmetry requirement _
8 9:

= �_
98:

and the 8 < 9 requirement for the
generation of the ! terms in the superpotential.

4

Degenerate Higgsino

1 GeV mass splitting

Virtual bosons

Low pT decay products 
not reconstructed

Ultra-light Gravitino

4 High pT leptons

Consistent with Z
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4 leptons: R-Parity Violating models                       
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Figure 2: Diagrams of the benchmark SUSY models of RPC NLSP pair production of a (a) wino, (b) slepton/sneutrino
and (c) gluino, followed by the RPV decay of the j̃

0
1 LSP. The LSP is assumed to decay as j̃

0
1 ! ✓✓a with 100%

branching ratio.

range |[ | < 2.5. It consists of silicon pixel, silicon microstrip, and transition radiation tracking detectors.
Lead/liquid-argon (LAr) sampling calorimeters provide electromagnetic (EM) energy measurements with
high granularity. Hadronic calorimetry is provided by the steel/scintillator-tile calorimeter, which covers
the central pseudorapidity range (|[ | < 1.7). The endcap and forward regions are instrumented with
LAr calorimeters for EM and hadronic energy measurements up to |[ | = 4.9. The MS surrounds the
calorimeters and is based on three large air-core toroidal superconducting magnets with eight coils each.
The field integral of the toroids ranges between 2.0 and 6.0 T m across most of the detector. The MS
includes a system of precision tracking chambers covering the region |[ | < 2.7 and fast detectors for
triggering. A two-level trigger system is used to select events. The first-level trigger is implemented in
hardware and uses a subset of the detector information to accept events at a rate below 100 kHz. This is
followed by a software-based trigger that reduces the accepted event rate to 1 kHz on average, depending
on the data-taking conditions.

4 Data and simulated event samples

This analysis uses the full
p
B = 13 TeV ?? dataset collected by the ATLAS experiment during the

2015–2018 data-taking period. The average number of multiple ?? collisions in the same or nearby bunch
crossings (pile-up) increased from 14 in 2015 to ⇠ 38 in 2018. After the application of beam, detector and
data-quality requirements [56], the total integrated luminosity considered in this analysis corresponds to
139.0 ± 2.4 fb�1 [7]. Events recorded during stable data-taking conditions are used in the analysis if the
reconstructed primary vertex has at least two tracks with transverse momentum ?T > 500 MeV associated
with it. The primary vertex of an event is identified as the vertex with the highest ⌃?2

T of associated
tracks.

Events are selected using the single-lepton, dilepton, or trilepton triggers [57, 58] listed in Table 2, where
the trigger e�ciencies are in the plateau region above the o�ine ?T thresholds. Dilepton (trilepton)
triggers are used only when the leptons in the event fail ?T-threshold requirements for the single-lepton
(single-lepton and dilepton) triggers. The trigger e�ciency for events with four (three) electrons/muons in

6

• Two cases considered for RPV decay: 


• λ12k ≠ 0 : e or μ


• λi33 ≠ 0 : τ or (e XOR μ)  

Wino production Slepton production
 Gluino production

Z boson veto applied
RPV decay of Bino
<latexit sha1_base64="CIWrchwCrRrDWD/zPnfrsVCOUlc="></latexit>

�̃0
1 ! ``⌫

meff > 1000* GeV

Boost signal sensitivity

* depending on SR 


• Signal regions (L is e or μ): 


• ≥4L ≥0τ


• ≥3L ≥1τ


• ≥2L ≥2τ

arXiv:2103.11684 

https://arxiv.org/abs/2103.11684
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4 leptons: backgrounds
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• “Reducible” backgrounds: ZZ, ttZ. 


• Estimated with Monte Carlo, normalised with control regions


• “Irreducible” backgrounds: W/Z+jets, ttbar where jet fakes one or more leptons


• Estimated with fake factor method: a loose-to-tight method where the probability 
of a fake loose lepton to make it to the signal region is estimated in data


• ZZ and ttZ dominate ≥4L ≥0τ signal region 


• Reducible backgrounds dominate ≥3L ≥1τ and ≥2L ≥2τ regions

Table 5: Irreducible background control region definitions. Both CRZZ and CRttZ are restricted to # (4, `) = 4 when
considering SR5L. The / boson column refers to the / veto or selection of a first/second / candidate as described in
the text.

Region # (4, `) # (ghad) # (1-tagged jets) / boson Selection

CRZZ � 4 � 0 = 0 require 1st & 2nd ⇢
miss
T < 50 GeV

CRttZ � 4 � 0 � 1 require 1st & veto 2nd ⇢
miss
T > 100 GeV
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Figure 3: The <e� distributions for data and the SM backgrounds in CRZZ and CRttZ after the background-only fit.
“Other” is the sum of the C,/ , CC̄,, , CC̄// , CC̄,�, CC̄��, CC̄C, , and CC̄CC̄ backgrounds. The last bin includes the
overflow. The lower panel shows the ratio of the observed data to the expected SM background yield in each bin.
Both the statistical and systematic uncertainties in the SM background are included in the shaded band.

7.2 Reducible background determination

The number of reducible background events in a given region is estimated from data with a hybrid
fake-factor method that uses a combination of data and MC simulation. Preselected leptons surviving
overlap removal are classified as ‘signal’ or ‘loose’ depending on whether they pass or fail the signal lepton
requirements, respectively. A very loose selection on the identification RNN of > 0.05 is also applied to
the preselected ghad, as those with very low RNN scores are typically gluon-induced jets and jets arising
from pile-up, which is not the case for the signal ghad candidates. Probabilities for a fake/non-prompt lepton
to be identified as a signal or loose lepton are calculated from simulation and corrected to data where
possible. The ratio � = 5 / 5̄ for fake/non-prompt leptons is then defined as the “fake factor”, where 5 ( 5̄ )
is the probability that a fake/non-prompt lepton is identified as a signal (loose) lepton.

The reducible background prediction is extracted by applying fake factors to control regions in data. The
CR definition only di�ers from that of the associated SR in the quality of the required leptons; here exactly
one (CR1) or two (CR2) of the four leptons must be identified as a loose lepton, as shown in Table 6. In

14

arXiv:2103.11684 

https://arxiv.org/abs/2103.11684
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4 leptons: results
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Figure 7: Expected and observed yields in the signal regions after the background-only fit. “Other” is the sum of the
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SM background are included in the uncertainties shown. The significance of any di�erence between observed and
expected yields is shown in the bottom panel, calculated with the profile likelihood method from Ref. [119].

Table 10: The model-independent limits calculated from the signal region observations; the 95% CL upper limit
on the visible cross-section times e�ciency (hnfi95

obs), the observed number of signal events((95
obs), and the signal

events given the expected number of background events ((95
exp, ±1f variations of the expected number) calculated by

performing pseudo-experiments for each signal region.

hnfi95
obs [fb] (

95
obs (

95
exp

SR0-ZZloose 0.481 66.86 67.43+20.43
�15.71

SR0-ZZtight 0.081 11.28 11.52+4.81
�3.34

SR0-ZZloose
bveto 0.043 6.01 7.10+2.82

�1.90

SR0-ZZtight
bveto 0.028 3.87 3.63+1.44

�0.63

SR0loose
bveto 0.070 9.79 8.28+3.58

�2.30

SR0tight
bveto 0.028 3.87 4.29+1.56

�0.86

SR0breq 0.046 6.33 3.78+1.59
�0.66

SR1loose
bveto 0.046 6.37 7.46+2.92

�2.04

SR1tight
bveto 0.032 4.47 4.22+1.63

�1.04

SR1breq 0.033 4.56 4.59+1.77
�1.22

SR2loose
bveto 0.061 8.45 7.45+2.36

�1.24

SR2tight
bveto 0.041 5.63 3.53+1.06

�0.15

SR2breq 0.030 4.17 3.16+1.20
�0.16

SR5L 0.129 17.88 9.88+4.08
�2.44
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General 5 lepton SR

*Full definition of signal regions in the backup

Regions that had an 
excess with partial 
ATLAS dataset
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Figure 11: Expected (dashed) and observed (solid) 95% CL exclusion limits on (a) the higgsino GGM models, and
(b) wino NLSP, (c) ✓̃L/ã NLSP, and (d) gluino NLSP pair production with RPV j̃

0
1 decays via _12: , or _833 where

8, : 2 1, 2. The limits are set using a statistical combination of disjoint signal regions. Where two (or more) signal
regions overlap, the signal region contributing its observed CLs value to the combination is the one with the better
(best) expected CLs value.
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Figure 1: Diagrams of the processes in the SUSY RPC GGM higgsino models. The ,⇤/ /⇤ produced in the j̃
±
1 /j̃0

2
decays are o�-shell (< ⇠ 1 GeV) and their decay products are usually not reconstructed. The Higgs boson may decay
into leptons and possible additional products via intermediate gg, ,, or // states.

where !8 and &8 indicate the lepton and quark SU(2)-doublet superfields, respectively, and ⇢̄8 , *̄8 and ⇡̄8

are the corresponding singlet superfields. Quark and lepton generations are referred to by the indices 8, 9
and : , while the Higgs field that couples to up-type quarks is represented by the Higgs SU(2)-doublet
superfield �2. The _, _0 and _00 parameters are three sets of new Yukawa couplings, while the ^8 parameters
have dimensions of mass.

Simplified models of RPV SUSY scenarios are considered here, with a bino neutralino (j̃0
1) LSP which

decays via an RPV interaction. The lepton-number-violating superpotential term 1
2_8 9:!8! 9 ⇢̄: mediates

the LSP decay into two charged leptons and a neutrino,

j̃
0
1 ! ✓

±
:
✓
⌥
8/ 9a 9/8 , (1)

through a virtual slepton or sneutrino, with the allowed lepton flavours depending on the indices of the
associated _8 9: couplings [50]. The complex conjugate of the decay in Eq. (1) is also allowed. Thus, when

two j̃
0
1 are present in a signal process, every signal event contains a minimum of four charged leptons and

two neutrinos, giving an opportunity to study four-lepton SUSY signatures.

In principle, the nine1
_8 9: RPV couplings allow the j̃

0
1 to decay to every possible combination of

charged-lepton pairs, where the branching ratio for each combination di�ers for each _8 9: . For example, for

_121 < 0 the branching ratios for j̃0
1 ! 4`a, j̃0

1 ! 44a and j̃
0
1 ! ``a are 50%, 50% and 0% respectively,

whereas for _122 < 0 the corresponding branching ratios are 50%, 0% and 50%. It was shown in Ref. [17]
that the four-charged-lepton search sensitivity is comparable in the cases of _121 < 0 or _122 < 0, and for
_133 < 0 or _233 < 0. Since the analysis reported here uses similar techniques for these cases, the number
of !-violating RPV scenarios studied is reduced by making no distinction between the electron and muon
decay modes of the j̃

0
1 . Two extremes of the _8 9: RPV couplings are considered:

• !!⇢̄12: (: 2 1, 2) scenarios, where _12: < 0 and only decays to electrons and muons are included,

• !!⇢̄833 (8 2 1, 2) scenarios, where _833 < 0 and only decays to g-leptons and either electrons or
muons are included,

1 The 27 _
8 9:

RPV couplings are reduced to 9 by the antisymmetry requirement _
8 9:

= �_
98:

and the 8 < 9 requirement for the
generation of the ! terms in the superpotential.
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Figure 2: Diagrams of the benchmark SUSY models of RPC NLSP pair production of a (a) wino, (b) slepton/sneutrino
and (c) gluino, followed by the RPV decay of the j̃

0
1 LSP. The LSP is assumed to decay as j̃

0
1 ! ✓✓a with 100%

branching ratio.

range |[ | < 2.5. It consists of silicon pixel, silicon microstrip, and transition radiation tracking detectors.
Lead/liquid-argon (LAr) sampling calorimeters provide electromagnetic (EM) energy measurements with
high granularity. Hadronic calorimetry is provided by the steel/scintillator-tile calorimeter, which covers
the central pseudorapidity range (|[ | < 1.7). The endcap and forward regions are instrumented with
LAr calorimeters for EM and hadronic energy measurements up to |[ | = 4.9. The MS surrounds the
calorimeters and is based on three large air-core toroidal superconducting magnets with eight coils each.
The field integral of the toroids ranges between 2.0 and 6.0 T m across most of the detector. The MS
includes a system of precision tracking chambers covering the region |[ | < 2.7 and fast detectors for
triggering. A two-level trigger system is used to select events. The first-level trigger is implemented in
hardware and uses a subset of the detector information to accept events at a rate below 100 kHz. This is
followed by a software-based trigger that reduces the accepted event rate to 1 kHz on average, depending
on the data-taking conditions.

4 Data and simulated event samples

This analysis uses the full
p
B = 13 TeV ?? dataset collected by the ATLAS experiment during the

2015–2018 data-taking period. The average number of multiple ?? collisions in the same or nearby bunch
crossings (pile-up) increased from 14 in 2015 to ⇠ 38 in 2018. After the application of beam, detector and
data-quality requirements [56], the total integrated luminosity considered in this analysis corresponds to
139.0 ± 2.4 fb�1 [7]. Events recorded during stable data-taking conditions are used in the analysis if the
reconstructed primary vertex has at least two tracks with transverse momentum ?T > 500 MeV associated
with it. The primary vertex of an event is identified as the vertex with the highest ⌃?2

T of associated
tracks.

Events are selected using the single-lepton, dilepton, or trilepton triggers [57, 58] listed in Table 2, where
the trigger e�ciencies are in the plateau region above the o�ine ?T thresholds. Dilepton (trilepton)
triggers are used only when the leptons in the event fail ?T-threshold requirements for the single-lepton
(single-lepton and dilepton) triggers. The trigger e�ciency for events with four (three) electrons/muons in

6

RPC model RPV model
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Figure 11: Expected (dashed) and observed (solid) 95% CL exclusion limits on (a) the higgsino GGM models, and
(b) wino NLSP, (c) ✓̃L/ã NLSP, and (d) gluino NLSP pair production with RPV j̃

0
1 decays via _12: , or _833 where

8, : 2 1, 2. The limits are set using a statistical combination of disjoint signal regions. Where two (or more) signal
regions overlap, the signal region contributing its observed CLs value to the combination is the one with the better
(best) expected CLs value.
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Figure 11: Event display in the signal region from data taken in 2018. The pixel tracklet candidate with pT = 1.2 TeV
is shown by the red solid line. Jets are shown by the transparent yellow, blue, and red cones. The missing transverse
momentum is shown by the white dotted line. Pixel modules and SCT modules are drawn in the background. The
event is common to both the electroweak and strong production signal regions. Event and run numbers are shown in
the top left corner.
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• Targets ultra-compressed wino or Higgsino

• Either through electroweak production or gluino production


• Small mass splitting can make the chargino long lived

• Typical lifetimes 0.02 ns (Higgsino) to 0.2 ns (wino)


• Chargino decays to a soft pion (not reconstructed) and LSP (MET)


• Gives rise to disappearing track signature

ATLAS-CONF-2021-015  

Electroweak

This paper targets two production processes, the electroweak production of charginos and neutralinos,
and the strong production of gluinos where charginos are produced during the cascade decay of the
gluino, as shown in Figure 1. In both scenarios, the chargino is long-lived and reconstructed from energy
deposits in the ATLAS pixel detector. For the electroweak production process, a high momentum jet from
initial-state-radiation (ISR) is required to ensure significant missing transverse momentum allowing to
trigger on the events. The final state selections of the electroweak and strong production channels are
characterised by at least one and at least four jets, respectively, large missing transverse momentum, and at
least one disappearing track with large transverse momentum.

�̃±
1p

p

�̃0
1

�̃0
1

⇡±

j

(a) pp ! �̃±1 �̃
0
1 j

g̃

g̃

�̃±
1

p

p

�̃0
1

q
q

�̃0
1

⇡±

q
q

(b) pp ! qqqq �̃±1 �̃
0
1

Figure 1: Example diagrams for the electroweak (a) and strong (b) production channel signal models. The signal
signature consists of a long-lived chargino, missing transverse momentum and quarks or gluons, which are observed
as jets, and which originate from initial state radiation (a) or in the cascade decay of the gluino (b).

Previous searches for long-lived charginos resulting in a disappearing track signature were performed by
ATLAS [14, 15] using 36.1 fb�1 of proton-proton collision data at a center-of-mass energy of

p
s = 13 TeV.

The previous ATLAS results benefited from the inclusion of the innermost pixel tracking layer installed at a
radius of approximately 33 mm during the LHC long shutdown between Run 1 and Run 2. The extra layer
of pixel detector allowed the previous analysis to reconstruct shorter tracks than the Run-1 analysis [16] and
to improve sensitivity to shorter chargino lifetimes. The previous ATLAS results excluded pure winos up
to chargino masses of 460 GeV and pure higgsinos up to chargino masses of 152 GeV. For the production
of gluinos, gluino masses were excluded up to 1.64 TeV for an assumed chargino mass of 460 GeV and
0.2 ns lifetime. The CMS Collaboration has searched for long-lived charginos [17] using 101 fb�1 of data
at a center-of-mass energy of

p
s = 13 TeV, excluding charginos in the wino-like models for masses below

884 (474) GeV for a lifetime of 3 (0.2) ns.

In this paper, the sensitivity to charginos with natural wino and higgsino lifetimes is significantly improved
due to the increase in the dataset luminosity and additional track quality criteria that enhance the rejection
of dominant backgrounds.

The paper is structured as follows. A brief overview of the ATLAS detector is given in Section 2. Section 3
provides details about the data samples, trigger, and simulated signal processes used in this analysis. The
reconstruction algorithms and event selection are presented in Sections 4 and 5 respectively. Backgrounds

3

Strong

• Trigger on MET


• Target electroweak production with MET > 200 GeV, ≥1 jet


• Target strong production with MET > 250 GeV, ≥3 jets

https://cds.cern.ch/record/2759676
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which the pure wino lifetime is shown by the grey dashed line. For pure higgsinos, chargino masses are
excluded up to 210 GeV as shown in Figure 8, in which the relative sensitivity di�erence between the
higgsinos and winos is explained by two factors: the smaller production cross-section of higgsinos relative
to the wino case, and the extremely short lifetime of the higgsinos. For the strong production channels, the
exclusion limits are set as a function of the lightest chargino mass and the gluino mass. The exclusion
limits for charginos with lifetimes fixed to 0.2 ns and 1.0 ns are shown in Figure 9. Gluino masses are
excluded beyond 2 TeV for chargino masses up to 600 GeV. Chargino masses below 1.4 TeV are excluded in
the case of compressed spectra with a mass di�erence of 50 GeV between the gluino and the chargino.
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Figure 7: Exclusion limits at 95% CL obtained in the electroweak production channel with the pure wino scenario.
The limits are shown as a function of the chargino lifetime and mass. The black dashed line shows the median value,
and the yellow band shows the 1� uncertainty band on the expected limits. The red line shows the observed limits
and the red dotted lines, the corresponding 1� uncertainty on the signal cross-section. The blue and violet broken
lines show the observed limits from the ATLAS results [14] and [16] respectively.
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Figure 8: Exclusion limits at 95% CL obtained in the electroweak production channel with the pure higgsino scenario.
The limits are shown separately for the higgsino lifetime or mass splitting as a function of the chargino mass. The
black dashed line shows the median value, and the yellow band shows the 1� uncertainty band on the expected limits.
The red line shows the observed limits and the red dotted lines, the corresponding 1� uncertainty on the signal
cross-section. The violet broken line shows the observed limits from the ATLAS result [15].
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Limit on pure wino at 660 GeV Limit on pure Higgsino at 210 GeV

Grey dashed line is theoretical line for pure wino/Higgsino
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Figure 1: Event display showing an event from the cosmic sample reconstructed using collision reconstruction (left)
and cosmic reconstruction (right) configurations. The red line represents the extrapolated muon path based on
the hits induced in the MDTs (blue). For readability, only the MDT chambers with associated hits are shown. A
cut-away view of the LAr and Tile calorimeters is included for orientation. By using cosmic reconstruction mode
the muon-segment track reconstruction requirements are loosened, increasing the e�ciency for identifying muon
segments induced by cosmic rays. With collision reconstruction settings, only the lower half of the cosmic-ray muon
track is reconstructed, whereas in cosmic reconstruction mode the upper leg is reconstructed as well.

3.2 Data reconstruction

The signal decays targeted by this search would be expected to originate from within the detector material,
and be displaced from the interaction point (IP). The decay of a stationary long-lived particle would be
isotropic, and so the decay activity would likely not point directly towards or away from the IP, nor would
resulting energy deposits necessarily be projective with respect to the expected positions of beam–beam
collision vertices. In order to increase the e�ciency with which out-of-time and non-pointing signals can
be reconstructed, and to increase the identification (and subsequently rejection) e�ciency of background
events from cosmic rays, a cosmic reconstruction configuration [30] is applied to reconstruct all data
used in this search. This configuration loosens the pointing and impact parameter requirements on muon
segments [31], such that muon tracks are not required to point towards the IP. Special timing procedures
are applied to cosmic muon reconstruction in the MDT detectors to account for the di�erent timing of the
recorded hits relative to the nominal LHC bunch crossing. These modifications increase the e�ciency with
which the upper muon segments produced by a cosmic-ray muon are reconstructed. This is illustrated
in Figure 1, where both the upper and lower muon segments induced by a traversing cosmic-ray muon
are reconstructed when using the cosmic reconstruction mode, but when using a collision reconstruction
configuration only the lower segments are reconstructed.

The LAr calorimeter reconstruction method remains unchanged when reconstructing the data in cosmic
mode, while the Tile calorimeter reconstruction methods are altered to use an iterative method that more
accurately reconstructs the energy of out-of-time energy deposits [32]. Standard reconstruction methods
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Published in April! 
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Stopped long-lived particles

• Search for BSM long-lived particles carrying SM charge
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STOPPED LONG-LIVED PARTICLES

LLP produced near threshold in pp collision

LLP binds with SM quarks and gluons 
→ form R-hadron

loses momentum through 
interactions with detector material

if LLP long-lived enough, some will stop 
inside the detector before decaying

looking for late decays to hadronic jets  
→ targeting lifetimes from μs to years
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LLP produced in pp collisions


Bonds with SM quarks

Forms R-hadron


Loses momentum through 

interactions with detector material


If LLP is long-lived enough, some will stop

 inside the detector before decaying


Look for late decays to hadronic jets

Target lifetimes from μs to years 
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Stopped long-lived particles: strategy
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Search strategy: trigger on jets produced in empty bunch crossings 
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SEARCH STRATEGY

• Search sample: look at data collected in empty bunch crossings → reduce background 
from colliding bunches 

‣ Required dedicated reprocessing and non-standard reconstruction

gluinos 
produced 

here

gluino decays

proper decay time

paired filled b. c. 
(‘physics’)

paired filled b. c. 
(‘physics’)

empty bunch crossings
……

Signal region requirements

Jet pT > 150 GeV

Primary vertex veto, muon veto

x2 SRs split by jet η:


• Jet |η| <0.8 “SR C”

• Jet |η| <2.4 “SR inclusive”

  arXiv:2104.03050 

https://arxiv.org/abs/2104.03050
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Stopped long-lived particles: backgrounds

Cosmic rays inducing an energetic jet 


• Highly energetic bremsstrahlung photon from the cosmic muon


• Removed with impact-parameter style geometrical requirements between the jet and the muon 
spectrometer segments (remove |α| < 0.2)
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- Only interested in cosmics if they induce an energetic jet  
- Dedicated cosmic run taken in 2016 → clean environment to develop and test effectiveness of cosmic veto 

- No strict segment multiplicity cuts (inefficiencies for high-mass signals that are likely to have punch-through) 
- Construct cosmic veto by exploiting the geometrical relation between the leading jet and muon segments in an event: 

(1) find top-bottom muon segment pairs (satisfy pointing consistency) 
(2) add special “ghost” segments in the case a segment points to the 

η=0 region without MS coverage 
(3) measure distance between jet and curve representing the  

connection between the segments in a pair 
(4) calculate minimum of these spatial distances → αcos 
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COSMIC-INDUCED BACKGROUND

→ Veto all events with |αcos| < 0.2
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Figure 4: The U distribution is shown for events passing preselection requirements in the cosmic sample. Example
signal models with a gluino mass of 1.4 TeV and mass di�erences �< = 100 GeV and 1300 GeV are overlaid. In
cases where all eligible muon segments reside in one hemisphere of the detector, or where no segments have been
reconstructed in the event, U cannot be calculated. This is the case for 8% of the events in the cosmic sample, 56% of
the events in the signal model with �< = 1300 GeV, and 78% of the events in the signal model with �< = 100 GeV.
The first bin represents the events for which U cannot be calculated because the imposed requirements are not met.
The last bin contains the overflow.

provides a highly pure sample of cosmic-ray events in data, with negligible contamination from BIB
processes and potential signal decays. The shape of the resulting jet ?T template is validated by comparison
with the same distribution taken directly from the cosmic sample. The shapes of the distributions are
consistent within statistical uncertainties.

The cosmic sample is used to derive a transfer factor between the control and signal regions. The same
transfer factor is used to extrapolate between the CR and SR for both the inclusive and central SRs, as the
di�ering [ requirements have no significant impact on the transfer factor. The transfer factor is derived
from the |[ | < 2.4 selection as follows:

�transfer =
#

cosmic sample
events (SRIncl)

#
cosmic sample
events (CRIncl-cos)

where #cosmic sample
events (SRIncl) and #

cosmic sample
events (CRIncl-cos) correspond to the total number of events passing SR- and CR-like

selections, respectively, in the cosmic sample. The ?T template for cosmic-ray-induced jets is first
normalised to the total number of events entering the CR from the search sample. A transfer factor of
0.018 ± 0.006 is then applied to the leading-jet ?T template extracted from the corresponding cosmics
CR. To account for di�erences in the shape of the jet ?T distribution when extrapolating from U < 0.2 to
U > 0.2, a loose selection is applied to the cosmic sample used to derive per-jet ?T bin weights that can
be used to reweight the jet ?T template taken from the cosmics CRs when extrapolating to the SRs. The
impact of this reweighting is small at low ?T, with reweighting factors reaching 1.6 in the highest jet-?T
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Figure 3: Example illustration of the construction of the U variable. Left: Longitudinal view demonstrating the
assumed cosmic-ray muon trajectory for a given pair of muon segments and a leading jet. The location of the
calorimeter energy deposition forming this jet is shown as a blue sphere. Middle: Transverse view demonstrating the
assumed cosmic-ray muon trajectory for a given pair of muon segments and a leading jet. Right: An [–q plane view
of the assumed cosmic-ray muon trajectory between a pair of muon segments, and the �' that corresponds to the U

variable in this example. In this case the U value is greater than the size of the jet radius parameter (' = 0.4).

alone impractical, as it results in decreased signal selection e�ciency. The U variable uses the relative
geometric location of a pair of reconstructed muon segments combined with the location of the leading
jet in the event (assumed to be seeded by the same traversing cosmic-ray muon as the muon segments).
This concept is illustrated in Figure 3. Here the left and middle panels show a jet positioned within the
calorimeter, near the path of a traversing cosmic-ray muon. The right panel shows how the U variable is
defined, based on geometric information associated with these objects.

To calculate U, reconstructed muon segments in an event are grouped into pairs. A pair is formed if the
trajectory measured in at least one of the two muon segments points in the direction of the other, with each
pair containing one upper- and one lower-hemisphere muon segment. In order to recover ine�ciencies
due to the MS gap at [ = 0, the direction vector of each segment is also extrapolated to the opposite side
of the detector in q to determine whether it crosses the [ = 0 plane within the radial range otherwise
instrumented by the MS. Should this be the case, a ‘dummy’ segment is inserted at that position and used
in the calculation of U, to acknowledge that a traversing cosmic-ray muon could escape through the gap
without seeding a muon segment.

For each pair of muon segments in an event, a �' value is calculated for the pair of points where the axis
of the leading jet and the 3D straight line connecting the muon segment pair are closest to each other. The
U variable is defined as the minimum of these ‘points of closest approach’ �' values in the event. This is
illustrated in the right panel of Figure 3 in the [–q plane. The points of closest approach must correspond
to a location consistent with being within the volume of the calorimeter. If this is not the case, or if no
suitable pair of muon segments is identified, U is undefined and the event is not rejected. For events where
the leading jet is induced by a cosmic-ray muon, U takes on small values, as shown in Figure 4, and events
are rejected from the SRs if they satisfy U < 0.2. For signal events, a value of U may be defined due to the
leakage of hadronic activity out of the calorimeter and the cavern background e�ects described above.

To estimate the remaining cosmics background expected in the SRs, ?T templates for cosmic-ray-induced
jets are extracted from the cosmics CRs (CRIncl-cos and CRC-cos). The selection applied in these CRs
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Other backgrounds 


• Beam-induced backgrounds: stray 
protons interacting with residual beam 
gas or LHC collimators/beam pipe


• calorimeter noise, cavern background

  arXiv:2104.03050 
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Stopped long-lived particles: results

• Sensitive to gluino masses up to 1.4 TeV in the lifetime plateau (10-5 to 103s), 


• and up to 1.0 TeV for lifetimes of 100 ns and up to 107s 


• See this wonderful CERN Physics Briefing for more on this search!
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Figure 9: Expected (dashed lines) and observed (solid lines) exclusion limits at 95% CL using the 2017 and 2018
datasets in the central signal regions. The limits are shown as a function of gluino mass and g(6̃). The shaded
coloured bands represent the ±1fexp variations from systematic and statistical uncertainties in the expected yields.
The di�erent sets of colours represent the limits for di�erent assumptions about the gluino–neutralino mass splitting.
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Figure 7: Summary of the relative uncertainties in the total expected background prediction in each jet ?T bin of SRC
for 2017 (left) and 2018 (right) data.

yields. Signal cross-sections are calculated to approximate next-to-next-to-leading order in the strong544

coupling constant, adding the resummation of soft gluon emission at next-to-next-to-leading-logarithm545

accuracy (approximate NNLO+NNLL) [45–52]. The nominal cross-section and its uncertainty are derived546

using the PDF4LHC15_mc PDF set, following the recommendations of Ref. [53].547

8 Results548

The integrated yields in the central signal region for 2017 and 2018 data are compared with the expected549

background in Tables 5 and 6. The binned jet-?T distributions are shown for these regions in Figure 8. The550

central control and normalisation regions are used to provide the background estimates in SRC, and the551

inclusive control and normalisation regions are used to provide the predicted yields in SRIncl.552

Assumptions about the mass di�erence �< impact the point at which the jet ?T distributions of various553

signal models are expected to peak. Any potential excess of events must therefore be searched for across554

the range of the leading-jet ?T distribution. To do this the three exclusive jet ?T bins in each SR are made555

Table 5: Breakdown of the expected and observed data yields in SRC in 2017 and 2018, integrated over the jet ?T

spectrum. The quoted uncertainties include statistical and systematic contributions. The expected event yields from
two example signal models with a gluino mass of 1.4 TeV and neutralino masses of 100 GeV and 900 GeV are also
included, where the yields are calculated assuming a gluino lifetime within the range of the live-fraction plateau.

Central signal regions SRC (2017 data) SRC (2018 data)

Observed events 92 100

Total expected background events 88 ± 28 119 ± 32

Beam-induced background events 37 ± 23 72 ± 29
Cosmic-ray-induced background events 51 ± 21 47 ± 19

<(6̃, j̃0
1) = (1400, 100) GeV 5 6

<(6̃, j̃0
1) = (1400, 900) GeV 5 6
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SIGNAL REGION RESULTS (|η|<0.8)

Cosmic-induced 
background dominant in 

highest pT bin

Beam-induced background 
estimated separately for 

2017 and 2018

*similar results 
for the inclusive 
Signal Region 
(|η|<2.4)

20182017

Data consistent  
with the background 
expectation in all bins

  arXiv:2104.03050 

https://atlas.cern/updates/briefing/search-late-decaying-particles
https://arxiv.org/abs/2104.03050


09 June 2021Will Fawcett (University of Cambridge)

Recent ATLAS SUSY results

20

Search for sbottoms with b-jets and 
hadronic taus arXiv:2103.08189

The mono-jet search arXiv:2102.10874

Stop pair or leptoquarks to taus ATLAS-CONF-2021-008

RPV gluinos or stops to at least 1 
lepton ATLAS-CONF-2021-007

Check out these other full run2 publications released in the last 2 months!

https://arxiv.org/abs/2103.08189
https://arxiv.org/abs/2102.10874
https://cds.cern.ch/record/2759282
https://cds.cern.ch/record/2759281
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Summary: the search continues

• No hints of SUSY at the LHC so far!


• Lots of room still to cover


• Full spectrum of production mechanisms covered


• Challenging Higgsino targeted with GGM scenario


• Ultra-compressed wino and Higgsino with disappearing tracks


• Innovative stopped particle search with custom dataset ruling out many 
BSM theories 


• Stay tuned for more searches to come!
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Thank you!



Backup
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4 leptons: signal regions
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Ref 18: arXiv:1804.03602 

https://arxiv.org/abs/1804.03602


09 June 2021Will Fawcett (University of Cambridge)

Disappearing track: signal regions
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Stopped long-lived particles: signal regions
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Stopped long-lived particles: other regions
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Electroweak SUSY

28

SM particles have SU
SY partners:
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Mass eigenstates 

in multiplets
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�̃±
<latexit sha1_base64="Vtw9cTnRlZWYNB67u4YYCHBiuec=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwFZI2pWZXcOOygn1AE8tkMmmHTiZhZlIooX/ixoUibv0Td/6N04egogcuHM65l3vvCTNGpbLtD6O0sbm1vVPereztHxwemccnXZnmApMOTlkq+iGShFFOOooqRvqZICgJGemFk+uF35sSIWnK79QsI0GCRpzGFCOlpaFp+oqyiBQ+HtP5vZ8lQ7NqW57tNup1qInjeG5tQerNhutBx7KXqII12kPz3Y9SnCeEK8yQlAPHzlRQIKEoZmRe8XNJMoQnaEQGmnKUEBkUy8vn8EIrEYxToYsruFS/TxQokXKWhLozQWosf3sL8S9vkKv4Kigoz3JFOF4tinMGVQoXMcCICoIVm2mCsKD6VojHSCCsdFgVHcLXp/B/0q1Zjm05t2615a3jKIMzcA4ugQOaoAVuQBt0AAZT8ACewLNRGI/Gi/G6ai0Z65lT8APG2ydsnpQm</latexit><latexit sha1_base64="Vtw9cTnRlZWYNB67u4YYCHBiuec=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwFZI2pWZXcOOygn1AE8tkMmmHTiZhZlIooX/ixoUibv0Td/6N04egogcuHM65l3vvCTNGpbLtD6O0sbm1vVPereztHxwemccnXZnmApMOTlkq+iGShFFOOooqRvqZICgJGemFk+uF35sSIWnK79QsI0GCRpzGFCOlpaFp+oqyiBQ+HtP5vZ8lQ7NqW57tNup1qInjeG5tQerNhutBx7KXqII12kPz3Y9SnCeEK8yQlAPHzlRQIKEoZmRe8XNJMoQnaEQGmnKUEBkUy8vn8EIrEYxToYsruFS/TxQokXKWhLozQWosf3sL8S9vkKv4Kigoz3JFOF4tinMGVQoXMcCICoIVm2mCsKD6VojHSCCsdFgVHcLXp/B/0q1Zjm05t2615a3jKIMzcA4ugQOaoAVuQBt0AAZT8ACewLNRGI/Gi/G6ai0Z65lT8APG2ydsnpQm</latexit><latexit sha1_base64="Vtw9cTnRlZWYNB67u4YYCHBiuec=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwFZI2pWZXcOOygn1AE8tkMmmHTiZhZlIooX/ixoUibv0Td/6N04egogcuHM65l3vvCTNGpbLtD6O0sbm1vVPereztHxwemccnXZnmApMOTlkq+iGShFFOOooqRvqZICgJGemFk+uF35sSIWnK79QsI0GCRpzGFCOlpaFp+oqyiBQ+HtP5vZ8lQ7NqW57tNup1qInjeG5tQerNhutBx7KXqII12kPz3Y9SnCeEK8yQlAPHzlRQIKEoZmRe8XNJMoQnaEQGmnKUEBkUy8vn8EIrEYxToYsruFS/TxQokXKWhLozQWosf3sL8S9vkKv4Kigoz3JFOF4tinMGVQoXMcCICoIVm2mCsKD6VojHSCCsdFgVHcLXp/B/0q1Zjm05t2615a3jKIMzcA4ugQOaoAVuQBt0AAZT8ACewLNRGI/Gi/G6ai0Z65lT8APG2ydsnpQm</latexit><latexit sha1_base64="Vtw9cTnRlZWYNB67u4YYCHBiuec=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwFZI2pWZXcOOygn1AE8tkMmmHTiZhZlIooX/ixoUibv0Td/6N04egogcuHM65l3vvCTNGpbLtD6O0sbm1vVPereztHxwemccnXZnmApMOTlkq+iGShFFOOooqRvqZICgJGemFk+uF35sSIWnK79QsI0GCRpzGFCOlpaFp+oqyiBQ+HtP5vZ8lQ7NqW57tNup1qInjeG5tQerNhutBx7KXqII12kPz3Y9SnCeEK8yQlAPHzlRQIKEoZmRe8XNJMoQnaEQGmnKUEBkUy8vn8EIrEYxToYsruFS/TxQokXKWhLozQWosf3sL8S9vkKv4Kigoz3JFOF4tinMGVQoXMcCICoIVm2mCsKD6VojHSCCsdFgVHcLXp/B/0q1Zjm05t2615a3jKIMzcA4ugQOaoAVuQBt0AAZT8ACewLNRGI/Gi/G6ai0Z65lT8APG2ydsnpQm</latexit>

�̃0
<latexit sha1_base64="PpDTZbSQTrd1twA2HNuCM14BJjQ=">AAAB9XicdVDLSsNAFJ34rPVVdelmsAiuwqRNqdkV3LisYB/QpGUymbRDJw9mJkoJ/Q83LhRx67+482+ctBVU9MCFwzn3cu89fsqZVAh9GGvrG5tb26Wd8u7e/sFh5ei4K5NMENohCU9E38eSchbTjmKK034qKI58Tnv+9Krwe3dUSJbEt2qWUi/C45iFjGClpaGrGA9o7pIJmw/RqFJFpoPsRr0ONbEsx64VpN5s2A60TLRAFazQHlXe3SAhWURjRTiWcmChVHk5FooRTudlN5M0xWSKx3SgaYwjKr18cfUcnmslgGEidMUKLtTvEzmOpJxFvu6MsJrI314h/uUNMhVeejmL00zRmCwXhRmHKoFFBDBgghLFZ5pgIpi+FZIJFpgoHVRZh/D1KfyfdGumhUzrxq62nFUcJXAKzsAFsEATtMA1aIMOIECAB/AEno1749F4MV6XrWvGauYE/IDx9gkNOpLY</latexit><latexit sha1_base64="PpDTZbSQTrd1twA2HNuCM14BJjQ=">AAAB9XicdVDLSsNAFJ34rPVVdelmsAiuwqRNqdkV3LisYB/QpGUymbRDJw9mJkoJ/Q83LhRx67+482+ctBVU9MCFwzn3cu89fsqZVAh9GGvrG5tb26Wd8u7e/sFh5ei4K5NMENohCU9E38eSchbTjmKK034qKI58Tnv+9Krwe3dUSJbEt2qWUi/C45iFjGClpaGrGA9o7pIJmw/RqFJFpoPsRr0ONbEsx64VpN5s2A60TLRAFazQHlXe3SAhWURjRTiWcmChVHk5FooRTudlN5M0xWSKx3SgaYwjKr18cfUcnmslgGEidMUKLtTvEzmOpJxFvu6MsJrI314h/uUNMhVeejmL00zRmCwXhRmHKoFFBDBgghLFZ5pgIpi+FZIJFpgoHVRZh/D1KfyfdGumhUzrxq62nFUcJXAKzsAFsEATtMA1aIMOIECAB/AEno1749F4MV6XrWvGauYE/IDx9gkNOpLY</latexit><latexit sha1_base64="PpDTZbSQTrd1twA2HNuCM14BJjQ=">AAAB9XicdVDLSsNAFJ34rPVVdelmsAiuwqRNqdkV3LisYB/QpGUymbRDJw9mJkoJ/Q83LhRx67+482+ctBVU9MCFwzn3cu89fsqZVAh9GGvrG5tb26Wd8u7e/sFh5ei4K5NMENohCU9E38eSchbTjmKK034qKI58Tnv+9Krwe3dUSJbEt2qWUi/C45iFjGClpaGrGA9o7pIJmw/RqFJFpoPsRr0ONbEsx64VpN5s2A60TLRAFazQHlXe3SAhWURjRTiWcmChVHk5FooRTudlN5M0xWSKx3SgaYwjKr18cfUcnmslgGEidMUKLtTvEzmOpJxFvu6MsJrI314h/uUNMhVeejmL00zRmCwXhRmHKoFFBDBgghLFZ5pgIpi+FZIJFpgoHVRZh/D1KfyfdGumhUzrxq62nFUcJXAKzsAFsEATtMA1aIMOIECAB/AEno1749F4MV6XrWvGauYE/IDx9gkNOpLY</latexit><latexit sha1_base64="PpDTZbSQTrd1twA2HNuCM14BJjQ=">AAAB9XicdVDLSsNAFJ34rPVVdelmsAiuwqRNqdkV3LisYB/QpGUymbRDJw9mJkoJ/Q83LhRx67+482+ctBVU9MCFwzn3cu89fsqZVAh9GGvrG5tb26Wd8u7e/sFh5ei4K5NMENohCU9E38eSchbTjmKK034qKI58Tnv+9Krwe3dUSJbEt2qWUi/C45iFjGClpaGrGA9o7pIJmw/RqFJFpoPsRr0ONbEsx64VpN5s2A60TLRAFazQHlXe3SAhWURjRTiWcmChVHk5FooRTudlN5M0xWSKx3SgaYwjKr18cfUcnmslgGEidMUKLtTvEzmOpJxFvu6MsJrI314h/uUNMhVeejmL00zRmCwXhRmHKoFFBDBgghLFZ5pgIpi+FZIJFpgoHVRZh/D1KfyfdGumhUzrxq62nFUcJXAKzsAFsEATtMA1aIMOIECAB/AEno1749F4MV6XrWvGauYE/IDx9gkNOpLY</latexit>

�̃±
<latexit sha1_base64="Vtw9cTnRlZWYNB67u4YYCHBiuec=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwFZI2pWZXcOOygn1AE8tkMmmHTiZhZlIooX/ixoUibv0Td/6N04egogcuHM65l3vvCTNGpbLtD6O0sbm1vVPereztHxwemccnXZnmApMOTlkq+iGShFFOOooqRvqZICgJGemFk+uF35sSIWnK79QsI0GCRpzGFCOlpaFp+oqyiBQ+HtP5vZ8lQ7NqW57tNup1qInjeG5tQerNhutBx7KXqII12kPz3Y9SnCeEK8yQlAPHzlRQIKEoZmRe8XNJMoQnaEQGmnKUEBkUy8vn8EIrEYxToYsruFS/TxQokXKWhLozQWosf3sL8S9vkKv4Kigoz3JFOF4tinMGVQoXMcCICoIVm2mCsKD6VojHSCCsdFgVHcLXp/B/0q1Zjm05t2615a3jKIMzcA4ugQOaoAVuQBt0AAZT8ACewLNRGI/Gi/G6ai0Z65lT8APG2ydsnpQm</latexit><latexit sha1_base64="Vtw9cTnRlZWYNB67u4YYCHBiuec=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwFZI2pWZXcOOygn1AE8tkMmmHTiZhZlIooX/ixoUibv0Td/6N04egogcuHM65l3vvCTNGpbLtD6O0sbm1vVPereztHxwemccnXZnmApMOTlkq+iGShFFOOooqRvqZICgJGemFk+uF35sSIWnK79QsI0GCRpzGFCOlpaFp+oqyiBQ+HtP5vZ8lQ7NqW57tNup1qInjeG5tQerNhutBx7KXqII12kPz3Y9SnCeEK8yQlAPHzlRQIKEoZmRe8XNJMoQnaEQGmnKUEBkUy8vn8EIrEYxToYsruFS/TxQokXKWhLozQWosf3sL8S9vkKv4Kigoz3JFOF4tinMGVQoXMcCICoIVm2mCsKD6VojHSCCsdFgVHcLXp/B/0q1Zjm05t2615a3jKIMzcA4ugQOaoAVuQBt0AAZT8ACewLNRGI/Gi/G6ai0Z65lT8APG2ydsnpQm</latexit><latexit sha1_base64="Vtw9cTnRlZWYNB67u4YYCHBiuec=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwFZI2pWZXcOOygn1AE8tkMmmHTiZhZlIooX/ixoUibv0Td/6N04egogcuHM65l3vvCTNGpbLtD6O0sbm1vVPereztHxwemccnXZnmApMOTlkq+iGShFFOOooqRvqZICgJGemFk+uF35sSIWnK79QsI0GCRpzGFCOlpaFp+oqyiBQ+HtP5vZ8lQ7NqW57tNup1qInjeG5tQerNhutBx7KXqII12kPz3Y9SnCeEK8yQlAPHzlRQIKEoZmRe8XNJMoQnaEQGmnKUEBkUy8vn8EIrEYxToYsruFS/TxQokXKWhLozQWosf3sL8S9vkKv4Kigoz3JFOF4tinMGVQoXMcCICoIVm2mCsKD6VojHSCCsdFgVHcLXp/B/0q1Zjm05t2615a3jKIMzcA4ugQOaoAVuQBt0AAZT8ACewLNRGI/Gi/G6ai0Z65lT8APG2ydsnpQm</latexit><latexit sha1_base64="Vtw9cTnRlZWYNB67u4YYCHBiuec=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwFZI2pWZXcOOygn1AE8tkMmmHTiZhZlIooX/ixoUibv0Td/6N04egogcuHM65l3vvCTNGpbLtD6O0sbm1vVPereztHxwemccnXZnmApMOTlkq+iGShFFOOooqRvqZICgJGemFk+uF35sSIWnK79QsI0GCRpzGFCOlpaFp+oqyiBQ+HtP5vZ8lQ7NqW57tNup1qInjeG5tQerNhutBx7KXqII12kPz3Y9SnCeEK8yQlAPHzlRQIKEoZmRe8XNJMoQnaEQGmnKUEBkUy8vn8EIrEYxToYsruFS/TxQokXKWhLozQWosf3sL8S9vkKv4Kigoz3JFOF4tinMGVQoXMcCICoIVm2mCsKD6VojHSCCsdFgVHcLXp/B/0q1Zjm05t2615a3jKIMzcA4ugQOaoAVuQBt0AAZT8ACewLNRGI/Gi/G6ai0Z65lT8APG2ydsnpQm</latexit>

�̃0
<latexit sha1_base64="PpDTZbSQTrd1twA2HNuCM14BJjQ=">AAAB9XicdVDLSsNAFJ34rPVVdelmsAiuwqRNqdkV3LisYB/QpGUymbRDJw9mJkoJ/Q83LhRx67+482+ctBVU9MCFwzn3cu89fsqZVAh9GGvrG5tb26Wd8u7e/sFh5ei4K5NMENohCU9E38eSchbTjmKK034qKI58Tnv+9Krwe3dUSJbEt2qWUi/C45iFjGClpaGrGA9o7pIJmw/RqFJFpoPsRr0ONbEsx64VpN5s2A60TLRAFazQHlXe3SAhWURjRTiWcmChVHk5FooRTudlN5M0xWSKx3SgaYwjKr18cfUcnmslgGEidMUKLtTvEzmOpJxFvu6MsJrI314h/uUNMhVeejmL00zRmCwXhRmHKoFFBDBgghLFZ5pgIpi+FZIJFpgoHVRZh/D1KfyfdGumhUzrxq62nFUcJXAKzsAFsEATtMA1aIMOIECAB/AEno1749F4MV6XrWvGauYE/IDx9gkNOpLY</latexit><latexit sha1_base64="PpDTZbSQTrd1twA2HNuCM14BJjQ=">AAAB9XicdVDLSsNAFJ34rPVVdelmsAiuwqRNqdkV3LisYB/QpGUymbRDJw9mJkoJ/Q83LhRx67+482+ctBVU9MCFwzn3cu89fsqZVAh9GGvrG5tb26Wd8u7e/sFh5ei4K5NMENohCU9E38eSchbTjmKK034qKI58Tnv+9Krwe3dUSJbEt2qWUi/C45iFjGClpaGrGA9o7pIJmw/RqFJFpoPsRr0ONbEsx64VpN5s2A60TLRAFazQHlXe3SAhWURjRTiWcmChVHk5FooRTudlN5M0xWSKx3SgaYwjKr18cfUcnmslgGEidMUKLtTvEzmOpJxFvu6MsJrI314h/uUNMhVeejmL00zRmCwXhRmHKoFFBDBgghLFZ5pgIpi+FZIJFpgoHVRZh/D1KfyfdGumhUzrxq62nFUcJXAKzsAFsEATtMA1aIMOIECAB/AEno1749F4MV6XrWvGauYE/IDx9gkNOpLY</latexit><latexit sha1_base64="PpDTZbSQTrd1twA2HNuCM14BJjQ=">AAAB9XicdVDLSsNAFJ34rPVVdelmsAiuwqRNqdkV3LisYB/QpGUymbRDJw9mJkoJ/Q83LhRx67+482+ctBVU9MCFwzn3cu89fsqZVAh9GGvrG5tb26Wd8u7e/sFh5ei4K5NMENohCU9E38eSchbTjmKK034qKI58Tnv+9Krwe3dUSJbEt2qWUi/C45iFjGClpaGrGA9o7pIJmw/RqFJFpoPsRr0ONbEsx64VpN5s2A60TLRAFazQHlXe3SAhWURjRTiWcmChVHk5FooRTudlN5M0xWSKx3SgaYwjKr18cfUcnmslgGEidMUKLtTvEzmOpJxFvu6MsJrI314h/uUNMhVeejmL00zRmCwXhRmHKoFFBDBgghLFZ5pgIpi+FZIJFpgoHVRZh/D1KfyfdGumhUzrxq62nFUcJXAKzsAFsEATtMA1aIMOIECAB/AEno1749F4MV6XrWvGauYE/IDx9gkNOpLY</latexit><latexit sha1_base64="PpDTZbSQTrd1twA2HNuCM14BJjQ=">AAAB9XicdVDLSsNAFJ34rPVVdelmsAiuwqRNqdkV3LisYB/QpGUymbRDJw9mJkoJ/Q83LhRx67+482+ctBVU9MCFwzn3cu89fsqZVAh9GGvrG5tb26Wd8u7e/sFh5ei4K5NMENohCU9E38eSchbTjmKK034qKI58Tnv+9Krwe3dUSJbEt2qWUi/C45iFjGClpaGrGA9o7pIJmw/RqFJFpoPsRr0ONbEsx64VpN5s2A60TLRAFazQHlXe3SAhWURjRTiWcmChVHk5FooRTudlN5M0xWSKx3SgaYwjKr18cfUcnmslgGEidMUKLtTvEzmOpJxFvu6MsJrI314h/uUNMhVeejmL00zRmCwXhRmHKoFFBDBgghLFZ5pgIpi+FZIJFpgoHVRZh/D1KfyfdGumhUzrxq62nFUcJXAKzsAFsEATtMA1aIMOIECAB/AEno1749F4MV6XrWvGauYE/IDx9gkNOpLY</latexit>

Bino

Wino

Higgsino

• Charginos and neutralinos labelled in mass order from lightest to heaviest

�̃0
1,2,3,4

<latexit sha1_base64="3ydxEW3L29csXNDLN2kh+Y5SFr8=">AAACAXicbVBNS8NAEN34WetX1IvgJVgED6UktaDHghePFewHtDFsNpN26WYTdjdCCfHiX/HiQRGv/gtv/hu3bQ7a+mDg8d4MM/P8hFGpbPvbWFldW9/YLG2Vt3d29/bNg8OOjFNBoE1iFouejyUwyqGtqGLQSwTgyGfQ9cfXU7/7AELSmN+pSQJuhIechpRgpSXPPB4oygLIBmREcy9zqvXqRbWR39ueWbFr9gzWMnEKUkEFWp75NQhikkbAFWFYyr5jJ8rNsFCUMMjLg1RCgskYD6GvKccRSDebfZBbZ1oJrDAWuriyZurviQxHUk4iX3dGWI3kojcV//P6qQqv3IzyJFXAyXxRmDJLxdY0DiugAohiE00wEVTfapERFpgoHVpZh+AsvrxMOvWaY9ec20al2SjiKKETdIrOkYMuURPdoBZqI4Ie0TN6RW/Gk/FivBsf89YVo5g5Qn9gfP4AvuaVtg==</latexit><latexit sha1_base64="3ydxEW3L29csXNDLN2kh+Y5SFr8=">AAACAXicbVBNS8NAEN34WetX1IvgJVgED6UktaDHghePFewHtDFsNpN26WYTdjdCCfHiX/HiQRGv/gtv/hu3bQ7a+mDg8d4MM/P8hFGpbPvbWFldW9/YLG2Vt3d29/bNg8OOjFNBoE1iFouejyUwyqGtqGLQSwTgyGfQ9cfXU7/7AELSmN+pSQJuhIechpRgpSXPPB4oygLIBmREcy9zqvXqRbWR39ueWbFr9gzWMnEKUkEFWp75NQhikkbAFWFYyr5jJ8rNsFCUMMjLg1RCgskYD6GvKccRSDebfZBbZ1oJrDAWuriyZurviQxHUk4iX3dGWI3kojcV//P6qQqv3IzyJFXAyXxRmDJLxdY0DiugAohiE00wEVTfapERFpgoHVpZh+AsvrxMOvWaY9ec20al2SjiKKETdIrOkYMuURPdoBZqI4Ie0TN6RW/Gk/FivBsf89YVo5g5Qn9gfP4AvuaVtg==</latexit><latexit sha1_base64="3ydxEW3L29csXNDLN2kh+Y5SFr8=">AAACAXicbVBNS8NAEN34WetX1IvgJVgED6UktaDHghePFewHtDFsNpN26WYTdjdCCfHiX/HiQRGv/gtv/hu3bQ7a+mDg8d4MM/P8hFGpbPvbWFldW9/YLG2Vt3d29/bNg8OOjFNBoE1iFouejyUwyqGtqGLQSwTgyGfQ9cfXU7/7AELSmN+pSQJuhIechpRgpSXPPB4oygLIBmREcy9zqvXqRbWR39ueWbFr9gzWMnEKUkEFWp75NQhikkbAFWFYyr5jJ8rNsFCUMMjLg1RCgskYD6GvKccRSDebfZBbZ1oJrDAWuriyZurviQxHUk4iX3dGWI3kojcV//P6qQqv3IzyJFXAyXxRmDJLxdY0DiugAohiE00wEVTfapERFpgoHVpZh+AsvrxMOvWaY9ec20al2SjiKKETdIrOkYMuURPdoBZqI4Ie0TN6RW/Gk/FivBsf89YVo5g5Qn9gfP4AvuaVtg==</latexit><latexit sha1_base64="3ydxEW3L29csXNDLN2kh+Y5SFr8=">AAACAXicbVBNS8NAEN34WetX1IvgJVgED6UktaDHghePFewHtDFsNpN26WYTdjdCCfHiX/HiQRGv/gtv/hu3bQ7a+mDg8d4MM/P8hFGpbPvbWFldW9/YLG2Vt3d29/bNg8OOjFNBoE1iFouejyUwyqGtqGLQSwTgyGfQ9cfXU7/7AELSmN+pSQJuhIechpRgpSXPPB4oygLIBmREcy9zqvXqRbWR39ueWbFr9gzWMnEKUkEFWp75NQhikkbAFWFYyr5jJ8rNsFCUMMjLg1RCgskYD6GvKccRSDebfZBbZ1oJrDAWuriyZurviQxHUk4iX3dGWI3kojcV//P6qQqv3IzyJFXAyXxRmDJLxdY0DiugAohiE00wEVTfapERFpgoHVpZh+AsvrxMOvWaY9ec20al2SjiKKETdIrOkYMuURPdoBZqI4Ie0TN6RW/Gk/FivBsf89YVo5g5Qn9gfP4AvuaVtg==</latexit>
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<latexit sha1_base64="GhOpVuIqELfR4bjUjblGQS7JE6E=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCCylJKeiy4MZlBfuAJobJZNIOnZmEmYlQYhb+ihsXirj1N9z5N07bLLT1wIXDOfdy7z1hyqjSjvNtrayurW9sVraq2zu7e/v2wWFXJZnEpIMTlsh+iBRhVJCOppqRfioJ4iEjvXB8PfV7D0Qqmog7PUmJz9FQ0JhipI0U2MeepiwiuYdHtAhy96JR3HspD+yaU3dmgMvELUkNlGgH9pcXJTjjRGjMkFID10m1nyOpKWakqHqZIinCYzQkA0MF4kT5+ez+Ap4ZJYJxIk0JDWfq74kccaUmPDSdHOmRWvSm4n/eINPxlZ9TkWaaCDxfFGcM6gROw4ARlQRrNjEEYUnNrRCPkERYm8iqJgR38eVl0m3UXafu3jZrrWYZRwWcgFNwDlxwCVrgBrRBB2DwCJ7BK3iznqwX6936mLeuWOXMEfgD6/MH13+V7A==</latexit><latexit sha1_base64="GhOpVuIqELfR4bjUjblGQS7JE6E=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCCylJKeiy4MZlBfuAJobJZNIOnZmEmYlQYhb+ihsXirj1N9z5N07bLLT1wIXDOfdy7z1hyqjSjvNtrayurW9sVraq2zu7e/v2wWFXJZnEpIMTlsh+iBRhVJCOppqRfioJ4iEjvXB8PfV7D0Qqmog7PUmJz9FQ0JhipI0U2MeepiwiuYdHtAhy96JR3HspD+yaU3dmgMvELUkNlGgH9pcXJTjjRGjMkFID10m1nyOpKWakqHqZIinCYzQkA0MF4kT5+ez+Ap4ZJYJxIk0JDWfq74kccaUmPDSdHOmRWvSm4n/eINPxlZ9TkWaaCDxfFGcM6gROw4ARlQRrNjEEYUnNrRCPkERYm8iqJgR38eVl0m3UXafu3jZrrWYZRwWcgFNwDlxwCVrgBrRBB2DwCJ7BK3iznqwX6936mLeuWOXMEfgD6/MH13+V7A==</latexit><latexit sha1_base64="GhOpVuIqELfR4bjUjblGQS7JE6E=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCCylJKeiy4MZlBfuAJobJZNIOnZmEmYlQYhb+ihsXirj1N9z5N07bLLT1wIXDOfdy7z1hyqjSjvNtrayurW9sVraq2zu7e/v2wWFXJZnEpIMTlsh+iBRhVJCOppqRfioJ4iEjvXB8PfV7D0Qqmog7PUmJz9FQ0JhipI0U2MeepiwiuYdHtAhy96JR3HspD+yaU3dmgMvELUkNlGgH9pcXJTjjRGjMkFID10m1nyOpKWakqHqZIinCYzQkA0MF4kT5+ez+Ap4ZJYJxIk0JDWfq74kccaUmPDSdHOmRWvSm4n/eINPxlZ9TkWaaCDxfFGcM6gROw4ARlQRrNjEEYUnNrRCPkERYm8iqJgR38eVl0m3UXafu3jZrrWYZRwWcgFNwDlxwCVrgBrRBB2DwCJ7BK3iznqwX6936mLeuWOXMEfgD6/MH13+V7A==</latexit><latexit sha1_base64="GhOpVuIqELfR4bjUjblGQS7JE6E=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCCylJKeiy4MZlBfuAJobJZNIOnZmEmYlQYhb+ihsXirj1N9z5N07bLLT1wIXDOfdy7z1hyqjSjvNtrayurW9sVraq2zu7e/v2wWFXJZnEpIMTlsh+iBRhVJCOppqRfioJ4iEjvXB8PfV7D0Qqmog7PUmJz9FQ0JhipI0U2MeepiwiuYdHtAhy96JR3HspD+yaU3dmgMvELUkNlGgH9pcXJTjjRGjMkFID10m1nyOpKWakqHqZIinCYzQkA0MF4kT5+ez+Ap4ZJYJxIk0JDWfq74kccaUmPDSdHOmRWvSm4n/eINPxlZ9TkWaaCDxfFGcM6gROw4ARlQRrNjEEYUnNrRCPkERYm8iqJgR38eVl0m3UXafu3jZrrWYZRwWcgFNwDlxwCVrgBrRBB2DwCJ7BK3iznqwX6936mLeuWOXMEfgD6/MH13+V7A==</latexit>

Charginos and neutralinos



09 June 2021Will Fawcett (University of Cambridge)

A closer look at their decays
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<latexit sha1_base64="63twQLxtGsD/pJjgwGcJ4MkOCZ8=">AAACGHicbVDLSgNBEJz1GeMr6tHLYBA8xV0R9Bj04jGCeUA2LrOznWTI7IOZXiUs+Qwv/ooXD4p4zc2/cTaJoIkFA0VVNT1dfiKFRtv+spaWV1bX1gsbxc2t7Z3d0t5+Q8ep4lDnsYxVy2capIigjgIltBIFLPQlNP3Bde43H0BpEUd3OEygE7JeJLqCMzSSVzp1UcgAMhekHFFXiV4fmVLxI/0xeF+MPOfepnmEeqWyXbEnoIvEmZEymaHmlcZuEPM0hAi5ZFq3HTvBTsYUCi5hVHRTDQnjA9aDtqERC0F3sslhI3pslIB2Y2VehHSi/p7IWKj1MPRNMmTY1/NeLv7ntVPsXnYyESUpQsSni7qppBjTvCUaCAUc5dAQxpUwf6W8zxTjaLosmhKc+ZMXSeOs4tgV5/a8XL2a1VEgh+SInBCHXJAquSE1UiecPJEX8kberWfr1fqwPqfRJWs2c0D+wBp/AwOhoFI=</latexit><latexit sha1_base64="63twQLxtGsD/pJjgwGcJ4MkOCZ8=">AAACGHicbVDLSgNBEJz1GeMr6tHLYBA8xV0R9Bj04jGCeUA2LrOznWTI7IOZXiUs+Qwv/ooXD4p4zc2/cTaJoIkFA0VVNT1dfiKFRtv+spaWV1bX1gsbxc2t7Z3d0t5+Q8ep4lDnsYxVy2capIigjgIltBIFLPQlNP3Bde43H0BpEUd3OEygE7JeJLqCMzSSVzp1UcgAMhekHFFXiV4fmVLxI/0xeF+MPOfepnmEeqWyXbEnoIvEmZEymaHmlcZuEPM0hAi5ZFq3HTvBTsYUCi5hVHRTDQnjA9aDtqERC0F3sslhI3pslIB2Y2VehHSi/p7IWKj1MPRNMmTY1/NeLv7ntVPsXnYyESUpQsSni7qppBjTvCUaCAUc5dAQxpUwf6W8zxTjaLosmhKc+ZMXSeOs4tgV5/a8XL2a1VEgh+SInBCHXJAquSE1UiecPJEX8kberWfr1fqwPqfRJWs2c0D+wBp/AwOhoFI=</latexit><latexit sha1_base64="63twQLxtGsD/pJjgwGcJ4MkOCZ8=">AAACGHicbVDLSgNBEJz1GeMr6tHLYBA8xV0R9Bj04jGCeUA2LrOznWTI7IOZXiUs+Qwv/ooXD4p4zc2/cTaJoIkFA0VVNT1dfiKFRtv+spaWV1bX1gsbxc2t7Z3d0t5+Q8ep4lDnsYxVy2capIigjgIltBIFLPQlNP3Bde43H0BpEUd3OEygE7JeJLqCMzSSVzp1UcgAMhekHFFXiV4fmVLxI/0xeF+MPOfepnmEeqWyXbEnoIvEmZEymaHmlcZuEPM0hAi5ZFq3HTvBTsYUCi5hVHRTDQnjA9aDtqERC0F3sslhI3pslIB2Y2VehHSi/p7IWKj1MPRNMmTY1/NeLv7ntVPsXnYyESUpQsSni7qppBjTvCUaCAUc5dAQxpUwf6W8zxTjaLosmhKc+ZMXSeOs4tgV5/a8XL2a1VEgh+SInBCHXJAquSE1UiecPJEX8kberWfr1fqwPqfRJWs2c0D+wBp/AwOhoFI=</latexit><latexit sha1_base64="63twQLxtGsD/pJjgwGcJ4MkOCZ8=">AAACGHicbVDLSgNBEJz1GeMr6tHLYBA8xV0R9Bj04jGCeUA2LrOznWTI7IOZXiUs+Qwv/ooXD4p4zc2/cTaJoIkFA0VVNT1dfiKFRtv+spaWV1bX1gsbxc2t7Z3d0t5+Q8ep4lDnsYxVy2capIigjgIltBIFLPQlNP3Bde43H0BpEUd3OEygE7JeJLqCMzSSVzp1UcgAMhekHFFXiV4fmVLxI/0xeF+MPOfepnmEeqWyXbEnoIvEmZEymaHmlcZuEPM0hAi5ZFq3HTvBTsYUCi5hVHRTDQnjA9aDtqERC0F3sslhI3pslIB2Y2VehHSi/p7IWKj1MPRNMmTY1/NeLv7ntVPsXnYyESUpQsSni7qppBjTvCUaCAUc5dAQxpUwf6W8zxTjaLosmhKc+ZMXSeOs4tgV5/a8XL2a1VEgh+SInBCHXJAquSE1UiecPJEX8kberWfr1fqwPqfRJWs2c0D+wBp/AwOhoFI=</latexit>

Higgsino Bino+compressed slepton
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<latexit sha1_base64="dk928h7g/Ne98exz/EegzeYfwMQ=">AAACNnicbVDLSgNBEJyN7/ha9ehlMAgiEnZF0KPoxYsQwTwwuwmzk04yZPbBTK8SlnyVF7/DmxcPinj1E5xNcjBqwzRFVTU9XUEihUbHebEKc/MLi0vLK8XVtfWNTXtru6bjVHGo8ljGqhEwDVJEUEWBEhqJAhYGEurB4DLX6/egtIijWxwm4IesF4mu4AwN1bavPRSyA5nH+2LUPm451FOi10emVPxAZ0TXiHetw6O8zbpAynErtu2SU3bGRf8CdwpKZFqVtv3sdWKehhAhl0zrpusk6GdMoeASRkUv1ZAwPmA9aBoYsRC0n43PHtF9w3RoN1bmRUjH7M+JjIVaD8PAOEOGff1by8n/tGaK3TM/E1GSIkR8sqibSooxzTOkHaGAoxwawLgS5q+U95liHE3SeQju75P/gtpx2XXK7s1J6fxiGscy2SV75IC45JSckytSIVXCySN5IW/k3XqyXq0P63NiLVjTmR0yU9bXN6Cpqyw=</latexit><latexit sha1_base64="dk928h7g/Ne98exz/EegzeYfwMQ=">AAACNnicbVDLSgNBEJyN7/ha9ehlMAgiEnZF0KPoxYsQwTwwuwmzk04yZPbBTK8SlnyVF7/DmxcPinj1E5xNcjBqwzRFVTU9XUEihUbHebEKc/MLi0vLK8XVtfWNTXtru6bjVHGo8ljGqhEwDVJEUEWBEhqJAhYGEurB4DLX6/egtIijWxwm4IesF4mu4AwN1bavPRSyA5nH+2LUPm451FOi10emVPxAZ0TXiHetw6O8zbpAynErtu2SU3bGRf8CdwpKZFqVtv3sdWKehhAhl0zrpusk6GdMoeASRkUv1ZAwPmA9aBoYsRC0n43PHtF9w3RoN1bmRUjH7M+JjIVaD8PAOEOGff1by8n/tGaK3TM/E1GSIkR8sqibSooxzTOkHaGAoxwawLgS5q+U95liHE3SeQju75P/gtpx2XXK7s1J6fxiGscy2SV75IC45JSckytSIVXCySN5IW/k3XqyXq0P63NiLVjTmR0yU9bXN6Cpqyw=</latexit><latexit sha1_base64="dk928h7g/Ne98exz/EegzeYfwMQ=">AAACNnicbVDLSgNBEJyN7/ha9ehlMAgiEnZF0KPoxYsQwTwwuwmzk04yZPbBTK8SlnyVF7/DmxcPinj1E5xNcjBqwzRFVTU9XUEihUbHebEKc/MLi0vLK8XVtfWNTXtru6bjVHGo8ljGqhEwDVJEUEWBEhqJAhYGEurB4DLX6/egtIijWxwm4IesF4mu4AwN1bavPRSyA5nH+2LUPm451FOi10emVPxAZ0TXiHetw6O8zbpAynErtu2SU3bGRf8CdwpKZFqVtv3sdWKehhAhl0zrpusk6GdMoeASRkUv1ZAwPmA9aBoYsRC0n43PHtF9w3RoN1bmRUjH7M+JjIVaD8PAOEOGff1by8n/tGaK3TM/E1GSIkR8sqibSooxzTOkHaGAoxwawLgS5q+U95liHE3SeQju75P/gtpx2XXK7s1J6fxiGscy2SV75IC45JSckytSIVXCySN5IW/k3XqyXq0P63NiLVjTmR0yU9bXN6Cpqyw=</latexit><latexit sha1_base64="dk928h7g/Ne98exz/EegzeYfwMQ=">AAACNnicbVDLSgNBEJyN7/ha9ehlMAgiEnZF0KPoxYsQwTwwuwmzk04yZPbBTK8SlnyVF7/DmxcPinj1E5xNcjBqwzRFVTU9XUEihUbHebEKc/MLi0vLK8XVtfWNTXtru6bjVHGo8ljGqhEwDVJEUEWBEhqJAhYGEurB4DLX6/egtIijWxwm4IesF4mu4AwN1bavPRSyA5nH+2LUPm451FOi10emVPxAZ0TXiHetw6O8zbpAynErtu2SU3bGRf8CdwpKZFqVtv3sdWKehhAhl0zrpusk6GdMoeASRkUv1ZAwPmA9aBoYsRC0n43PHtF9w3RoN1bmRUjH7M+JjIVaD8PAOEOGff1by8n/tGaK3TM/E1GSIkR8sqibSooxzTOkHaGAoxwawLgS5q+U95liHE3SeQju75P/gtpx2XXK7s1J6fxiGscy2SV75IC45JSckytSIVXCySN5IW/k3XqyXq0P63NiLVjTmR0yU9bXN6Cpqyw=</latexit>

• Coannihilation “natural” for higgsinos


• Bino requires another SUSY particle to be compressed, e.g. the slepton


• Both leave the same signature: a pair of soft leptons


• Can search for Binos and Higgsinos at the same time

x 2



09 June 2021Will Fawcett (University of Cambridge)

The Higgsino: a special particle in SUSY

30

1. In “natural” SUSY models, higgsinos should be light


•     (which controls all higgsino masses) and          (set by stop and gluino 
masses) should both be small for fine-tuning to be minimal


• Higgsino masses affect fine-tuning at tree-level!


2. If the lightest neutralinos and charginos are dominated by the higgsino, the 
mass splitting between them will be small: O(100 MeV - several GeV)


• The mass splitting is determined by how dominant the higgsino component is 


3. Large datasets at the LHC mean we are finally competitive with LEP limits!
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09 June 2021Will Fawcett (University of Cambridge)

Mono-jet: dark matter signatures = SUSY signatures arXiv:2102.10874 

31

Jet with pT = 1.7 TeV 

https://arxiv.org/abs/2102.10874


09 June 2021Will Fawcett (University of Cambridge)

Mono-jet: search strategy                         

32

• Select events with at least 1 energetic jet, no leptons or photons

• Leading jet       > 250 GeV,            > 200 GeV

• Seek increase in events at high “recoil pT”

• Can search for direct DM production, SUSY or Dark Energy!

pT
<latexit sha1_base64="nnd3VK6C0rH6e3yitE5WTTk6R0k=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiG5cV+oJ2LJk004YmmSHJKGWY/3DjQhG3/os7/8ZMOwttPRA4nHMv9+QEMWfauO63U1pb39jcKm9Xdnb39g+qh0cdHSWK0DaJeKR6AdaUM0nbhhlOe7GiWAScdoPpbe53H6nSLJItM4upL/BYspARbKz0EA/TgcBmokTayrJhtebW3TnQKvEKUoMCzWH1azCKSCKoNIRjrfueGxs/xcowwmlWGSSaxphM8Zj2LZVYUO2n89QZOrPKCIWRsk8aNFd/b6RYaD0TgZ3MI+plLxf/8/qJCa/9lMk4MVSSxaEw4chEKK8AjZiixPCZJZgoZrMiMsEKE2OLqtgSvOUvr5LORd1z6979Za1xU9RRhhM4hXPw4AoacAdNaAMBBc/wCm/Ok/PivDsfi9GSU+wcwx84nz9DEJL+</latexit><latexit sha1_base64="nnd3VK6C0rH6e3yitE5WTTk6R0k=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiG5cV+oJ2LJk004YmmSHJKGWY/3DjQhG3/os7/8ZMOwttPRA4nHMv9+QEMWfauO63U1pb39jcKm9Xdnb39g+qh0cdHSWK0DaJeKR6AdaUM0nbhhlOe7GiWAScdoPpbe53H6nSLJItM4upL/BYspARbKz0EA/TgcBmokTayrJhtebW3TnQKvEKUoMCzWH1azCKSCKoNIRjrfueGxs/xcowwmlWGSSaxphM8Zj2LZVYUO2n89QZOrPKCIWRsk8aNFd/b6RYaD0TgZ3MI+plLxf/8/qJCa/9lMk4MVSSxaEw4chEKK8AjZiixPCZJZgoZrMiMsEKE2OLqtgSvOUvr5LORd1z6979Za1xU9RRhhM4hXPw4AoacAdNaAMBBc/wCm/Ok/PivDsfi9GSU+wcwx84nz9DEJL+</latexit><latexit sha1_base64="nnd3VK6C0rH6e3yitE5WTTk6R0k=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiG5cV+oJ2LJk004YmmSHJKGWY/3DjQhG3/os7/8ZMOwttPRA4nHMv9+QEMWfauO63U1pb39jcKm9Xdnb39g+qh0cdHSWK0DaJeKR6AdaUM0nbhhlOe7GiWAScdoPpbe53H6nSLJItM4upL/BYspARbKz0EA/TgcBmokTayrJhtebW3TnQKvEKUoMCzWH1azCKSCKoNIRjrfueGxs/xcowwmlWGSSaxphM8Zj2LZVYUO2n89QZOrPKCIWRsk8aNFd/b6RYaD0TgZ3MI+plLxf/8/qJCa/9lMk4MVSSxaEw4chEKK8AjZiixPCZJZgoZrMiMsEKE2OLqtgSvOUvr5LORd1z6979Za1xU9RRhhM4hXPw4AoacAdNaAMBBc/wCm/Ok/PivDsfi9GSU+wcwx84nz9DEJL+</latexit><latexit sha1_base64="nnd3VK6C0rH6e3yitE5WTTk6R0k=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoMuiG5cV+oJ2LJk004YmmSHJKGWY/3DjQhG3/os7/8ZMOwttPRA4nHMv9+QEMWfauO63U1pb39jcKm9Xdnb39g+qh0cdHSWK0DaJeKR6AdaUM0nbhhlOe7GiWAScdoPpbe53H6nSLJItM4upL/BYspARbKz0EA/TgcBmokTayrJhtebW3TnQKvEKUoMCzWH1azCKSCKoNIRjrfueGxs/xcowwmlWGSSaxphM8Zj2LZVYUO2n89QZOrPKCIWRsk8aNFd/b6RYaD0TgZ3MI+plLxf/8/qJCa/9lMk4MVSSxaEw4chEKK8AjZiixPCZJZgoZrMiMsEKE2OLqtgSvOUvr5LORd1z6979Za1xU9RRhhM4hXPw4AoacAdNaAMBBc/wCm/Ok/PivDsfi9GSU+wcwx84nz9DEJL+</latexit>
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<latexit sha1_base64="xHCs/jGWOm3igwzJ1f0UlUyTieQ=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgqsyIoMuiCC4r9AXtOGTSTBuaZIYkI5Rhdm78FTcuFHHrL7jzb8y0g2jrgcDJOfdy7z1BzKjSjvNllZaWV1bXyuuVjc2t7R17d6+tokRi0sIRi2Q3QIowKkhLU81IN5YE8YCRTjC+yv3OPZGKRqKpJzHxOBoKGlKMtJF8+/DaT/sc6ZHkaTPL7n4+nCqVZb5ddWrOFHCRuAWpggIN3/7sDyKccCI0ZkipnuvE2kuR1BQzklX6iSIxwmM0JD1DBeJEeen0jgweG2UAw0iaJzScqr87UsSVmvDAVOZbqnkvF//zeokOL7yUijjRRODZoDBhUEcwDwUOqCRYs4khCEtqdoV4hCTC2kRXMSG48ycvkvZpzXVq7u1ZtX5ZxFEGB+AInAAXnIM6uAEN0AIYPIAn8AJerUfr2Xqz3melJavo2Qd/YH18A9wnmpM=</latexit><latexit sha1_base64="xHCs/jGWOm3igwzJ1f0UlUyTieQ=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgqsyIoMuiCC4r9AXtOGTSTBuaZIYkI5Rhdm78FTcuFHHrL7jzb8y0g2jrgcDJOfdy7z1BzKjSjvNllZaWV1bXyuuVjc2t7R17d6+tokRi0sIRi2Q3QIowKkhLU81IN5YE8YCRTjC+yv3OPZGKRqKpJzHxOBoKGlKMtJF8+/DaT/sc6ZHkaTPL7n4+nCqVZb5ddWrOFHCRuAWpggIN3/7sDyKccCI0ZkipnuvE2kuR1BQzklX6iSIxwmM0JD1DBeJEeen0jgweG2UAw0iaJzScqr87UsSVmvDAVOZbqnkvF//zeokOL7yUijjRRODZoDBhUEcwDwUOqCRYs4khCEtqdoV4hCTC2kRXMSG48ycvkvZpzXVq7u1ZtX5ZxFEGB+AInAAXnIM6uAEN0AIYPIAn8AJerUfr2Xqz3melJavo2Qd/YH18A9wnmpM=</latexit><latexit sha1_base64="xHCs/jGWOm3igwzJ1f0UlUyTieQ=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgqsyIoMuiCC4r9AXtOGTSTBuaZIYkI5Rhdm78FTcuFHHrL7jzb8y0g2jrgcDJOfdy7z1BzKjSjvNllZaWV1bXyuuVjc2t7R17d6+tokRi0sIRi2Q3QIowKkhLU81IN5YE8YCRTjC+yv3OPZGKRqKpJzHxOBoKGlKMtJF8+/DaT/sc6ZHkaTPL7n4+nCqVZb5ddWrOFHCRuAWpggIN3/7sDyKccCI0ZkipnuvE2kuR1BQzklX6iSIxwmM0JD1DBeJEeen0jgweG2UAw0iaJzScqr87UsSVmvDAVOZbqnkvF//zeokOL7yUijjRRODZoDBhUEcwDwUOqCRYs4khCEtqdoV4hCTC2kRXMSG48ycvkvZpzXVq7u1ZtX5ZxFEGB+AInAAXnIM6uAEN0AIYPIAn8AJerUfr2Xqz3melJavo2Qd/YH18A9wnmpM=</latexit><latexit sha1_base64="xHCs/jGWOm3igwzJ1f0UlUyTieQ=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgqsyIoMuiCC4r9AXtOGTSTBuaZIYkI5Rhdm78FTcuFHHrL7jzb8y0g2jrgcDJOfdy7z1BzKjSjvNllZaWV1bXyuuVjc2t7R17d6+tokRi0sIRi2Q3QIowKkhLU81IN5YE8YCRTjC+yv3OPZGKRqKpJzHxOBoKGlKMtJF8+/DaT/sc6ZHkaTPL7n4+nCqVZb5ddWrOFHCRuAWpggIN3/7sDyKccCI0ZkipnuvE2kuR1BQzklX6iSIxwmM0JD1DBeJEeen0jgweG2UAw0iaJzScqr87UsSVmvDAVOZbqnkvF//zeokOL7yUijjRRODZoDBhUEcwDwUOqCRYs4khCEtqdoV4hCTC2kRXMSG48ycvkvZpzXVq7u1ZtX5ZxFEGB+AInAAXnIM6uAEN0AIYPIAn8AJerUfr2Xqz3melJavo2Qd/YH18A9wnmpM=</latexit>

m(q̃)
<latexit sha1_base64="Xga0Fw6aCE4ivo28CGu9pE8BeM0=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBahXkoigh6LXjxWsB/QhLLZbNqlu5u4OxFK6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzwlRwA6777ZTW1jc2t8rblZ3dvf2D6uFRxySZpqxNE5HoXkgME1yxNnAQrJdqRmQoWDcc38787hPThifqASYpCyQZKh5zSsBKvqz7wEXE8sfp+aBacxvuHHiVeAWpoQKtQfXLjxKaSaaACmJM33NTCHKigVPBphU/MywldEyGrG+pIpKZIJ/fPMVnVolwnGhbCvBc/T2RE2nMRIa2UxIYmWVvJv7n9TOIr4OcqzQDpuhiUZwJDAmeBYAjrhkFMbGEUM3trZiOiCYUbEwVG4K3/PIq6Vw0PLfh3V/WmjdFHGV0gk5RHXnoCjXRHWqhNqIoRc/oFb05mfPivDsfi9aSU8wcoz9wPn8A0bmRhw==</latexit><latexit sha1_base64="Xga0Fw6aCE4ivo28CGu9pE8BeM0=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBahXkoigh6LXjxWsB/QhLLZbNqlu5u4OxFK6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzwlRwA6777ZTW1jc2t8rblZ3dvf2D6uFRxySZpqxNE5HoXkgME1yxNnAQrJdqRmQoWDcc38787hPThifqASYpCyQZKh5zSsBKvqz7wEXE8sfp+aBacxvuHHiVeAWpoQKtQfXLjxKaSaaACmJM33NTCHKigVPBphU/MywldEyGrG+pIpKZIJ/fPMVnVolwnGhbCvBc/T2RE2nMRIa2UxIYmWVvJv7n9TOIr4OcqzQDpuhiUZwJDAmeBYAjrhkFMbGEUM3trZiOiCYUbEwVG4K3/PIq6Vw0PLfh3V/WmjdFHGV0gk5RHXnoCjXRHWqhNqIoRc/oFb05mfPivDsfi9aSU8wcoz9wPn8A0bmRhw==</latexit><latexit sha1_base64="Xga0Fw6aCE4ivo28CGu9pE8BeM0=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBahXkoigh6LXjxWsB/QhLLZbNqlu5u4OxFK6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzwlRwA6777ZTW1jc2t8rblZ3dvf2D6uFRxySZpqxNE5HoXkgME1yxNnAQrJdqRmQoWDcc38787hPThifqASYpCyQZKh5zSsBKvqz7wEXE8sfp+aBacxvuHHiVeAWpoQKtQfXLjxKaSaaACmJM33NTCHKigVPBphU/MywldEyGrG+pIpKZIJ/fPMVnVolwnGhbCvBc/T2RE2nMRIa2UxIYmWVvJv7n9TOIr4OcqzQDpuhiUZwJDAmeBYAjrhkFMbGEUM3trZiOiCYUbEwVG4K3/PIq6Vw0PLfh3V/WmjdFHGV0gk5RHXnoCjXRHWqhNqIoRc/oFb05mfPivDsfi9aSU8wcoz9wPn8A0bmRhw==</latexit><latexit sha1_base64="Xga0Fw6aCE4ivo28CGu9pE8BeM0=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBahXkoigh6LXjxWsB/QhLLZbNqlu5u4OxFK6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzwlRwA6777ZTW1jc2t8rblZ3dvf2D6uFRxySZpqxNE5HoXkgME1yxNnAQrJdqRmQoWDcc38787hPThifqASYpCyQZKh5zSsBKvqz7wEXE8sfp+aBacxvuHHiVeAWpoQKtQfXLjxKaSaaACmJM33NTCHKigVPBphU/MywldEyGrG+pIpKZIJ/fPMVnVolwnGhbCvBc/T2RE2nMRIa2UxIYmWVvJv7n9TOIr4OcqzQDpuhiUZwJDAmeBYAjrhkFMbGEUM3trZiOiCYUbEwVG4K3/PIq6Vw0PLfh3V/WmjdFHGV0gk5RHXnoCjXRHWqhNqIoRc/oFb05mfPivDsfi9aSU8wcoz9wPn8A0bmRhw==</latexit>

0
<latexit sha1_base64="6ZTwbptvK00HUiMuNssEoeJJPkc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AeRmMtA==</latexit><latexit sha1_base64="6ZTwbptvK00HUiMuNssEoeJJPkc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AeRmMtA==</latexit><latexit sha1_base64="6ZTwbptvK00HUiMuNssEoeJJPkc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AeRmMtA==</latexit><latexit sha1_base64="6ZTwbptvK00HUiMuNssEoeJJPkc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1U9t+o1ryv12zyOIpzBOVyCBzWowz00oAUMEJ7hFd6cR+fFeXc+lq0FJ585hT9wPn8AeRmMtA==</latexit>

m(�̃0
1)

<latexit sha1_base64="/+ZtTnTmRbaU8dZdCRbArgZ847g=">AAAB/HicbVDLSsNAFJ3UV62vaJduBotQNyURQZdFNy4r2Ac0MUwmk3bozCTMTIQQ6q+4caGIWz/EnX/jtM1CWw9cOJxzL/feE6aMKu0431ZlbX1jc6u6XdvZ3ds/sA+PeirJJCZdnLBEDkKkCKOCdDXVjAxSSRAPGemHk5uZ338kUtFE3Os8JT5HI0FjipE2UmDXedPTlEWk8PCYTgP3wTkL7IbTcuaAq8QtSQOU6AT2lxclOONEaMyQUkPXSbVfIKkpZmRa8zJFUoQnaESGhgrEifKL+fFTeGqUCMaJNCU0nKu/JwrElcp5aDo50mO17M3E/7xhpuMrv6AizTQReLEozhjUCZwlASMqCdYsNwRhSc2tEI+RRFibvGomBHf55VXSO2+5Tsu9u2i0r8s4quAYnIAmcMElaINb0AFdgEEOnsEreLOerBfr3fpYtFascqYO/sD6/AHZypQ7</latexit><latexit sha1_base64="/+ZtTnTmRbaU8dZdCRbArgZ847g=">AAAB/HicbVDLSsNAFJ3UV62vaJduBotQNyURQZdFNy4r2Ac0MUwmk3bozCTMTIQQ6q+4caGIWz/EnX/jtM1CWw9cOJxzL/feE6aMKu0431ZlbX1jc6u6XdvZ3ds/sA+PeirJJCZdnLBEDkKkCKOCdDXVjAxSSRAPGemHk5uZ338kUtFE3Os8JT5HI0FjipE2UmDXedPTlEWk8PCYTgP3wTkL7IbTcuaAq8QtSQOU6AT2lxclOONEaMyQUkPXSbVfIKkpZmRa8zJFUoQnaESGhgrEifKL+fFTeGqUCMaJNCU0nKu/JwrElcp5aDo50mO17M3E/7xhpuMrv6AizTQReLEozhjUCZwlASMqCdYsNwRhSc2tEI+RRFibvGomBHf55VXSO2+5Tsu9u2i0r8s4quAYnIAmcMElaINb0AFdgEEOnsEreLOerBfr3fpYtFascqYO/sD6/AHZypQ7</latexit><latexit sha1_base64="/+ZtTnTmRbaU8dZdCRbArgZ847g=">AAAB/HicbVDLSsNAFJ3UV62vaJduBotQNyURQZdFNy4r2Ac0MUwmk3bozCTMTIQQ6q+4caGIWz/EnX/jtM1CWw9cOJxzL/feE6aMKu0431ZlbX1jc6u6XdvZ3ds/sA+PeirJJCZdnLBEDkKkCKOCdDXVjAxSSRAPGemHk5uZ338kUtFE3Os8JT5HI0FjipE2UmDXedPTlEWk8PCYTgP3wTkL7IbTcuaAq8QtSQOU6AT2lxclOONEaMyQUkPXSbVfIKkpZmRa8zJFUoQnaESGhgrEifKL+fFTeGqUCMaJNCU0nKu/JwrElcp5aDo50mO17M3E/7xhpuMrv6AizTQReLEozhjUCZwlASMqCdYsNwRhSc2tEI+RRFibvGomBHf55VXSO2+5Tsu9u2i0r8s4quAYnIAmcMElaINb0AFdgEEOnsEreLOerBfr3fpYtFascqYO/sD6/AHZypQ7</latexit><latexit sha1_base64="/+ZtTnTmRbaU8dZdCRbArgZ847g=">AAAB/HicbVDLSsNAFJ3UV62vaJduBotQNyURQZdFNy4r2Ac0MUwmk3bozCTMTIQQ6q+4caGIWz/EnX/jtM1CWw9cOJxzL/feE6aMKu0431ZlbX1jc6u6XdvZ3ds/sA+PeirJJCZdnLBEDkKkCKOCdDXVjAxSSRAPGemHk5uZ338kUtFE3Os8JT5HI0FjipE2UmDXedPTlEWk8PCYTgP3wTkL7IbTcuaAq8QtSQOU6AT2lxclOONEaMyQUkPXSbVfIKkpZmRa8zJFUoQnaESGhgrEifKL+fFTeGqUCMaJNCU0nKu/JwrElcp5aDo50mO17M3E/7xhpuMrv6AizTQReLEozhjUCZwlASMqCdYsNwRhSc2tEI+RRFibvGomBHf55VXSO2+5Tsu9u2i0r8s4quAYnIAmcMElaINb0AFdgEEOnsEreLOerBfr3fpYtFascqYO/sD6/AHZypQ7</latexit>

Emiss
T

<latexit sha1_base64="VarGQHM75+jwGO2zwjF13+0EvLk=">AAACBnicbZDLSsNAFIYn9VbrLepShMEiuCqJCLosiuCyQm/QxjCZTtqhM5MwMxFKyMqNr+LGhSJufQZ3vo2TNoK2/jDw8Z9zmHP+IGZUacf5skpLyyura+X1ysbm1vaOvbvXVlEiMWnhiEWyGyBFGBWkpalmpBtLgnjASCcYX+X1zj2RikaiqScx8TgaChpSjLSxfPvw2k/7HOmR5LCZ3f1wyqlSWebbVafmTAUXwS2gCgo1fPuzP4hwwonQmCGleq4Tay9FUlPMSFbpJ4rECI/RkPQMCsSJ8tLpGRk8Ns4AhpE0T2g4dX9PpIgrNeGB6cy3VPO13Pyv1kt0eOGlVMSJJgLPPgoTBnUE80zggEqCNZsYQFhSsyvEIyQR1ia5ignBnT95EdqnNdepubdn1fplEUcZHIAjcAJccA7q4AY0QAtg8ACewAt4tR6tZ+vNep+1lqxiZh/8kfXxDVv3mbE=</latexit><latexit sha1_base64="VarGQHM75+jwGO2zwjF13+0EvLk=">AAACBnicbZDLSsNAFIYn9VbrLepShMEiuCqJCLosiuCyQm/QxjCZTtqhM5MwMxFKyMqNr+LGhSJufQZ3vo2TNoK2/jDw8Z9zmHP+IGZUacf5skpLyyura+X1ysbm1vaOvbvXVlEiMWnhiEWyGyBFGBWkpalmpBtLgnjASCcYX+X1zj2RikaiqScx8TgaChpSjLSxfPvw2k/7HOmR5LCZ3f1wyqlSWebbVafmTAUXwS2gCgo1fPuzP4hwwonQmCGleq4Tay9FUlPMSFbpJ4rECI/RkPQMCsSJ8tLpGRk8Ns4AhpE0T2g4dX9PpIgrNeGB6cy3VPO13Pyv1kt0eOGlVMSJJgLPPgoTBnUE80zggEqCNZsYQFhSsyvEIyQR1ia5ignBnT95EdqnNdepubdn1fplEUcZHIAjcAJccA7q4AY0QAtg8ACewAt4tR6tZ+vNep+1lqxiZh/8kfXxDVv3mbE=</latexit><latexit sha1_base64="VarGQHM75+jwGO2zwjF13+0EvLk=">AAACBnicbZDLSsNAFIYn9VbrLepShMEiuCqJCLosiuCyQm/QxjCZTtqhM5MwMxFKyMqNr+LGhSJufQZ3vo2TNoK2/jDw8Z9zmHP+IGZUacf5skpLyyura+X1ysbm1vaOvbvXVlEiMWnhiEWyGyBFGBWkpalmpBtLgnjASCcYX+X1zj2RikaiqScx8TgaChpSjLSxfPvw2k/7HOmR5LCZ3f1wyqlSWebbVafmTAUXwS2gCgo1fPuzP4hwwonQmCGleq4Tay9FUlPMSFbpJ4rECI/RkPQMCsSJ8tLpGRk8Ns4AhpE0T2g4dX9PpIgrNeGB6cy3VPO13Pyv1kt0eOGlVMSJJgLPPgoTBnUE80zggEqCNZsYQFhSsyvEIyQR1ia5ignBnT95EdqnNdepubdn1fplEUcZHIAjcAJccA7q4AY0QAtg8ACewAt4tR6tZ+vNep+1lqxiZh/8kfXxDVv3mbE=</latexit><latexit sha1_base64="VarGQHM75+jwGO2zwjF13+0EvLk=">AAACBnicbZDLSsNAFIYn9VbrLepShMEiuCqJCLosiuCyQm/QxjCZTtqhM5MwMxFKyMqNr+LGhSJufQZ3vo2TNoK2/jDw8Z9zmHP+IGZUacf5skpLyyura+X1ysbm1vaOvbvXVlEiMWnhiEWyGyBFGBWkpalmpBtLgnjASCcYX+X1zj2RikaiqScx8TgaChpSjLSxfPvw2k/7HOmR5LCZ3f1wyqlSWebbVafmTAUXwS2gCgo1fPuzP4hwwonQmCGleq4Tay9FUlPMSFbpJ4rECI/RkPQMCsSJ8tLpGRk8Ns4AhpE0T2g4dX9PpIgrNeGB6cy3VPO13Pyv1kt0eOGlVMSJJgLPPgoTBnUE80zggEqCNZsYQFhSsyvEIyQR1ia5ignBnT95EdqnNdepubdn1fplEUcZHIAjcAJccA7q4AY0QAtg8ACewAt4tR6tZ+vNep+1lqxiZh/8kfXxDVv3mbE=</latexit>

q
<latexit sha1_base64="6st+2unI49vTKzHpFrX8LltbNi8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN3N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHst7M0nQj+hQ8pAzaqzUeOyXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB252M9Q==</latexit><latexit sha1_base64="6st+2unI49vTKzHpFrX8LltbNi8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN3N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHst7M0nQj+hQ8pAzaqzUeOyXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB252M9Q==</latexit><latexit sha1_base64="6st+2unI49vTKzHpFrX8LltbNi8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN3N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHst7M0nQj+hQ8pAzaqzUeOyXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB252M9Q==</latexit><latexit sha1_base64="6st+2unI49vTKzHpFrX8LltbNi8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae0oWy2k3btZhN3N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHst7M0nQj+hQ8pAzaqzUeOyXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHpwX5935WLQWnHzmGP7A+fwB252M9Q==</latexit>
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Figure 4: Measured distributions of ?recoil
T for the ?

recoil
T > 200 GeV selection compared with the SM predictions in

the signal region. The latter are normalized with normalization factors as determined by the global fit that considers
exclusive ?

recoil
T control regions (“CR fit”). For illustration purposes, the distributions of examples of dark energy

(DE), SUSY, and WIMP scenarios are included. The ratios of data to SM predictions after the CR fit are shown in
the lower panel (black dots), and compared with the same quantities when SM predictions are normalized to the
results of the global background-only fit when the signal region is also included (“SR+CR fit”, red dots). The error
bands in the ratio shown in the lower panel include both the statistical and systematic uncertainties in the background
predictions. Events with values beyond the range of the histogram are included in the last bin.

separately for each of the inclusive regions IM0–IM12. The results are collected in Table 9. Values of
f ⇥ � ⇥ n above 736 fb (for IM0) and above 0.3 fb (for IM12) are excluded at 95% CL.

8.2 Model-dependent exclusion limits

A simultaneous fit to the signal and control regions in the exclusive ?
recoil
T bins is performed, and used

to set observed and expected 95% CL exclusion limits on the parameters of the di�erent models under
consideration. Uncertainties in the signal and background predictions, and in the luminosity are considered,
and correlations between experimental systematic uncertainties in signal and background predictions are
taken into account. The contamination of the control regions by signal events is negligible.

8.2.1 Weakly interacting massive particles

As discussed in Section 1, simplified models are considered with the exchange of an axial-vector or a
pseudoscalar mediator in the B-channel. In the case of the exchange of an axial-vector mediator, and for
WIMP-pair production with </� > 2<j, typical � ⇥ n values for the signal models with a 2 TeV mediator
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Figure 8: (a) Exclusion plane at 95% CL as a function of sbottom and neutralino masses for the decay channel
1̃1 ! 1 + j̃

0
1 (B = 100%). (b) Exclusion region at 95% CL as a function of squark mass and the squark–neutralino

mass di�erence for @̃ ! @ + j̃
0
1 and @̃L + @̃R with (D̃, 3̃, 2̃, B̃). The dotted lines around the observed limit indicate the

range of observed limits corresponding to ±1f variations of the NNLO + NNLL SUSY cross-section predictions.
The bands around the expected limit indicates the expected ±1f and ±2f ranges of limits in the absence of a signal.
The results from this analysis are compared with previous results from the ATLAS Collaboration at

p
B = 13 TeV

using 36.1 fb�1 [4].

for "2 below 1486 GeV are excluded, which represents a significant improvement over the limits previously
obtained. The validity of the e�ective implementation of the model at the LHC energies was studied
previously [6] by truncating the signal contributions with

p
B̂ < 6⇤"2, where

p
B̂ is the center-of-mass

energy of the hard interaction, leading to a negligible e�ect on the obtained exclusion limits.

8.2.4 Large extra spatial dimensions

The results are translated into limits on the parameters of the ADD model. As in previous analyses, only the
signal regions with ?

recoil
T > 400 GeV are employed, with su�cient sensitivity to ADD signal. The typical

value of � ⇥ n for the selection criteria, as computed from a simulated sample with missing transverse
momentum above 150 GeV, is of the order of 6% for EM4 and is less than 1% for EM12. Figure 10 and
Table 10 present the results. Values of "⇡ below 11.2 TeV at = = 2 and below 5.9 TeV at = = 6 are
excluded at 95% CL, which improve on the exclusion limits from previous results using 36.1 fb�1 of 13 TeV
data [4]. As already noted in Ref. [4], the analysis partially probes the phase-space region with B̂ > "

2
⇡

.
The suppression of this kinematic region in computing the 95% CL lower limits on "⇡ translates into a
negligible e�ect on the results.
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Figure 6: A comparison of the inferred limits (black line) with the constraints from direct-detection experiments
on the spin-dependent (a) WIMP–proton scattering cross section and (b) WIMP–neutron scattering cross section
as a function of the WIMP mass, in the context of the simplified model with axial-vector couplings. Unlike in the
</�–<j parameter plane, the limits are shown at 90% CL. The results from this analysis, excluding the region to
the left of the contour, are compared with limits from the PICO [122] (purple line), LUX [123] (orange line), and
XENON1T [124] (green line) experiments. The comparison is model-dependent and solely valid in the context of
this model, assuming minimal mediator width and the coupling values 6@ = 1/4 and 6j = 1.

scattering cross sections as a function of the WIMP mass, compared with the results from the PICO [122]
experiment, and from the LUX [123] and XENON1T [124] experiments, respectively. Stringent limits
on the scattering cross section of the order of 1.4 ⇥ 10�43 cm2 for WIMP masses of about 100 GeV, and
3 ⇥ 10�44 cm2 for WIMP masses below 10 GeV are inferred from this analysis, which complement the
results from direct-detection experiments.

8.2.2 Squark-pair production

As in previous publications, di�erent models of squark-pair production are considered: stop-pair production
with C̃1 ! 2 + j̃

0
1 , stop-pair production with C̃1 ! 1 + 5 5

0 + j̃
0
1 , sbottom-pair production with 1̃1 ! 1 + j̃

0
1 ,

and squark-pair production with @̃ ! @ + j̃
0
1 (@ = D, 3, 2, B). In each case separately, the results are

translated into exclusion limits as a function of the squark mass for di�erent neutralino masses. The region
with stop–neutralino or sbottom-neutralino mass di�erences below 5 GeV is not considered in the exclusion
since in this regime the squarks could become long-lived. In such a compressed scenario, and for stop
sbottom masses of about 600 GeV, the typical value of � ⇥ n for the selection criteria varies between 11%
for EM0 and less than 1% for EM12, as computed using a sample with a minimum missing transverse
momentum of 150 GeV. Comparable values for � ⇥ n are obtained in the rest of the squark–neutralino
mass plane.

Figure 7(a) presents the results in the case of the C̃1 ! 2 + j̃
0
1 decays. In the compressed scenario with stop
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Mono-jet: Results                                              
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• No excess in high recoil pT events found.

• Can translate this into WIMP-proton scattering cross-section.

• Complementary to direct-detection searches e.g. PICO experiment.

• Also can constrain SUSY models, does particularly well in compressed scenario.
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More interpretations of the mono-jet search
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ATLAS p(henomenological) MSSM summary paper
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