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Introduction

Published materials:

○ arXiv: 2108.07586 (accepted by PRD)

○ ATLAS publication webpage / HEPData containing the main/auxiliary materials

○ Dedicated talk in SUSY2021 (Y. Okazaki)

Target:  Inclusive EWKino pair production

  ○ Two ‘species’ with large mass splitting
     Δm(heavy, light) > 400GeV.

  ○ R-parity consv. → Di-boson + ETmiss

Highlights:

  ○ New fully-had. final states + boosted boson tagging
     drastically improved the high mass sensitivity.

  ○ Event selection / Limit presentation 
     targeting various realistic models.
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https://arxiv.org/abs//2108.07586
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-41/
https://www.hepdata.net/record/ins1906174
https://indico.cern.ch/event/875077/contributions/4485640/
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Analysis Strategy

○ Six “di-boson types” can be considered in the signals:  WW / WZ / Wh / ZZ / Zh / hh

○ Using two final state categories: qqqq and bbqq†

○ One signal region (SR) per di-boson type, segmented by different ‘boosted boson tagging’.

○ Background rejection cuts:  

    Large ETmiss, meff, min. Δφ (j, ETmiss), veto b-jets outside the jets used for boson tagging etc.

(a) SR-4Q (b) SR-2B2Q

Figure 5: The SR segmentation illustrated as a function of the masses of the two leading large-' jets. (a) In SR-4Q,
both jets are required to pass the ,@@- or /@@-tagging. (b) In SR-2B2Q, one of the two jets is required to contain
exactly two 1-tagged track-jets (�11) while the other (�@@) has at most one. The mass of �11 is required to be
consistent with a / boson (70–100 GeV) or an ⌘ boson (100–135 GeV), while �@@ is required to pass the ,@@- or
/@@-tagging. The mass window cuts of the ,@@//@@-tagging shown in the plot only indicate the typical values, while
variable cut values along ?T are applied in the analysis. The inclusive SRs, defined by the logical union of a few
mutually overlapping SRs, are indicated by the gray dashed lines.

where =unmatched
1-jet denotes the number of 1-tagged track-jets that are not matched with any of the two leading

large-' jets by the �' < 1.0 criterion. For the 4Q category, the total number of 1-tagged track-jets in
the event (=1-jet) must be less than two in order to further suppress the CC̄ background. The e�ective
mass variable, <e�, defined as the scalar sum of the ?T of the two leading large-' jets and ⇢

miss
T , is

used to select events with hard kinematics together with ⇢
miss
T . Selections of ⇢miss

T > 300 (200) GeV
and <e� > 1300 (1000) GeV are applied in the 4Q (2B2Q) regions. Event shape information is also
useful in distinguishing the signals from the backgrounds. Signal events have a relatively spherical shape,
where the jets tend to be isolated from ⇢

miss
T , indicating that the heavy electroweakinos are produced

nearly at rest. Background events, meanwhile, have a higher chance of containing a jet aligned with a
,// boson, due to boosted top decays in CC̄ events or the emission of collinear radiation in /+jets and
,+jets events. The minimum azimuthal angle separation between ⇢

miss
T and any signal small-' jets must

satisfy min�q(⇢miss
T , 9) > 1.0 for both SR categories. The use of small-' jets is motivated by the need to

e�ectively identify low-?T jets and it also provides better resolution in terms of jet alignment with ⇢
miss
T .

In 2B2Q, the stransverse mass variable <T2 [151, 152] is also used, constructed by assigning each of the
two leading large-' jets to the visible particle legs. A selection of <T2 > 250 GeV is found to e�ectively
suppress the SM backgrounds, particularly CC̄ which exhibits a kinematic cuto� at <T2 ⇠ 200 GeV, driven
by the top quark mass constraint.11

The cut values of the kinematic selection are equivalent within the SR-4Q and SR-2B2Q categories.
The selection criteria that define the SR-4Q, SR-2B2Q-Wh, and SR-2B2Q-Vh regions are obtained by
optimizing the sensitivity to the (e, , e⌫) model with (<(ej±

1 ),<(ej0
1)) ⇡ (800, 100) GeV, while those for

SR-2B2Q-WZ, SR-2B2Q-ZZ and SR-2B2Q-VZ are determined by optimizing the sensitivity to the ( e�,
e
⌧)

model with <ej0
1
⇡ 800 GeV. The discovery significance is used as the metric of sensitivity. The obtained

cuts are also found to be nearly optimal for the other signal models.

11 The hypothetical missing-particle mass is set to 100 GeV and this o�set is subtracted from the calculated <T2, although the
dependency on the choice of missing-particle mass is very small.
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† bbbb is not considered here since covered by the other analysis to come)
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Boosted Boson Tagging

Common: Large-R jets (R=1.0) with pT>200GeV and mJ>40GeV

W/Z→qq tagging (see also ATL-PHYS-PUB-2020-017):
  ○ pT dependent cuts in mJ, D2 (~two-bodyness), nTracks

Z/h→bb tagging (see also arXiv 1906.11005):
  ○ Exactly two b-tagged track jets (R=0.05-0.4, pT dependent) inside the large-R jet radius.
  ○ mJ ∈ [70,100] GeV ([100, 135] GeV) for Z (h) tagging

ATLAS DRAFT
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Figure 4: (a) The ,@@ (/@@)-tagging e�ciency for boson jets arising from electroweakino decays and (b) the
background rejection factor (inverse of the e�ciency). The ,@@- and /@@-tagging is shown in the red and blue bands
respectively. The signal jet e�ciency is evaluated using a sample of pre-selected large-' jets (?T > 200 GeV, |[ | <
2.0,<� > 40 GeV) in the simulated (e, , e⌫)-SIM signal events with �<(ejheavy, ejlight) � 400 GeV that are matched
with generator-level ,//-bosons by �' < 1.0. The rejection factor is calculated using pre-selected large-' jets
in the sample of simulated / (! aa) + jets events, dominated by initial state radiation (ISR) jets. The e�ciency
correction factors are applied for both the signal e�ciency and background rejection.

Reconstructed electrons, muons, small-' jets, and photons are subject to two identification criteria:372

the looser “baseline” criteria and the tighter “signal” criteria. The baseline objects are used for the373

⇢
miss
T computation, event cleaning, and the overlap removal procedure that resolves ambiguities between374

reconstructed objects described below. Baseline electrons are required to have ?T > 4.5 GeV and |[ | < 2.47,375

and pass the Loose criteria of the likelihood-based identification [119]. Baseline muons are required to376

have ?T > 3 GeV and |[ | < 2.7 to meet the Medium identification defined in Ref [124]. To suppress377

the contributions from pile-up, baseline leptons are also required to have a trajectory consistent with the378

primary vertex, i.e. |I0 sin \ | < 0.5 mm.10 Baseline small-' jets must have ?T > 30 GeV and |[ | < 4.5.379

Baseline photons must pass the Tight identification criteria [119] in addition to satisfying ?T > 50 GeV380

and |[ | < 2.4.381

To prevent the reconstruction of a single particle as multiple objects, an overlap-removal procedure is382

performed with the baseline leptons, photons, and jets in the following order. Any electron sharing an383

ID track with a muon or the other electrons is removed, such that only the highest-?T electron is kept384

when multiple electrons share the same ID track. Photons around the remaining electrons and muons385

are removed if they are separated by �' < 0.4. Next, small-' jets are removed if they satisfy �' < 0.2386

with respect to the remaining electron or photon, or �' < 0.4 with respect to the muons when the jets387

have fewer than three associated tracks with ?T > 500 MeV. The leptons (photons) are removed if they388

are nearby a remaining small-' jet to within �' < min(0.4, 0.04 + 10 GeV/?T,✓) (�' < 0.4). Finally,389

large-' jets are removed if they are separated by �' < 1.0 from any remaining electrons.390

The missing transverse momentum and the magnitude ⇢
miss
T are calculated as the negative of the vectorial391

sum of the transverse momenta of all the baseline leptons, photons and small-' jets calibrated to the392

10 The transverse impact parameter, 30, is defined as the distance of closest approach in the transverse plane between a track and
the beam-line. The longitudinal impact parameter, I0, corresponds to the z-coordinate distance between the point along the
track at which the transverse impact parameter is defined and the primary vertex.

6th June 2021 – 22:58 13

e.g. W/Z→qq tagging efficiency

https://cds.cern.ch/record/2724149
https://arxiv.org/abs/1906.11005
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Results  -  Signal Regions

○ Main backgrounds:  Z(→νν)+jets, W(→ℓν)+jets, VV(→ℓνqq)+jets


○ Typical BG yields in the SRs: a few events, with 20-30% accuracy for the estimation.

   Stat. uncertainty dominates (50-100%).


○ No excess beyond the SM.
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Figure 10: Summary of the observed data and predicted SM background in all SRs. The background prediction in
SR-4Q (SR-2B2Q) is obtained by a background-only fit to CR0L-4Q (CR0L-2B2Q). The total systematic uncertainty
in the background prediction is shown by the hatched area. Distributions of a few representative signals are overlaid.
For the (e, , e⌫)-SIM models, the label (900, 100) GeV indicates (<(ej±
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the prescription described in Ref. [158].
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Table 1: Summary of the production modes, final states, and signal regions (SRs) used for the hypothesis tests, and
the branching ratio assumptions for the signal models targeted in the search. The notation and definition of the SRs
are described in Section 6.2. The (e, , e⌫) and ( e�,

e
⌧) models are used to optimize the selection, and the rest are

considered in the interpretation. The (e, , e⌫) simplified models ((e, , e⌫)-SIM) discussed in Section 4.2.2 are also
interpreted in order to allow comparisons with the ATLAS electroweakino search results [23–25, 29, 68].

Model Production Final states SRs simultaneously fitted Branching ratio

(e, ,e⌫) ej±
1 ej⌥

1 , ej±
1 ej0
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e
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( e], eH) simplified models: ( e], eH)-SIM
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1 ej⌥
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The inner detector (ID) consists of pixel and microstrip silicon detectors covering the pseudorapidity
range |[ | < 2.5 and a transition radiation tracker covering |[ | < 2.0. Outside the ID, a lead/liquid-argon
(LAr) electromagnetic calorimeter (ECAL) and a steel/scintillator-tile hadronic calorimeter cover the
|[ | < 3.2 and |[ | < 1.7 ranges, respectively. In the forward regions, a copper/LAr endcap calorimeter
extends the coverage of hadronic measurements to 1.7 < |[ | < 3.2, while copper/LAr and tungsten/LAr
forward calorimeters are employed for electromagnetic and hadronic measurements in the 3.1 < |[ | < 4.9
region. The muon spectrometer (MS) surrounds the calorimeters and comprises three layers of trigger
and high-precision tracking chambers spanning |[ | < 2.4 and |[ | < 2.7, respectively. A magnetic field is
provided by a system of three superconducting air-core toroidal 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.

Events of interest are selected and collected by the ATLAS trigger system [71], consisting of a hardware-
based first-level trigger (L1) and a software-based high-level trigger (HLT). The L1 trigger is designed to
accept events from the 40 MHz bunch crossings at a rate below 100 kHz, and the HLT reduces this to about
1 kHz, the rate at which events are recorded to disk. An extensive software suite [72] is used for real and
simulated data reconstruction and analysis, for operation and in the trigger and data acquisition systems of
the experiment.
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Model Interpretation (1)  -  Wino/Bino simplified models
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Figure 14: Exclusion limits for (e, , e⌫)-SIM as a function of the produced wino mass (<(ej±
1 /ej0
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○ Benchmark models conventionally considered in collider interpretation for decades i.e. 
   i.e. bino-like LSP & wino-like degenerate NLSP, single production mode (C1C1 or C1N2), 100% BR.

C1N2→WZ C1N2→Wh
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○ Consider all possible production/decay modes at once.
   Simultaneously fit multiple SRs to avoid the 
   sensitivity to varying branching ratios.

○ Neutralino (N2, N3) branching ratio is scanned accounting 
   for the significant dependency on the decoupled higgsinos.
   → All yields the same results.

○ For (χheavy, χlight) = (H,B), the limits are also interpreted
   into the resonant DM scenario (‘funnel’).

Table 1: Summary of the production modes, final states, and signal regions (SRs) used for the hypothesis tests, and
the branching ratio assumptions for the signal models targeted in the search. The notation and definition of the SRs
are described in Section 6.2. The (e, , e⌫) and ( e�,

e
⌧) models are used to optimize the selection, and the rest are

considered in the interpretation. The (e, , e⌫) simplified models ((e, , e⌫)-SIM) discussed in Section 4.2.2 are also
interpreted in order to allow comparisons with the ATLAS electroweakino search results [23–25, 29, 68].

Model Production Final states SRs simultaneously fitted Branching ratio
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The inner detector (ID) consists of pixel and microstrip silicon detectors covering the pseudorapidity
range |[ | < 2.5 and a transition radiation tracker covering |[ | < 2.0. Outside the ID, a lead/liquid-argon
(LAr) electromagnetic calorimeter (ECAL) and a steel/scintillator-tile hadronic calorimeter cover the
|[ | < 3.2 and |[ | < 1.7 ranges, respectively. In the forward regions, a copper/LAr endcap calorimeter
extends the coverage of hadronic measurements to 1.7 < |[ | < 3.2, while copper/LAr and tungsten/LAr
forward calorimeters are employed for electromagnetic and hadronic measurements in the 3.1 < |[ | < 4.9
region. The muon spectrometer (MS) surrounds the calorimeters and comprises three layers of trigger
and high-precision tracking chambers spanning |[ | < 2.4 and |[ | < 2.7, respectively. A magnetic field is
provided by a system of three superconducting air-core toroidal 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.

Events of interest are selected and collected by the ATLAS trigger system [71], consisting of a hardware-
based first-level trigger (L1) and a software-based high-level trigger (HLT). The L1 trigger is designed to
accept events from the 40 MHz bunch crossings at a rate below 100 kHz, and the HLT reduces this to about
1 kHz, the rate at which events are recorded to disk. An extensive software suite [72] is used for real and
simulated data reconstruction and analysis, for operation and in the trigger and data acquisition systems of
the experiment.
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These provide a good approximation when �<(ejheavy, ejlight) is significantly larger than <⌘ [59].

In (e, , e�) and ( e�, e,) models, however, the branching ratios of the produced chargino and neutralino(s) are
largely dictated by the three MSSM parameters: the wino mass parameter "2, the higgsino mass parameter
`, and the ratio of vacuum expectation values of the two Higgs fields, tan V. For a given set of ("2, `, tan V)
the branching ratios are coherently derived using SOFTSUSY 4.1.7 [60, 61], with all the SUSY mass
parameters except for "2 and ` being set as decoupled. The signal models are tested using various
combinations of ("2, `, tan V) where "2 2 [0, 1.2] TeV, ` 2 [�1.2, 1.2] TeV, and tan V = 2, 5, 10, 30 are
considered.

The vast majority of the previous electroweakino searches at the LHC have targeted the simplified (e, , e⌫)
model, where only a specific production channel and decay mode are considered (detailed in Section 4.2.2).
For ej±

1 ej⌥
1 production with decays into ,, , <(ej±

1 ) < 400 GeV is excluded for <(ej0
1) < 200 GeV [23, 31].

For ej±
1 ej0

2 production, <(ej±
1 /ej0

2) < 640 GeV is excluded for <(ej0
1) < 300 GeV when the ej0

2 is assumed
to decay into / and ej0

1 with 100% probability [24–26, 32, 33]. Alternatively, <(ej±
1 /ej0

2) < 740 GeV is
excluded for <(ej0

1) < 250 GeV [27–29, 34–36] when the ej0
2 decays solely into ⌘ and ej0

1 .

Figure 2: The electroweakino mass spectra and corresponding mass eigenstates in each model in the bino/wino/higgsino
LSP scenario. The solid (dashed) arrows represent the decay modes emitting a , (/ or ⌘) boson. A , boson is
generated when a chargino decays into a neutralino or vice versa; a / or ⌘ boson is emitted when a chargino decays
into a chargino or a neutralino decays into a neutralino.

2.2 GGM/naturalness-driven gravitino LSP model: ( eN, eM)

General gauge mediation (GGM), a class of SUSY breaking scenarios characterized by a messenger sector
to which only SM gauge bosons can couple, typically predicts a nearly massless gravitino (e⌧) as the LSP.
Motivated also by the naturalness argument, the production of a relatively light higgsino triplet (ej±

1 ,ej0
2 ,ej0

1)
decaying into a gravitino LSP has been explored at ATLAS [30, 37] and CMS [33], as illustrated in
Figure 3(a). All of the four production modes are considered together: ej±

1 ej⌥
1 , ej±

1 ej0
1 , ej±

1 ej0
2 , ej0

1ej0
2 . A

moderately small higgsino–gravitino coupling is considered in this analysis, where the produced heavy
higgsinos (ej±

1 /ej0
2) always decay into a gravitino via the lightest neutral higgsino (ej0

1), while the ej0
1 still has

a short enough lifetime to be regarded as decaying promptly. In this model, the ej0
1 decays into a gravitino

and either a / or ⌘ boson, where the branching ratio B(ej0
1 ! /

e
⌧) (= 1 � B(ej0

1 ! ⌘
e
⌧)) is treated as a

free parameter and scanned in the limit setting. The previous searches have excluded masses of ej0
1 lighter

than 650–880 GeV depending on the branching ratio [30, 33, 37].
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Model Interpretation (2)  -  ‘Realistic’ Bino-LSP models 
via W
via Z/h
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Figure 12: Exclusion limits for the (e, , e⌫) and ( e�, e⌫) models shown as a function of the wino/higgsino chargino
mass <(ej±

1 ) and the bino LSP mass <(ej0
1). The (a) expected and (b) observed limits for various B(ej0

2 ! /ej0
1)

hypotheses are overlaid. The outer and inner bundles correspond to the limits for the (e, , e⌫) and ( e�, e⌫) models
respectively. The limits set on the ( e�, e⌫) models are highly consistent and thus the contour lines are highly overlapped.
Expected (dashed) and observed (solid red) 95% CL exclusion limits are shown for the (c) (e, , e⌫) and (d) ( e�, e⌫)
models with a representative branching ratio B(ej0

2 ! /ej0
1) = 50%.

To summarize, a wino mass between 400 GeV and 1060 GeV is excluded for the wino production models
for <(ej0

1) < 400 GeV; and a higgsino mass between 450 GeV and 900 GeV is excluded for the higgsino
production models for <(ej0

1) < 240 GeV.
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Model Interpretation (2)  -  ‘Realistic’ Bino-LSP models 

○ For (χheavy, χlight) = (H,B), the limits are also interpreted into the resonant DM scenario (‘funnel’).~ ~~ ~
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Figure 13: Expected (dashed green lines) and observed (green band) 95% CL exclusion limits on the //⌘-funnel
dark matter model described in Section 2.1, where the mass of bino-like LSP (ej0

1) is (a) half of the / boson
mass (42.6 GeV) or (b) half of the ⌘ boson mass (62.5 GeV). The areas surrounded by the green bands or dashed
lines represent the excluded range of ej0

2 . The overlaid red solid (blue dashed) line indicates for ` > 0 (` < 0) the ej0
2

mass that reproduces the observed dark matter relic density (⌦⌘
2 = 0.12) as function of tan V [55]; below (above)

these lines the predicted dark matter relic density is too small (too large).
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○ Strongest limit ever obtained in the collier experiments.

8



25 Oct. 2021                     SUSY EWK0L (ATLAS)  -  RAMP Meeting #6

Table 1: Summary of the production modes, final states, and signal regions (SRs) used for the hypothesis tests, and
the branching ratio assumptions for the signal models targeted in the search. The notation and definition of the SRs
are described in Section 6.2. The (e, , e⌫) and ( e�,

e
⌧) models are used to optimize the selection, and the rest are

considered in the interpretation. The (e, , e⌫) simplified models ((e, , e⌫)-SIM) discussed in Section 4.2.2 are also
interpreted in order to allow comparisons with the ATLAS electroweakino search results [23–25, 29, 68].
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The inner detector (ID) consists of pixel and microstrip silicon detectors covering the pseudorapidity
range |[ | < 2.5 and a transition radiation tracker covering |[ | < 2.0. Outside the ID, a lead/liquid-argon
(LAr) electromagnetic calorimeter (ECAL) and a steel/scintillator-tile hadronic calorimeter cover the
|[ | < 3.2 and |[ | < 1.7 ranges, respectively. In the forward regions, a copper/LAr endcap calorimeter
extends the coverage of hadronic measurements to 1.7 < |[ | < 3.2, while copper/LAr and tungsten/LAr
forward calorimeters are employed for electromagnetic and hadronic measurements in the 3.1 < |[ | < 4.9
region. The muon spectrometer (MS) surrounds the calorimeters and comprises three layers of trigger
and high-precision tracking chambers spanning |[ | < 2.4 and |[ | < 2.7, respectively. A magnetic field is
provided by a system of three superconducting air-core toroidal 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.

Events of interest are selected and collected by the ATLAS trigger system [71], consisting of a hardware-
based first-level trigger (L1) and a software-based high-level trigger (HLT). The L1 trigger is designed to
accept events from the 40 MHz bunch crossings at a rate below 100 kHz, and the HLT reduces this to about
1 kHz, the rate at which events are recorded to disk. An extensive software suite [72] is used for real and
simulated data reconstruction and analysis, for operation and in the trigger and data acquisition systems of
the experiment.
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These provide a good approximation when �<(ejheavy, ejlight) is significantly larger than <⌘ [59].

In (e, , e�) and ( e�, e,) models, however, the branching ratios of the produced chargino and neutralino(s) are
largely dictated by the three MSSM parameters: the wino mass parameter "2, the higgsino mass parameter
`, and the ratio of vacuum expectation values of the two Higgs fields, tan V. For a given set of ("2, `, tan V)
the branching ratios are coherently derived using SOFTSUSY 4.1.7 [60, 61], with all the SUSY mass
parameters except for "2 and ` being set as decoupled. The signal models are tested using various
combinations of ("2, `, tan V) where "2 2 [0, 1.2] TeV, ` 2 [�1.2, 1.2] TeV, and tan V = 2, 5, 10, 30 are
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model, where only a specific production channel and decay mode are considered (detailed in Section 4.2.2).
For ej±
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For ej±
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2 production, <(ej±
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2) < 640 GeV is excluded for <(ej0
1) < 300 GeV when the ej0
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to decay into / and ej0

1 with 100% probability [24–26, 32, 33]. Alternatively, <(ej±
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2) < 740 GeV is
excluded for <(ej0

1) < 250 GeV [27–29, 34–36] when the ej0
2 decays solely into ⌘ and ej0

1 .

Figure 2: The electroweakino mass spectra and corresponding mass eigenstates in each model in the bino/wino/higgsino
LSP scenario. The solid (dashed) arrows represent the decay modes emitting a , (/ or ⌘) boson. A , boson is
generated when a chargino decays into a neutralino or vice versa; a / or ⌘ boson is emitted when a chargino decays
into a chargino or a neutralino decays into a neutralino.

2.2 GGM/naturalness-driven gravitino LSP model: ( eN, eM)

General gauge mediation (GGM), a class of SUSY breaking scenarios characterized by a messenger sector
to which only SM gauge bosons can couple, typically predicts a nearly massless gravitino (e⌧) as the LSP.
Motivated also by the naturalness argument, the production of a relatively light higgsino triplet (ej±
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e
⌧) (= 1 � B(ej0
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e
⌧)) is treated as a

free parameter and scanned in the limit setting. The previous searches have excluded masses of ej0
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than 650–880 GeV depending on the branching ratio [30, 33, 37].
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Model Interpretation (3)  -  ‘Realistic’ Wino/Higgsino-LSP models 
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Figure 14: 95% CL exclusion limits for the (e, , e�) and ( e�, e,) models. The limits are projected onto a two-
dimensional plane either as a function of the wino/higgsino mass parameters ("2, `) (top figures), or of the physical
electroweakino masses (<(ej±

2 ),<(ej0
1)) representing (<(ejheavy),<(ejlight)) (bottom figures). For the limits shown

on the ("2, `) plane, the excluded regions are indicated by the area inside the contours. The round excluded area in
the top part corresponds to the excluded parameter space in the (e, , e�) model ("2 > |` |), while the two small areas
at the bottom are that in the ( e�, e,) model ("2 < |` |).

34

○ Again, all production modes with non-100% BRs.

○ Wino doublet / higgsino triplet are treated as fully-degenerate. 
   Soft particles from the small splitting are not considered.

○ Start with the (M2, µ) space for interpretation.
   i.e. Compute the BRs for each point in (M2, µ) with 
         various tanβ assumption + decoupled scalar SUSYs.
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Table 1: Summary of the production modes, final states, and signal regions (SRs) used for the hypothesis tests, and
the branching ratio assumptions for the signal models targeted in the search. The notation and definition of the SRs
are described in Section 6.2. The (e, , e⌫) and ( e�,

e
⌧) models are used to optimize the selection, and the rest are

considered in the interpretation. The (e, , e⌫) simplified models ((e, , e⌫)-SIM) discussed in Section 4.2.2 are also
interpreted in order to allow comparisons with the ATLAS electroweakino search results [23–25, 29, 68].

Model Production Final states SRs simultaneously fitted Branching ratio
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( e], eH) simplified models: ( e], eH)-SIM
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C1N2-Wh ej±
1 ej0

2 ,⌘ 2B2Q-Wh B(ej±
1 ! ,ej0

1) = B(ej0
2 ! ⌘ej0

1) = 1

The inner detector (ID) consists of pixel and microstrip silicon detectors covering the pseudorapidity
range |[ | < 2.5 and a transition radiation tracker covering |[ | < 2.0. Outside the ID, a lead/liquid-argon
(LAr) electromagnetic calorimeter (ECAL) and a steel/scintillator-tile hadronic calorimeter cover the
|[ | < 3.2 and |[ | < 1.7 ranges, respectively. In the forward regions, a copper/LAr endcap calorimeter
extends the coverage of hadronic measurements to 1.7 < |[ | < 3.2, while copper/LAr and tungsten/LAr
forward calorimeters are employed for electromagnetic and hadronic measurements in the 3.1 < |[ | < 4.9
region. The muon spectrometer (MS) surrounds the calorimeters and comprises three layers of trigger
and high-precision tracking chambers spanning |[ | < 2.4 and |[ | < 2.7, respectively. A magnetic field is
provided by a system of three superconducting air-core toroidal 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.

Events of interest are selected and collected by the ATLAS trigger system [71], consisting of a hardware-
based first-level trigger (L1) and a software-based high-level trigger (HLT). The L1 trigger is designed to
accept events from the 40 MHz bunch crossings at a rate below 100 kHz, and the HLT reduces this to about
1 kHz, the rate at which events are recorded to disk. An extensive software suite [72] is used for real and
simulated data reconstruction and analysis, for operation and in the trigger and data acquisition systems of
the experiment.
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These provide a good approximation when �<(ejheavy, ejlight) is significantly larger than <⌘ [59].

In (e, , e�) and ( e�, e,) models, however, the branching ratios of the produced chargino and neutralino(s) are
largely dictated by the three MSSM parameters: the wino mass parameter "2, the higgsino mass parameter
`, and the ratio of vacuum expectation values of the two Higgs fields, tan V. For a given set of ("2, `, tan V)
the branching ratios are coherently derived using SOFTSUSY 4.1.7 [60, 61], with all the SUSY mass
parameters except for "2 and ` being set as decoupled. The signal models are tested using various
combinations of ("2, `, tan V) where "2 2 [0, 1.2] TeV, ` 2 [�1.2, 1.2] TeV, and tan V = 2, 5, 10, 30 are
considered.

The vast majority of the previous electroweakino searches at the LHC have targeted the simplified (e, , e⌫)
model, where only a specific production channel and decay mode are considered (detailed in Section 4.2.2).
For ej±

1 ej⌥
1 production with decays into ,, , <(ej±

1 ) < 400 GeV is excluded for <(ej0
1) < 200 GeV [23, 31].

For ej±
1 ej0

2 production, <(ej±
1 /ej0

2) < 640 GeV is excluded for <(ej0
1) < 300 GeV when the ej0

2 is assumed
to decay into / and ej0

1 with 100% probability [24–26, 32, 33]. Alternatively, <(ej±
1 /ej0

2) < 740 GeV is
excluded for <(ej0

1) < 250 GeV [27–29, 34–36] when the ej0
2 decays solely into ⌘ and ej0

1 .

Figure 2: The electroweakino mass spectra and corresponding mass eigenstates in each model in the bino/wino/higgsino
LSP scenario. The solid (dashed) arrows represent the decay modes emitting a , (/ or ⌘) boson. A , boson is
generated when a chargino decays into a neutralino or vice versa; a / or ⌘ boson is emitted when a chargino decays
into a chargino or a neutralino decays into a neutralino.

2.2 GGM/naturalness-driven gravitino LSP model: ( eN, eM)

General gauge mediation (GGM), a class of SUSY breaking scenarios characterized by a messenger sector
to which only SM gauge bosons can couple, typically predicts a nearly massless gravitino (e⌧) as the LSP.
Motivated also by the naturalness argument, the production of a relatively light higgsino triplet (ej±

1 ,ej0
2 ,ej0

1)
decaying into a gravitino LSP has been explored at ATLAS [30, 37] and CMS [33], as illustrated in
Figure 3(a). All of the four production modes are considered together: ej±

1 ej⌥
1 , ej±

1 ej0
1 , ej±

1 ej0
2 , ej0

1ej0
2 . A

moderately small higgsino–gravitino coupling is considered in this analysis, where the produced heavy
higgsinos (ej±

1 /ej0
2) always decay into a gravitino via the lightest neutral higgsino (ej0

1), while the ej0
1 still has

a short enough lifetime to be regarded as decaying promptly. In this model, the ej0
1 decays into a gravitino

and either a / or ⌘ boson, where the branching ratio B(ej0
1 ! /

e
⌧) (= 1 � B(ej0

1 ! ⌘
e
⌧)) is treated as a

free parameter and scanned in the limit setting. The previous searches have excluded masses of ej0
1 lighter

than 650–880 GeV depending on the branching ratio [30, 33, 37].

6

Model Interpretation (3)  -  ‘Realistic’ Wino/Higgsino-LSP models 

○ Again, all production modes with non-100% BRs.

○ Wino doublet / higgsino triplet are treated as fully-degenerate. 
   Soft particles from the small splitting are not considered.

○ Start with the (M2, µ) space for interpretation.
   i.e. Compute the BRs for each point in (M2, µ) with 
         various tanβ assumption + decoupled scalar SUSYs.

○ Limits also obtained by transforming (M2, µ) → (mheavy, mlight) 
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(b) Observed limits

Figure 23: Expected and observed 95% CL exclusion limits for the (e, , e�) and ( e�, e,) models with various choices
of tan V and sign(`) overlaid. Little dependency on tan V and sign(`) is found based on the overlapped lines.
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(b) C1N2-WZ
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(c) C1N2-Wh
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(d) ( e�,
e
⌧)

Figure 24: Expected (dashed) and observed (solid) 95% CL exclusion limits on the (a) C1C1-WW, (b) C1N2-WZ,
and (c) C1N2-Wh, and (d) ( e�,

e
⌧) models. The black numbers represents the expected cross-section upper-limits.
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Model Interpretation (4)   -  Higgsino→gravitino/axino models

○ Sprit of naturalness → light higgsino / QCD axion
   GGM-like scenarios → massless gravitino LSP
   Axion+SUSY → massless or massive axino LSP

○ Assuming moderate higgsino-gravitino/axino coupling
   Produced Higgsino decays 100% to the lightest 
   neutral higgsino (N1) but N1 still decays promptly.
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Figure 15: Expected (dashed) and observed (solid red) 95% CL exclusion limit derived for the ( e�,
e
⌧) model, as a

function of the lightest higgsino mass (<(ej0
1)) and the branching ratio B(ej0

1 ! /
e
⌧) (= 1 � B(ej0

1 ! ⌘
e
⌧)). The

excluded region is indicated by the area inside the contour. The exclusion limits from the previous ATLAS search
using 4-lepton final states [26] (cyan, denoted as “4L”), or final states with three or more 1-jets [25] (violet, denoted
as “multi-1”) are shown by the shades.
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(b) Variable B(ej0
1 ! /0̃)

Figure 16: 95% CL exclusion limits for the ( e�, 0̃) model as a function of mass of axino (<(0̃)) and the lightest
higgsino (<(ej0

1)). (a) Expected (dashed line) and observed (solid red line) limits calculated for B(ej0
1 ! /0̃) = 100%.

(b) Expected (dashed lines) and observed (solid lines) limits with various B(ej0
1 ! /0̃) (= 1 � B(ej0

1 ! ⌘0̃))
hypotheses. No expected limit is derived for the case with B(ej0

1 ! /0̃) = 25% as no mass point on the plane can be
excluded.
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as “multi-1”) are shown by the shades.
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B(ej0
1 ! /0̃) (= 1 � B(ej0

1 ! ⌘0̃)) is scanned over 25%, 50%, 75%, and 100% in the interpretation. The179

model is similar to ( e�,
e
⌧), except that the LSP can be massive.180
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Figure 3: Diagrams of signals considered in the (a) ( e�,
e
⌧) and (b) ( e�, 0̃) models. In the ( e�,

e
⌧) and ( e�, 0̃) model,

the higgsino triplets (ej±
1 , ej0

2 , ej0
1) are collectively represented by e�.

Table 1: Summary of the production modes, final states, signal regions (SRs) used for the hypothetical tests and the
branching ratio assumptions for the signal models targeted in the search. The notation and definition of the SRs are
described in Section 6.2. (e, , e⌫) and ( e�,

e
⌧) model are used for optimizing the selection, and the rest are considered

for interpretation. The (e, , e⌫) simplified models ((e, , e⌫)-SIM) discussed in Section 4.2.2 are also interpreted in
order to compare with the ATLAS electroweakino search results [18, 19, 24, 54].

Model Production Final states SRs simultaneously fitted Branching ratio

(e, ,e⌫) ej±
1 ej⌥

1 , ej±
1 ej0

2 ,, ,,/ ,,⌘ 4Q-VV, 2B2Q-WZ, 2B2Q-Wh
B(ej±

1 ! ,ej0
1) = 1,

B(ej0
2 ! /ej0

1) scanned.

(e�,e⌫)
ej±

1 ej⌥
1 , ej±

1 ej0
2 ,

ej±
1 ej0

3 , ej0
2ej0

3

,, ,,/ ,,⌘,

// , /⌘, ⌘⌘
4Q-VV, 2B2Q-VZ, 2B2Q-Vh

B(ej±
1 ! ,ej0

1) = 1,
B(ej0

2 ! /ej0
1) scanned,

B(ej0
3 ! /ej0

1) = 1 � B(ej0
2 ! /ej0

1)

(e, ,e�) ej±
2 ej⌥

2 , ej±
2 ej0

3
,, ,,/ ,,⌘,

4Q-VV, 2B2Q-VZ, 2B2Q-Vh Determined from ("2, `, tan V).
// , /⌘, ⌘⌘

(e�,e,)
ej±

2 ej⌥
2 , ej±

2 ej0
2 , ,, ,,/ ,,⌘,

4Q-VV, 2B2Q-VZ, 2B2Q-Vh Determined from ("2, `, tan V).ej±
2 ej0

3 , ej0
2ej0

3 // , /⌘, ⌘⌘

(e�,e⌧)
ej±

1 ej⌥
1 , ej±

1 ej0
1 ,

// , /⌘, ⌘⌘ 4Q-ZZ, 2B2Q-ZZ, 2B2Q-Zh B(ej0
1 ! /

e
⌧) scanned.ej±

1 ej0
2 , ej0

1ej0
2

(e�,0̃)
ej±

1 ej⌥
1 , ej±

1 ej0
1 ,

// , /⌘, ⌘⌘ 4Q-ZZ, 2B2Q-ZZ, 2B2Q-Zh B(ej0
1 ! /0̃) scanned.ej±

1 ej0
2 , ej0

1ej0
2

( e], eH) simplified models: ( e], eH)-SIM
C1C1-WW ej±

1 ej⌥
1 ,, 4Q-WW B(ej±

1 ! ,ej0
1) = 1.

C1N2-WZ ej±
1 ej0

2 ,/ 4Q-WZ, 2B2Q-WZ B(ej±
1 ! ,ej0

1) = B(ej0
2 ! /ej0

1) = 1.

C1N2-Wh ej±
1 ej0

2 ,⌘ 2B2Q-Wh B(ej±
1 ! ,ej0

1) = B(ej0
2 ! ⌘ej0

1) = 1.
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2.3 Naturalness-driven axino LSP model: ( eN, ã)

While the QCD Lagrangian generally allows for CP violation, the absence of such observation suggests a
highly unnatural tuning of the parameters in the theory, referred to as the “strong CP problem”. The Peccei–
Quinn mechanism aims to solve this problem by introducing an additional chiral U(1) symmetry [62].
Through its spontaneous symmetry breaking, the CP-violating term vanishes dynamically, leaving a
Nambu–Goldstone boson known as the axion [63, 64]. In the SUSY extension, the axino is introduced
as the superpartner of the axion. A model including a light higgsino triplet (ej±

1 ,ej0
2 ,ej0

1) decaying into an
axino LSP [65] is proposed in the spirit of pursuing naturalness as well as axion/axino dark matter [66, 67]
under '-parity conservation.

A diagram of the model is shown in Figure 3(b). Higgsinos are produced by each of the four modes: ej±
1 ej⌥

1 ,ej±
1 ej0

1 , ej±
1 ej0

2 , ej0
1ej0

2 . The produced heavier higgsinos (ej±
1 /ej0

2) are assumed to always decay into the axino via
the lightest natural higgsino (ej0

1). This is typically valid when the wino and bino are reasonably decoupled
so as to maintain approximate mass degeneracy of the higgsino triplet, and when the conventionally
motivated range of the axion coupling constant is assumed [65]. A prompt ej0

1 decay into an axino and a /

or ⌘ boson is considered in the search. The value of the branching ratio B(ej0
1 ! /0̃) (= 1�B(ej0

1 ! ⌘0̃))
is scanned over 25%, 50%, 75%, and 100% in the interpretation. The model is similar to ( e�,

e
⌧), except

that the LSP can be massive.
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Figure 3: Diagrams of signals considered in the (a) ( e�,
e
⌧) model and (b) ( e�, 0̃) model. In the ( e�,

e
⌧) and ( e�, 0̃)

models, the higgsino triplets (ej±
1 , ej0

2 , ej0
1) are collectively represented by e�.

3 ATLAS detector

The ATLAS experiment [69, 70] is a multipurpose detector with a forward–backward symmetric cylindrical
geometry and nearly 4c coverage in solid angle.8 It consists of an inner tracking detector surrounded
by a thin superconducting solenoid providing a 2 T axial magnetic field, electromagnetic and hadron
calorimeters, and a muon spectrometer.

8 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the detector
and the I-axis along the beam pipe. The G-axis points from the IP to the center of the LHC ring, and the H-axis points
upwards. Cylindrical coordinates (A, q) are used in the transverse plane, q being the azimuthal angle around the I-axis.
The pseudorapidity is defined in terms of the polar angle \ as [ = � ln tan(\/2). Angular distance is measured in units of
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2.3 Naturalness-driven axino LSP model: ( eN, ã)

While the QCD Lagrangian generally allows for CP violation, the absence of such observation suggests a
highly unnatural tuning of the parameters in the theory, referred to as the “strong CP problem”. The Peccei–
Quinn mechanism aims to solve this problem by introducing an additional chiral U(1) symmetry [62].
Through its spontaneous symmetry breaking, the CP-violating term vanishes dynamically, leaving a
Nambu–Goldstone boson known as the axion [63, 64]. In the SUSY extension, the axino is introduced
as the superpartner of the axion. A model including a light higgsino triplet (ej±

1 ,ej0
2 ,ej0

1) decaying into an
axino LSP [65] is proposed in the spirit of pursuing naturalness as well as axion/axino dark matter [66, 67]
under '-parity conservation.

A diagram of the model is shown in Figure 3(b). Higgsinos are produced by each of the four modes: ej±
1 ej⌥

1 ,ej±
1 ej0

1 , ej±
1 ej0

2 , ej0
1ej0

2 . The produced heavier higgsinos (ej±
1 /ej0

2) are assumed to always decay into the axino via
the lightest natural higgsino (ej0

1). This is typically valid when the wino and bino are reasonably decoupled
so as to maintain approximate mass degeneracy of the higgsino triplet, and when the conventionally
motivated range of the axion coupling constant is assumed [65]. A prompt ej0

1 decay into an axino and a /

or ⌘ boson is considered in the search. The value of the branching ratio B(ej0
1 ! /0̃) (= 1�B(ej0

1 ! ⌘0̃))
is scanned over 25%, 50%, 75%, and 100% in the interpretation. The model is similar to ( e�,

e
⌧), except

that the LSP can be massive.
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Figure 3: Diagrams of signals considered in the (a) ( e�,
e
⌧) model and (b) ( e�, 0̃) model. In the ( e�,

e
⌧) and ( e�, 0̃)

models, the higgsino triplets (ej±
1 , ej0

2 , ej0
1) are collectively represented by e�.

3 ATLAS detector

The ATLAS experiment [69, 70] is a multipurpose detector with a forward–backward symmetric cylindrical
geometry and nearly 4c coverage in solid angle.8 It consists of an inner tracking detector surrounded
by a thin superconducting solenoid providing a 2 T axial magnetic field, electromagnetic and hadron
calorimeters, and a muon spectrometer.

8 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the detector
and the I-axis along the beam pipe. The G-axis points from the IP to the center of the LHC ring, and the H-axis points
upwards. Cylindrical coordinates (A, q) are used in the transverse plane, q being the azimuthal angle around the I-axis.
The pseudorapidity is defined in terms of the polar angle \ as [ = � ln tan(\/2). Angular distance is measured in units of
�' ⌘

p
(�[)2 + (�q)2.
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Note on the boson tagging efficiency plots

13

■ mJ>40GeV is always applied for the evaluation
   ○ To avoid the QCD modeling uncertainty.
   ○ The raw BG rejection out of all jets will be much higher (typically ×2-10)

■ For signal efficiencies, ΔR-matching between truth W/Z/h and the jets are also required
   for the sample evaluated.

■ BG efficiency generally has significant dependency on the jet components
   e.g. single parton jet vs “two-prong” due to gluon splitting.
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Figure 4: (a,c) The boson-tagging e�ciency for jets arising from ,///⌘ bosons decaying into @@̄ or 11̄ (signal
jets) and (b,d) the rejection factor (inverse of the e�ciency) for jets that have other origins (background jets)
are shown. The signal jet e�ciency of ,@@//@@-tagging (/11/⌘11-tagging) is evaluated using a sample of
preselected large-' jets (?T > 200 GeV, |[ | < 2.0,<� > 40 GeV) in the simulated (e, , e⌫)-SIM signal events with
�<(ejheavy, ejlight) � 400 GeV. The jets are matched with generator-level ,// (//⌘) bosons within �' < 1.0 which
decay into @@̄ (11̄). The background jet rejection factor is calculated using preselected large-' jets in the sample of
simulated / (! aa) + jets events, dominated by initial-state radiation jets. As in the /11/⌘11-tagging, the rejection
factor is shown as a function of the number of 1- or 2-quarks contained in the large-' jet within �' < 1.0. The
e�ciency correction factors are applied to the signal e�ciency and background rejection for the ,@@//@@-tagging.
The uncertainty is represented by the hashed bands, which includes the MC statistical uncertainty and the systematic
uncertainties discussed in Section 8.1.
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The uncertainty is represented by the hashed bands, which includes the MC statistical uncertainty and the systematic
uncertainties discussed in Section 8.1.
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Model-independent Upper limits

14

■ Two additional “discovery SRs” ORing the nominal SRs
   ○ Can give an idea of what if we combine the multiple SRs in case of quick re-interpretation.

Main Tab. 6

Table 6: Left to right: 95% CL upper limits on the visible cross-section (hnfi95
obs). (

95
obs ((95

exp) shows the 95% CL
upper limit on the number of signal events, given the observed number (expected number and ±1f excursions) of
background events. The last two columns indicate the CLb value and the discovery ?-value (?(B = 0)) with the
corresponding Gaussian significance (/). CLb provides a measure of compatibility of the observed data with the 95%
CL signal strength hypothesis relative to fluctuations of the background, and ?(B = 0) measures compatibility of the
observed data with the background-only (zero signal strength) hypothesis relative to fluctuations of the background.
Larger values indicate greater relative compatibility. ?(B = 0) is not calculated in signal regions with a deficit with
respect to the nominal background prediction.

Signal region hnfi95
obs [fb] (

95
obs (

95
exp (±1f) CLb ?(B = 0) (/)

SR-4Q-WW 0.032 4.5 4.2+1.8
�1.0 0.55 0.44 (0.15)

SR-4Q-WZ 0.036 5.0 5.1+2.1
�1.3 0.46 -

SR-4Q-ZZ 0.025 3.6 4.1+1.8
�1.0 0.30 -

SR-4Q-VV 0.034 4.7 5.3+2.3
�1.5 0.38 -

SR-2B2Q-WZ 0.033 4.7 4.0+1.7
�0.7 0.66 0.33 (0.44)

SR-2B2Q-Wh 0.022 3.1 3.9+1.3
�0.7 0.28 -

SR-2B2Q-ZZ 0.033 4.5 4.1+1.7
�0.9 0.63 0.37 (0.32)

SR-2B2Q-Zh 0.026 3.6 3.9+1.4
�0.7 0.38 -

SR-2B2Q-VZ 0.032 4.4 4.4+1.8
�1.0 0.50 -

SR-2B2Q-Vh 0.026 3.6 4.4+1.7
�1.0 0.24 -

Disc-SR-2B2Q 0.034 4.8 5.6+2.4
�1.6 0.30 -

Disc-SR-Incl 0.042 5.9 7.2+2.2
�2.0 0.27 -

9.3 Model-independent upper limits

A discovery fit is performed for each SR to derive the expected and observed 95% CL upper limits on the
number of BSM signal events ((95

exp and (
95
obs) as well as the one-sided ?-value (?0) of the background-only

hypothesis. Pseudo-experiments with toy MC are used for the calculation. An upper limit on the
cross-section, hnfi95

obs where n represents the e�ciency times acceptance of the SR for the given signal,
is obtained by dividing (

95
obs by the integrated luminosity. The upper limits and the ?0 value associated

with each SR are summarized in Table 6. Two additional “discovery SRs” are defined in order to set
model-independent upper limits in the inclusive phase space. First, Disc-SR-2B2Q is defined as the logical
union of SR-2B2Q-VZ and SR-2B2Q-Vh, and then the inclusive discovery signal region Disc-SR-Incl
is defined as the logical union of SR-4Q-VV and Disc-SR-2B2Q. When evaluating Disc-SR-Incl, both
CR0L-4Q and CR0L-2B2Q are included in the simultaneous fit and each has its own floating normalization
factor for the reducible backgrounds.

30
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Signal “Acceptance”
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(a) C1C1-WW in SR-4Q-VV
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(b) C1N2-WZ in SR-4Q-VV
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(c) C1N2-WZ in SR-2B2Q-VZ
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(d) C1N2-Wh in SR-2B2Q-Vh

Figure 26: Signal acceptance of (e, , e⌫) simplified models (C1C1-WW, C1N2-WZ, and C1N2-Wh) by their most
relevant SRs, evaluated using MC simulation. The acceptance is given by the ratio of weighted selected events by the
SR to the weighted total generated events including all the ,///⌘ decays. The selection is based on generator-level
particle information. The e�ciency of lepton reconstruction/identification, 1-tagging, as well as the ⇡2 and =trk

selection in the ,@@//@@-tagging are treated as 100%.
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Figure 28: Signal acceptance of the ( e�,
e
⌧) model by (a) SR-4Q-VV, (b) SR-2B2Q-VZ, and (c) SR-2B2Q-Vh,

evaluated using MC simulation. The acceptance is given by the ratio of weighted selected events by the SR to the
weighted total generated events including all the ,///⌘ decays. The selection is based on generator-level particle
information. The e�ciency of lepton reconstruction/identification, 1-tagging, as well as the ⇡2 and =trk selection in
the ,@@//@@-tagging are treated as 100%.

16th June 2021 – 23:07 60

■ Acceptance := (all SR selection except for D2, nTrack cuts in the W/Z→qq tagging) / (all events)
  ○ Lepton veto and b-tagging is assumed to be 100% efficient.
  ○ Reflecting the efficiency of kinematic selections and jet mass cuts in the boson tagging.
  ○ Branching ratios of W/Z/h are included in the numbers.

■ 3 (W~,B~) simplified models + 3 (H~,B~) simplified models + (H~,G~) are considered
   Only representative SR for each grid is shown.

15

Aux. Fig4

Aux. Fig 9-11



25 Oct. 2021                     SUSY EWK0L (ATLAS)  -  RAMP Meeting #6

Signal “Efficiency”
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(a) (e, , e⌫) C1C1-WW in SR-4Q-VV
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(b) (e, , e⌫) C1N2-WZ in SR-4Q-VV
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(c) (e, , e⌫) C1N2-WZ in SR-2B2Q-VZ
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(d) (e, , e⌫) C1N2-Wh in SR-2B2Q-Vh

Figure 29: E�ciency for (e, , e⌫) simplified models (N2N3-ZZ, N2N3-Zh, and N2N3-hh) in their most relevant SRs.
The e�ciency in a given SR is defined by the ratio of weighted events selected based on the generator-level particle
information and that based on detector simulation and particle reconstruction described in Section 5. This mainly
accounts for the e�ciency of lepton reconstruction/identification, 1-tagging, as well as the ⇡2 and =trk selection in
the and ,@@//@@-tagging.
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(c) ( e�,
e
⌧) in SR-2B2Q-Vh

Figure 31: E�ciency for ( e�,
e
⌧) in (a) SR-4Q-VV, (b) SR-2B2Q-VZ, and (c) SR-2B2Q-Vh. The e�ciency in a given

SR is defined by the ratio of weighted events selected based on the generator-level particle information and that based
on detector simulation and particle reconstruction described in Section 5. This mainly accounts for the e�ciency of
lepton reconstruction/identification, 1-tagging, as well as the ⇡2 and =trk selection in the and ,@@//@@-tagging. The
spiky e�ciency values (e.g. <(ej0

1) = 600 GeV in SR-4Q-VV) are because of the di�erence between the truth and
reconstructed samples amplified by a statistical fluctuation due to the limited statistics.

16th June 2021 – 23:07 63

■ Eff := Reco sample yields /  truth sample yields
  ○ Reflecting eff. of lepton reco/ID, b-tagging, D2/nTrack cuts in the W/Z→qq tagging 
     and the jet mass resolution effect.
  ○ xsec × Luminosity × Acceptance × Efficiency should agree with the reco sample yield.
  ○ Very mild dependency across the mass grids.

■ 3 (W~,B~) simplified models + 3 (H~,B~) simplified models + (H~,G~) are considered
   Only representative SR for each grid is shown.
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C1C1-WW C1N2-WZ C1N2-Wh (�̃, ⌧̃)
<(ej±

1 /, ej0
1) = <(ej±

1 /ej0
2 , ej0

1) = <(ej±
1 /ej0

2 , ej0
1) = <(ej0

1) = 800 GeV
(700, 100) GeV (900, 100) GeV (900, 100) GeV (ej0

1 ! /
e
⌧) = 50%

Initial number of events (L ⇥ f) 619.20 348.29 348.29 482.87
Preliminary event reduction 589.57 330.51 275.97 463.29
Trigger selection and ⇢

miss
T > 200 GeV 466.99 287.73 244.06 395.66

Event cleaning 395.78 245.63 207.07 336.46
Lepton veto 241.87 172.60 156.57 259.61
=Large�' jets � 2 85.18 68.52 67.95 85.00
=

unmatched
1�jet = 0 81.22 64.64 62.74 76.52

min�q(⇢miss
T , 9) > 1.0 58.13 44.91 42.83 53.05

SR-4Q-VV
=1�jet  1 52.01 35.02 19.83 22.99
⇢

miss
T > 300 GeV 42.78 31.90 17.67 19.99

<e� > 1300 GeV 20.11 23.74 12.66 12.20
=(+@@) = 2 6.21 8.00 0.78 2.08
MC-to-data e�. weights 5.28 6.76 0.73 1.85

SR-2B2Q
=(�11) = 1 2.06 7.65 19.23 26.28
<T2 > 250 GeV 1.60 6.60 16.67 21.97
<e� > 1000 GeV 1.57 6.35 16.08 20.47
=(+@@) = 1 0.68 3.61 8.80 8.10

SR-2B2Q-VZ
<(�11) 2 [70, 100] GeV 0.40 2.65 1.40 2.55
MC-to-data e�. weights 0.34 2.34 1.27 2.21

SR-2B2Q-Vh
<(�11) 2 [100, 135] GeV 0.02 0.39 6.03 3.75
MC-to-data e�. weights 0.02 0.36 5.54 3.29

Table 7: Cut flows of some representative signals up to SR-4Q-VV, SR-2B2Q-VZ, and SR-2B2Q-Vh. One signal
point from the (e, , e⌫) simplified models (C1C1-WW, C1N2-WZ, and C1N2-Wh) and ( e�,

e
⌧) is chosen.

16th June 2021 – 23:07 64

Cut flow

One mass point from the 3 wino/bino simplified models and the (H~,G~) model,  
up to the respective representative SR
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Model-dependent cross-section upper limit
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(a) Expected limits
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(b) Observed limits

Figure 22: Expected and observed 95% CL exclusion limits for the (e, , e�) and ( e�, e,) models with various choices
of tan V and sign(`) overlaid.
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(b) C1N2-WZ
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(c) C1N2-Wh
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(d) ( e�,
e
⌧) expected upper limits

Figure 23: Expected (dashed) and observed (solid) 95% CL exclusion limits on (a) C1C1-WW, (b) C1N2-WZ, and
(c) C1N2-Wh, and (d) ( e�,

e
⌧) models. The grey numbers represents the expected cross-section upper-limits.
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Figure 22: Expected and observed 95% CL exclusion limits for the (e, , e�) and ( e�, e,) models with various choices
of tan V and sign(`) overlaid.
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Figure 23: Expected (dashed) and observed (solid) 95% CL exclusion limits on (a) C1C1-WW, (b) C1N2-WZ, and
(c) C1N2-Wh, and (d) ( e�,

e
⌧) models. The grey numbers represents the expected cross-section upper-limits.

16th June 2021 – 23:07 55

■ Grey numbers: xsec upper limit
  ○ Separate plots between the exp. and obs. (limits are the same)
  ○ Useful to re-derive the limits with different xsec and BR assumptions.

■ 3 wino/bino simplified models and the (H~,G~) model are considered
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○ χheavy branching ratio into W, Z or h vs masses.
   Used for evaluate the limits on the (W~,H~) and (H~,W~) model  

○ The case tanβ=10 is shown.

○ Generally modes with large BR have very mild dependency over the mass and tanβ.
   Some minor modes have drastic dependency.
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Figure 22: The ejheavy branching ratios in the ( e�, e,) model (tan V = 10, ` > 0). The branching ratios of higgsino-like
chargino (ej±

2 ) and higgsino-like neutralinos (ej0
2 , ej0

3 ) as the function of the mass of ej±
2 and that of wino-like neutralino

(ej0
1), representing <(ejlight) and <(ejheavy) respectively.
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Figure 22: The ejheavy branching ratios in the ( e�, e,) model (tan V = 10, ` > 0). The branching ratios of higgsino-like
chargino (ej±

2 ) and higgsino-like neutralinos (ej0
2 , ej0

3 ) as the function of the mass of ej±
2 and that of wino-like neutralino

(ej0
1), representing <(ejlight) and <(ejheavy) respectively.
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Example of branching ratios derived from the (M2, µ) scan Aux. Fig 4-5
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○ All the main/aux figures and tables for the paper.

○ Code snipet to illustrate the selection 
   that runs on the SimpleAnalysis framework.

○ SLHA config files
   For the representative mass point for 
   the 3 wino/bino simplified models and 
   the (H~,G~) model.

○ Full likelihoods (to come soon)
   Signal/BG yields in all the 
   SRs with all the systematic variations.
   JSON format that runs on pyhf.

Materials available in HEP Data

20

https://simpleanalysis.docs.cern.ch
https://pyhf.readthedocs.io/en/v0.6.3/
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Aux materials
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Models Acceptance/Efficiency σ upper limit Full likelihood

(W,B) B(N2→ZN1)=50% ✔

(H,B) B(N2→ZN1)=50% ✔

(W,H) tanβ=10, µ>0 ✔

(H,W) tanβ=10, µ>0 ✔

(H,G) ✔ ✔ ✔

(H,a) B(N1→Za)=100% ✔

 Wino/Bino simplified models

C1C1-WW ✔ ✔ ✔

C1N2-WZ ✔ ✔ ✔

C1N2-Wh ✔ ✔ ✔

~ ~

~ ~

~ ~

~ ~

~ ~

~ ~

~
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Potential Ideas of Re-interpretation

22

■ Models involving more (moderately) light SUSY particles 
  ○ Something in between the considered the EWKinos
     e.g. 3rd EWKino
            Sleptons (motivated by muon g-2)
     → Smaller expected signals due to the possible 1-step decays.

  ○ Case with moderately decoupled squarks
     → Smaller prod. xsec due to the negative interference.

■ Non-prompt higgsino decays for (H~,G~) and (H~,a~) models

χ±~χ0~

Bino

Higgsino

Wino

Both can be easily done by scaling down the expected SR yields in the JSON workspace
and re-fit using the pyhf.
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Summary of Systematics

24

Main Fig 9

considered following the prescription described in Ref. [165]. Uncertainties related to the choice of
NNPDF3.0���� PDF sets are assigned to the ,//+jets, W+jets, ++ , CC̄ and single-top backgrounds. These
are derived by taking the envelope of the eigenvector variations from 100 propagated uncertainties.

For the reducible background estimation, an additional uncertainty is assigned for the modeling of the
relative background composition. This is because di�erent physics processes (/+jets, ,+jets, CC̄, etc.)
are considered as a single component in the fits, and therefore its composition is predicted solely by the
simulation. While the estimation is insensitive to the composition at first order since the TFs of those
physics processes are similar, the residual TF di�erence can cause a bias in the estimation when the
composition is significantly mismodeled by the simulation. The impact of the potential composition
mismodeling is evaluated by the variation in the combined TF when shifting the normalization of each
physics process up and down by a factor of two. An uncertainty of about 2%–8% is assigned in the 4Q
category, while 7%–10% is assigned for those in the 2B2Q category.

For the irreducible backgrounds, cross-section uncertainties are assigned to account for their normalization.
A 50% uncertainty is quoted for +++ production based on the cross-section measurement by the CMS
experiment [155], while a 70% normalization uncertainty is assigned to CC̄+- based on the data/MC
discrepancy observed in VRTTX, as discussed in Section 7.1.
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Figure 9: The total post-fit uncertainty and the breakdown in each of the SRs and VRs. “MC statistical” and “CR
statistical” present the statistical uncertainty due to the limited sample size either in MC simulation (mainly due
to the / (! aa) + jets sample size) or in the CR data, respectively. “Boson tagging” indicates the uncertainty in
the ,@@ (/@@)-tagging e�ciency, while “experimental” shows the contribution from the rest of the experimental
uncertainties. “Reducible BG composition” refers to the uncertainty in the reducible background estimation due to
the relative composition uncertainty. “Theory” represents the total uncertainty from all the theoretical uncertainties.

The uncertainty in the signal yields consists of the cross-section uncertainty and the shape uncertainties.
The cross-section uncertainty ranges from 6% to 20% for the production of electroweakinos with masses
between 400 GeV and 1 TeV, driven mainly by the PDF uncertainty [125]. The shape uncertainties
comprise uncertainties in the choice of renormalization/factorization scales and parton shower modeling,
a�ecting the signal acceptance by 5%–10%.
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Figure 11: (a) <e� distribution in SR-4Q-VV. (b)-(c) <T2 distributions in SR-2B2Q-VZ and SR-2B2Q-Vh. The
post-fit SM background expectation using the background-only fit is shown in a histogram stack. Distributions of a
few representative signals are overlaid. The bottom panels show the ratio of the observed data to the background
prediction. The selection criterion for the variable shown by each plot is removed, while the arrow indicates the cut
value used to define the region. For the (e, , e⌫)-SIM models, the labels (700, 100) GeV and (900, 100) GeV indicate
(<(ej±

1 ),<(ej0
1)).
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SR “N-1” plots Main Fig 11
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Figure 18: Distribution of (a) <(�1), (b) ⇡2, and (c) <T2 in SR-4Q-VV. For ⇡2, the cut value applied for +@@-tagging
(⇡2,cut) is subtracted as the o�-set so that ⇡2 � ⇡2,cut (�1) < 0 represents �1 passing the ⇡2 selection. The post-fit
SM background expectation using the background-only fit is shown in a histogram stack. Distributions of relevant
signals are overlaid. The bottom panels show the ratio of the observed data to the background prediction. The
selection criteria on the variable shown by each plot is removed, while the arrow indicates the cut value to define
the region. A few representative signals are overlaid. For the (e, , e⌫)-SIM models, the label (G, H) indicates
(<(ej±

1 ),<(ej0
1)) = (G, H) GeV.

16th June 2021 – 23:07 51

Additional SR “N-1” plots

Jet mass/D2 cuts are not a fixed values but variable vs pT
→ Ranges expressed by the vertical hash bands

26

Aux. Fig 2-3
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Summary plots for the (W~,H~) & (H~,W~)  
models in the physical mass planeATLAS DRAFT
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(b) Observed limits

Figure 22: Expected and observed 95% CL exclusion limits for the (e, , e�) and ( e�, e,) models with various choices
of tan V and sign(`) overlaid.
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(b) C1N2-WZ
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(c) C1N2-Wh
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(d) ( e�,
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⌧) expected upper limits

Figure 23: Expected (dashed) and observed (solid) 95% CL exclusion limits on (a) C1C1-WW, (b) C1N2-WZ, and
(c) C1N2-Wh, and (d) ( e�,

e
⌧) models. The grey numbers represents the expected cross-section upper-limits.

16th June 2021 – 23:07 55

■ Main body:   Limits as function of (M2, µ)
■ One for the exp., the other for the obs.
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Aux. Fig 6
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Figure 33: Event displays of a data event recorded in November of 2015 which falls into SR-2B2Q-VZ. The right
display illustrates the reconstructed particles in the detector in the real space, where the inner-detector tracks
(?T > 1.5 GeV) are indicated by light blue lines and the calorimeter clusters are represented by yellow bars with the
height proportional to the energy deposit. The left display shows the profile of calorimeter energy deposit projected
on the [ � q. The event consists of two large-' jets (orange cones on the right or white circles on the left), and
missing tranverse momentum (red lines in both). The two large-' jets have kinematic properties (?T,<, [, q) of
(313.21 GeV, 70.50 GeV, 0.58, -2.61) and (454.71 GeV, 85.98 GeV, 0.23, 1.49) respectively, where the former also
contains two 1-tagged VR track jets in it. A clear two-prong substructure seen in the energy deposit in both large-'
jets. The missing tranverse momentum has a magnitude of ⇢miss

T = 499.5 GeV and q = �0.87.

16th June 2021 – 23:07 70

Event displays for a few SR events

■ Main display (right):

   Calo cluster (yellow squares), ETmiss (red), large-R jets (yellow cones), tracks (blue strings)

■ Energy profile (left bottom): 

  Write circles: large-R jets
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Aux. Fig 16


