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Outline

Where is the new physics hiding?
What opportunities remain under the search lamppost?

Case study: hunting Higgsinos
Why are MSSM compressed scenarios so challenging?

Surpassing two-decade old LEP limits
How do we detect Higgsino dark matter at hadron colliders?
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Naturalness motivates light gluinos, stops, Higgsinos

Stop

Hu

Stop

Hu

Gluino
Gluino

Stops, 
sbottom

Higgsinos tree-level

1-loop

Everyone else 
can be decoupled 

h(125)

2-loop

Z(90) Minimally natural
spectrum in vanilla MSSM

Adapted from Papucci et al [arXiv:1110.6926]
Light gluino searches: spectacular jets + MET signatures— see Mike’s talk

Opening the so� lepton frontier for new physics at the LHC | Jesse Liu | 26–28 Mar 2018 3

https://arxiv.org/abs/1110.6926


Stop sensitivity approaching 1 TeV
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Monojet          [1711.03301]

Run 1              [1506.08616]

Electroweak naturalness motivates stop t̃ near weak scale
Dedicated e�orts in Run 2 searches closing gaps le� a�er Run 1

From ATLAS SUSY summary plots
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How to read typical SUSY simplified model exclusion plots

m(SUSY mother)

m(lightest SUSY daughter)
e.g. neutralino 

Excluded
Forb

idden

Typical limit shape Kinematic
ally

95% confidence

Simplified (toy) models

e.g. stop
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How to read typical SUSY simplified model exclusion plots

m(SUSY mother)

m(lightest SUSY daughter)

Decreasing 

acceptance A

Decreasing 
cross-section σ 

e.g. neutralino 

e.g. stop

Excluded
Forb

idden

Compressed 
phase space

Plentiful 
phase space

Typical limit shape Kinematic
ally

95% confidence

Simplified (toy) models
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Opportunities & challenges for

Rare SUSY
Colourless sparticles

Dark sector

Soft stuff
Particle identification

Trigger thresholds

soft, rare, quirky signals

THE SEARCHLIGHT IS SHIFTING 

Quirky creatures
Displaced difficulties

Long-lived exotica

L    H    C

Minimality

Unification

Naturalness

Colourful states

Light gluino & stops

WIMP dark matter

Energetic jets + MET 

from spectacular to subtle discoveries

Case study
Higgsino 
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HUNTING HIGGSINOS

A benchmark for probing the so�, rare & long-lived frontiers
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Higgsinos are generically compressed electroweak SUSY

Higgsinos H̃ are the spin-1/2 fermionic partner of the Higgs bosons
Mass should be near weak scale by naturalness arguments

Higgsinos realised asmultiplet of neutralinos & charginos

�M ⇠ 1 to 10s GeV

�̃0
2

�̃±
1

�̃0
1

(Z⇤ ! `+`�)

(W ⇤ ! soft objects)

1

Challenge to reconstruct intra-Higgsino so� decay products
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Striking gaps in ATLAS sensitivity
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‘Smoking-gun’ lamppost of high pT objects is focus of first LHC searches.
Confront the so� lepton frontier to open sensitivity to diagonal.
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Giving a boost to the Higgsinos

Trigger on missing ET 
by boosting LSPs

Soft dileptons allow 
signal-background 
discrimination 
e.g. m(ll), mT2

Hadronic recoil from 
initial-state radiation (ISR)

Low missing ET as LSPs 
are nearly back-to-back

Leptons too soft to 
pass lepton triggers

EXISTING PROBES OUR STRATEGY

New strategy employed by ATLAS [1712.08119]
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Signals localised at lowm``: bump-hunt SUSY style!
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Sensitivity driven by χ̃02 → `
+`−χ̃01 (same-flavour opposite-sign)

Signal kinematic endpoint:m`` <∆M(χ̃02 , χ̃01 ) gives dramatic background discrimination
(Foreshadowing: sleptons where leptons come from di�erent legs have endpoint inmT2

variable)
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New for 2017: low lepton momentum frontier at ATLAS extended down to 4 GeV
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Confronting experimental limitations of so� lepton reconstruction crucial for sensitivity
Fun fact: a muon loses 3 GeV of energy before reaching the ATLASmuon spectrometer
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Must confront ‘fake/nonprompt’ leptons at so� frontier
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So� lepton regime dominated by challenging fake/nonprompt lepton* backgrounds
Includes misidentified jets, photon conversions, semi-leptonic decays of B-hadrons, pileup
Predicted using data-driven ‘Fake Factor’ method (details in backup)
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Exclusive bins for shape fit
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Make bins orthogonal, split by ee/µµ to statistically combine, improving exclusion.
Showing fit with µsignal = 0.
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LHC SENSITIVITY

A hadron collider extends nearly 20 year old LEP limits
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First hadron collider limits on direct Higgsino production
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Higgsino simplifiedmodel
Down to∆m(χ̃02 , χ̃01 )∼ 3 GeV | Up tom(χ̃02 )∼ 140 GeV.
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Limiting factors for analysis sensitivity

100 150 200 250

m(χ̃0
2) [GeV]

0

10

20

30

40

50
∆

m
(χ̃

0 2,
χ̃

0 1)
[G

eV
]

Expected limit
(
±1σexp

)

Observed limit
(
±1σtheory

)

LEP χ̃±1 excluded

ATLAS√
s = 13 TeV, 36.1 fb−1

ee/µµ, m`` shape fit
All limits at 95% CL

pp → χ̃0
2χ̃
±
1 , χ̃0

2χ̃
0
1, χ̃+

1χ̃
−
1 (Higgsino)

χ̃0
2 → Z ∗χ̃0

1, χ̃±1 →W ∗χ̃0
1

m(χ̃±1 ) = [m(χ̃0
2) + m(χ̃0

1)]/2

Signal shapemore
background-like

Signal
cross-section

So� lepton reconstruction
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Down to∆m(χ̃02 , χ̃01 )∼ 3 GeV | Up tom(χ̃02 )∼ 140 GeV.
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From promptly decaying to long-lived Higgsinos
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Closing the ATLAS wino–bino via WZ gap
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Bonus result: 2L search also opens compressed slepton sensitivity
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[1712.08119]
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How do we close the Higgsino prompt–long-lived gap?
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So�er leptons?

Shorter lifetime & tracklets?

Need new techniques to overcome limiting factors in sensitivity
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SUMMARY

Physics opportunities
So� 2` + EmissT + ISR strategy: opened window on sought-a�er SUSY states.
Search for Higgsino & slepton production with 2`.

Challenges at the so� lepton frontier
Recent support for pT(e/µ)> 4.5/4 GeV critical for small∆M sensitivity.
Fake/non-prompt leptons dominate background— used data-driven estimate.

Sensitivity beyond LEP
Signal regions binned inm`` ormT2 for decisive sensitivity.
Sensitivity down to∆m of 3 GeV for Higgsinos, 1 GeV for sleptons.

New strategy presented by ATLAS [1712.08119]
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EXTRAS
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LHC cross-sections for wino, Higgsino, slepton production
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Lẽ−L + µ̃+

Lµ̃
−
L

ẽ+
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Higgsino vs wino–bino dilepton invariant mass shape
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LHC can probe composition of electroweakinos i.e. underlying SUSY parameters
m`` shape di�ers for Higgsino H̃ vs wino–bino W̃/B̃ scenarios.
Using MadSpin to model χ̃02 → `

+`−χ̃01 decays to match predicted shape.
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Background estimation strategy: schematic overview

CR-top
N(b-jets) ≥ 1
ttbar, tW 
MC normalisation

CR-tau
60 < m(ᶦᶦ) < 120 GeV
MC normalisation

Signal region
Same flavour leptons

VR-DF
Different flavour 
leptons.

Exactly the same 
kinematic 
regimes as SRs.

Global check of 
background 
modelling.

VR-SS 
MET/HT(lep) > 5.
Same sign leptons.
Fakes purity > 90%.

≥ 1 lepton 
fake/non-prompt
> 50% at low lepton pT
E.g. W+jets

Top quark
2L ttbar & tW missed b-jet 

Z → ᶦᶦ
2L decays

Diboson 
WW 2L
WZ missed 3rd lepton 

Others
E.g. Z → ee/ᶞᶞ, Higgs

Fake Factor 
Data-driven method

VR-VV 
MET/HT(lep) < 3.
Diboson purity 
~40%.

Prediction
Mix of data & MC methods 

Validation
Check background modelling

Monte Carlo only 

Irreducible: 2 real & prompt leptons and MET from neutrinos
Reducible: ≥ 1 or more fake/non-prompt lepton(s), instrumental MET (negligible)

Monte Carlo only 

List of MC samples in backup p??, more details of strategy in backup p??.
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Control regions for irreducible backgrounds
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Figure 4: Examples of kinematic distributions after the background-only fit showing the data as well as the expected
background in control regions CR-tau (left) and CR-top (right). The full event selection of the corresponding regions
is applied, except for the requirement that is imposed on the variable being plotted. This requirement is indicated
by blue arrows in the distributions. The first (last) bin includes underflow (overflow). Background processes
containing fewer than two prompt leptons are categorized as ‘Fake/nonprompt’. The category ‘Others’ contains rare
backgrounds from triboson, Higgs boson, and the remaining top-quark production processes listed in Table 1. The
uncertainty bands plotted include all statistical and systematic uncertainties.

Two single-bin CRs are considered, which have all the selections in Table 2 applied unless stated otherwise
in Table 4. A sample enriched in top quarks with 72% purity, CR-top, is defined by selecting events with
at least one b-tagged jet. This CR has 1100 observed events and is used to constrain the normalization
of the tt̄ and tW processes with dilepton final states. A sample enriched in the Z (⇤)/�⇤(! ⌧⌧) + jets
processes with 80% purity, CR-tau, is constructed by selecting events satisfying 60 < m⌧⌧ < 120 GeV.
This CR has 68 observed events and the variable Emiss

T /Hlep
T is required to have a value between 4 and

8 to reduce potential contamination from signal events. Figure 4 shows the background composition of
the CR-tau and CR-top regions. The signal contamination in both regions is typically below 3% and is at
most 11%.

It is di�cult to select a sample of diboson events pure enough to be used to constrain their contribution to
the SRs. The diboson background is therefore estimated with MC simulation. A diboson VR, denoted by

13

For SR
orthogonality

Background-only fit to CR-top & CR-tau (each single-bins).
This derives normalisation factors µtop, µZ→ττ respectively.
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Highlight ATLAS 2`+ EmissT + ISR search
DRAFT

Variable Common requirement

Number of leptons = 2
Lepton charge and flavour e+e� or µ+µ�

Leading lepton p`1
T > 5 (5) GeV for electron (muon)

Subleading lepton p`2
T > 4.5 (4) GeV for electron (muon)

�R`` > 0.05
m`` 2 [1, 60] GeV excluding [3.0, 3.2] GeV
Emiss

T > 200 GeV
Leading jet p j1

T > 100 GeV
��( j1, pmiss

T ) > 2.0
min(��(any jet, pmiss

T )) > 0.4
Number of b-jets = 0
m⌧⌧ < 0 or > 160 GeV

Electroweakino SRs Slepton SRs

�R`` < 2 —
m`1

T < 70 GeV —
Emiss

T /H lep
T > max

⇣
5, 15 � 2 m``

1 GeV

⌘
> max

✓
3, 15 � 2

✓
m100

T2
1 GeV � 100

◆◆

Binned in m`` m100
T2

Table 2: Summary of event selection. The binning scheme used to define the final SRs is shown in Table 3.

separation requirement min(��(any jet, pmiss
T )) > 0.4 between any signal jet in the event and pmiss

T reduces213

the e�ect of jet-energy mis-measurement on Emiss
T .214

The leading sources of irreducible background are tt̄, single-top, WW , and Z (! ⌧⌧) + jets. Events215

that contain b-jets are rejected to reduce the tt̄ and single-top background. To identify the kinematics of216

Z ! ⌧⌧ background, a variable m⌧⌧ is defined [18, 19, 25] by m⌧⌧ = sign
⇣
m2
⌧⌧

⌘ q���m2
⌧⌧
���, where m2

⌧⌧ ⌘217

2p`1 · p`2 (1 + ⇠1)(1 + ⇠2), and the parameters ⇠1 and ⇠2 are determined by solving pmiss
T = ⇠1p`1

T + ⇠2p`2
T .218

The definition of m⌧⌧ approximates the invariant mass of a leptonically-decaying tau pair if both tau219

leptons are su�ciently boosted so that the daughter neutrinos from each tau decay are collinear with the220

visible lepton momentum. Events with 0 < m⌧⌧ < 160 GeV are rejected.221

Two sets of signal regions, optimized for production of electroweakinos and sleptons, respectively, are222

defined.223

In the electroweakino production, the two leptons originating from Z⇤ ! `` are both soft, and their224

invariant mass is small. Due to the recoil of the SUSY particle system against a jet from initial state QCD225

radiation, the angular separation �R`` between the two leptons is required to be smaller than 2.0. The226

transverse mass of the leading lepton and Emiss
T , defined as m`1

T =

q
2(E`1

T Emiss
T � p`1

T · pmiss
T ), is required227

to be smaller than 70 GeV to reduce the background from tt̄, WW , and W + jets. The dilepton invariant228

mass m`` is sensitive to the H�0
2 H�0

1 mass splitting, and is used to define binning of the electroweakino SRs229

as shown in Table 3.230

The event topology of slepton-pair production (Figure 1(b)) can be used to infer the slepton mass given231

the LSP mass. The stransverse mass [35, 36] is defined by232

mm�
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⇣
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f
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Select 2 so� SFOS leptons

Conversions/fake muons
Drell-Yan resonances

Select ISR topology

Mis-measured jets
Top quarks

Z→ ττ

Same-flavour opposite sign (SFOS) signature
Higgsino sensitivity dominated by χ̃02 → χ̃

0
1 (Z∗→ `+`−).

Select ISR topology
EmissT > 200 GeV, pj1T > 100 GeV,∆φ(j1,pmissT )> 2.0.

Suppress backgrounds
Other common requirements reduce various backgrounds labelled above.
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Schematic of data-driven Fake Factormethod

Kinematic regime

Lepton definition

Select ID

Select an anti-ID

Measurement region
1`-triggered dijet samples

Application region
2` region,≥ 1` fake/non-prompt

Nanti-ID

Fake factor
denominator

NID

Fake factor
numerator

Nest =
�

NID
Nanti-ID

�

︸ ︷︷ ︸

fake factor

·NCR-fake

(event-level weight)

Signal region
fake estimate

NCR-fake
Control region

(SR enriched with fakes)

Numerator (denominator) intuition: given fake leptons, fraction that pass (fail) signal requirements.

ID Electrons: Tight identification, GradientLoose isolation.
ID Muons: Medium identification, FixedCutTightTrackOnly isolation.

ID leptons: same as signal leptons | Anti-ID leptons: invert≥ 1 ID requirements.

Bin in pT for e & µ, bin in Nb-jet only for µ fake factors.

Fake Factor developed in H to WW analysis. Studied fake composition in MC (mostly heavy flavour), optimised object definitions.
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Summary of background estimation validation
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Table 4: Definition of control and validation regions. The common selection criteria in Table 2 are implied unless
otherwise specified.

Region Leptons Emiss
T /Hlep

T Additional requirements

CR-top e±e⌥, µ±µ⌥, e±µ⌥, µ±e⌥ > 5 � 1 b-tagged jet(s)
CR-tau e±e⌥, µ±µ⌥, e±µ⌥, µ±e⌥ 2 [4, 8] m⌧⌧ 2 [60, 120] GeV

VR-VV e±e⌥, µ±µ⌥, e±µ⌥, µ±e⌥ < 3
VR-SS e±e±, µ±µ±, e±µ±, µ±e± > 5
VRDF-m`` e±µ⌥, µ±e⌥ > max
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�R`` < 2, m`1
T < 70 GeV
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Figure 4: Examples of kinematic distributions after the background-only fit showing the data as well as the expected
background in control regions CR-tau (left) and CR-top (right). The full event selection of the corresponding regions
is applied, except for the requirement that is imposed on the variable being plotted. This requirement is indicated
by blue arrows in the distributions. The first (last) bin includes underflow (overflow). Background processes
containing fewer than two prompt leptons are categorized as ‘Fake/nonprompt’. The category ‘Others’ contains rare
backgrounds from triboson, Higgs boson, and the remaining top-quark production processes listed in Table 1. The
uncertainty bands plotted include all statistical and systematic uncertainties.

Two single-bin CRs are considered, which have all the selections in Table 2 applied unless stated otherwise
in Table 4. A sample enriched in top quarks with 72% purity, CR-top, is defined by selecting events with
at least one b-tagged jet. This CR has 1100 observed events and is used to constrain the normalization
of the tt̄ and tW processes with dilepton final states. A sample enriched in the Z (⇤)/�⇤(! ⌧⌧) + jets
processes with 80% purity, CR-tau, is constructed by selecting events satisfying 60 < m⌧⌧ < 120 GeV.
This CR has 68 observed events and the variable Emiss

T /Hlep
T is required to have a value between 4 and

8 to reduce potential contamination from signal events. Figure 4 shows the background composition of
the CR-tau and CR-top regions. The signal contamination in both regions is typically below 3% and is at
most 11%.

It is di�cult to select a sample of diboson events pure enough to be used to constrain their contribution to
the SRs. The diboson background is therefore estimated with MC simulation. A diboson VR, denoted by

13
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Breakdown of systematics in SRs
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Figure 5: The relative systematic uncertainties in the background prediction in the exclusive electroweakino (left)
and slepton (right) SRs. The individual uncertainties can be correlated and do not necessarily add up in quadrature
to the total uncertainty.

regions. For the dileptonic diboson background, the uncertainties of the normalization and shape in the
SRs are dominated by the QCD scale variations. The normalization uncertainties of the top quark and
Z (⇤)/�⇤(! ⌧⌧) + jets contributions are constrained by the simultaneous fit, and only the shape uncertainties
relating the CRs to the SRs a�ect the results.

Figure 5 shows the relative size of the various classes of uncertainty in the background predictions in the
exclusive electroweakino and slepton SRs. The uncertainties related to the Fake Factor method are dis-
played separately from the remaining experimental uncertainties due to their relatively large contribution.
The breakdown also includes the uncertainties in the normalization factors of the Z (⇤)/�⇤(! ⌧⌧) + jets
and the combined tt̄ and tW backgrounds as obtained from CR-tau and CR-top, respectively.

The theoretical modeling uncertainties in the expected yields for SUSY signal models are estimated
by varying by a factor of two the MG5_aMC@NLO parameters corresponding to the renormalization,
factorization and CKKW-L matching scales, as well as the P�����8 shower tune parameters. The overall
uncertainties in the signal acceptance range from about 20% to 40% and depend on the SUSY particle
mass splitting and the production process. Uncertainties in the signal acceptance due to PDF uncertainties
are evaluated following the PDF4LHC15 recommendations [120] and amount to 15% at most for largee�0

2 or èmasses. Uncertainties in the shape of the m`` or m100
T2 signal distributions due to the sources above

are found to be small, and are neglected.

8 Results and interpretation

The H���F����� package [121] is used to implement the statistical interpretation based on a profile
likelihood method [122]. Systematic uncertainties are treated as nuisance parameters in the likelihood.

To determine the SM background predictions independent of the SRs, only the CRs are used to constrain
the fit parameters by likelihood maximization assuming no signal events in the CRs; this is referred to as
the background-only fit. The normalizations, µZ(⇤)/�⇤!⌧⌧ and µtop, respectively for the Z (⇤)/�⇤(! ⌧⌧) +
jets MC sample and the combined tt̄ and tW MC samples are extracted in a simultaneous fit to the data
events in CR-tau and CR-top, as defined in Section 6. The normalization parameters, as obtained from the

16
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Electroweakino and slepton SRs
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DRAFT

Variable Common requirement

Number of leptons = 2
Lepton charge and flavour e+e� or µ+µ�

Leading lepton p`1
T > 5 (5) GeV for electron (muon)

Subleading lepton p`2
T > 4.5 (4) GeV for electron (muon)

�R`` > 0.05
m`` 2 [1, 60] GeV excluding [3.0, 3.2] GeV
Emiss

T > 200 GeV
Leading jet p j1

T > 100 GeV
��( j1, pmiss

T ) > 2.0
min(��(any jet, pmiss

T )) > 0.4
Number of b-jets = 0
m⌧⌧ < 0 or > 160 GeV

Electroweakino SRs Slepton SRs

�R`` < 2 —
m`1

T < 70 GeV —
Emiss

T /H lep
T > max

⇣
5, 15 � 2 m``

1 GeV

⌘
> max

✓
3, 15 � 2

✓
m100

T2
1 GeV � 100

◆◆

Binned in m`` m100
T2

Table 2: Summary of event selection. The binning scheme used to define the final SRs is shown in Table 3.

separation requirement min(��(any jet, pmiss
T )) > 0.4 between any signal jet in the event and pmiss

T reduces213

the e�ect of jet-energy mis-measurement on Emiss
T .214

The leading sources of irreducible background are tt̄, single-top, WW , and Z (! ⌧⌧) + jets. Events215

that contain b-jets are rejected to reduce the tt̄ and single-top background. To identify the kinematics of216

Z ! ⌧⌧ background, a variable m⌧⌧ is defined [18, 19, 25] by m⌧⌧ = sign
⇣
m2
⌧⌧

⌘ q���m2
⌧⌧
���, where m2

⌧⌧ ⌘217

2p`1 · p`2 (1 + ⇠1)(1 + ⇠2), and the parameters ⇠1 and ⇠2 are determined by solving pmiss
T = ⇠1p`1

T + ⇠2p`2
T .218

The definition of m⌧⌧ approximates the invariant mass of a leptonically-decaying tau pair if both tau219

leptons are su�ciently boosted so that the daughter neutrinos from each tau decay are collinear with the220

visible lepton momentum. Events with 0 < m⌧⌧ < 160 GeV are rejected.221

Two sets of signal regions, optimized for production of electroweakinos and sleptons, respectively, are222

defined.223

In the electroweakino production, the two leptons originating from Z⇤ ! `` are both soft, and their224

invariant mass is small. Due to the recoil of the SUSY particle system against a jet from initial state QCD225

radiation, the angular separation �R`` between the two leptons is required to be smaller than 2.0. The226

transverse mass of the leading lepton and Emiss
T , defined as m`1

T =

q
2(E`1

T Emiss
T � p`1

T · pmiss
T ), is required227

to be smaller than 70 GeV to reduce the background from tt̄, WW , and W + jets. The dilepton invariant228

mass m`` is sensitive to the H�0
2 H�0

1 mass splitting, and is used to define binning of the electroweakino SRs229

as shown in Table 3.230

The event topology of slepton-pair production (Figure 1(b)) can be used to infer the slepton mass given231

the LSP mass. The stransverse mass [35, 36] is defined by232

mm�
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⇣
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T , p
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= min
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max

f
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T � qT,m�

⌘g ⌘
,233

6th October 2017 – 19:08 10

Opening the so� lepton frontier for new physics at the LHC | Jesse Liu | 26–28 Mar 2018 33



SR binning scheme (paper main text)

DRAFT

Electroweakino SRs

Exclusive SRee-m`` , SRµµ-m`` [1, 3] [3.2, 5] [5, 10] [10, 20] [20, 30] [30, 40] [40, 60]
Inclusive SR``-m`` [1, 3] [1, 5] [1, 10] [1, 20] [1, 30] [1, 40] [1, 60]

Slepton SRs

Exclusive SRee-m100
T2 , SRµµ-m100

T2 [100, 102] [102, 105] [105, 110] [110, 120] [120, 130] [130,1]
Inclusive SR``-m100

T2 [100, 102] [100, 105] [100, 110] [100, 120] [100, 130] [100,1]

Table 3: Signal region binning for the electroweakino and slepton SRs. Each SR is defined by the lepton flavor (ee,
µµ, or `` for both) and a range of m`` (for electroweakino SRs) or m100

T2 (for slepton SRs) in GeV.

In slepton-pair production (Figure 1(b)), the event topology can be used to infer the slepton mass given273

the LSP mass. The stransverse mass [37, 38] is defined by274

mm�

T2

⇣
p`1

T , p
`2
T , p

miss
T

⌘
= min

qT

⇣
max

f
mT
⇣
p`1

T , qT,m�

⌘
,mT
⇣
p`2

T , p
miss
T � qT,m�

⌘g ⌘
,275

where the transverse vector qT is chosen to minimize the larger of the two transverse masses, defined by276

mT
⇣
pT, qT,m�

⌘
=

r
m2

`
+ m2

� + 2
✓q

p2
T + m2

`

q
q2

T + m2
� � pT · qT

◆
.277

The values of mm�

T2 are bounded by the slepton mass from above when the hypothesis invisible mass m�278

is set to the LSP mass. The stransverse mass m100
T2 with m� = 100 GeV is used to define the binning of279

the slepton SRs as further described below. The value of 100 GeV is chosen based on the expected LSP280

masses of the slepton signals targeted by this analysis.281

The scalar sum of the lepton momenta H lep
T = p`1

T + p`2
T is smaller in compressed SUSY signal events282

than in background events such as WW production. The ratio Emiss
T /H lep

T provides signal-to-background283

discrimination which improves for smaller mass splittings in the signals and is therefore used as a sensitive284

variable in both the electroweakino and slepton SRs. The minimum value of the Emiss
T /H lep

T requirement285

is adjusted event-by-event based on the size of the mass splitting inferred from the event kinematics. For286

the electroweakino SRs, this is achieved with m`` as Emiss
T /H lep

T > max[5, 15 � 2m``/(1 GeV)]. For the287

slepton SRs, m100
T2 � 100 GeV is used as Emiss

T /H lep
T > max[3, 15 � 2{m100

T2 /(1 GeV) � 100}]. Figure 3288

illustrates the Emiss
T /H lep

T requirement for electroweakino and slepton SRs.289

Table 3 defines the binning of the signal regions. The electroweakino SRs are divided into seven290

non-overlapping ranges of m`` , which are further divided by lepton flavor (ee, µµ), and referred to291

as exclusive regions. Seven inclusive regions are also defined, characterized by overlapping ranges of292

m`` . For the slepton SRs, m100
T2 is used to define 12 exclusive regions and six inclusive regions. When293

setting model-dependent limits on the electroweakino (slepton) signals, only the exclusive SRee-m`` and294

SRµµ-m`` regions (SRee-m100
T2 and SRµµ-m100

T2 regions) are statistically combined in a simultaneous fit.295

When setting model-independent upper limits on new physics signals, only the inclusive SR``-m`` and296

SR``-m100
T2 regions are considered. The details of these statistical procedures are found in Section 8.297

6 Background estimation298

A common strategy is used to determine the SM background in all signal regions. The main sources of299

irreducible background events that contain two prompt leptons, missing transverse momentum and jets are300
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Signal models: 2 ways to realise dilepton decay chain with MET
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Striking gaps in ATLAS sensitivity
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Closing the ATLAS wino–bino gap
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Simplified models motivated by 3 compressed spectra scenarios
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Definition ofmττ

DRAFT
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Figure 14: Distributions of Emiss
T /H leptons

T for the Higgsino (left) and Slepton (right) selections, after applying all
signal region cuts except those on the Emiss

T /H leptons
T , m`` , and mT2. The black dashed line indicates the cut applied

in the signal region; events in the region below the black line are rejected.
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Figure 15: Schematic illustrating the fully leptonic (Z ! ⌧⌧) + jets system motivating the construction of m⌧⌧ .

H�0
2 ! H�0

1(Z⇤ ! ``). The average value of [�M]reco is typically half that of the hypothesis mass800

splitting [�M]reco ⇠ 5 GeV, hence the factor of 2. Figure 14 illustrates the Emiss
T /H leptons

T requirement for801

Higgsinos and Sleptons.802

m⌧⌧ The di-tau invariant mass m⌧⌧

⇣
p`1, p`2, pmiss

T

⌘
used in this analysis is defined by Equation (12),803

which is a function of the measured leptonic p`1, p`2 and transverse missing momenta pmiss
T related by804

Equations (9) and (10).805

This variable aims to reconstruct the fully leptonic Z ! ⌧⌧ processes to provide leverage on this806

background. Figure 15 illustrates this system schematically. By reconstructing the tau 4-momenta p⌧i , the807

invariant mass squared m2
⌧⌧ =

�
p⌧1 + p⌧2

�2 of the Z can be calculated and appropriately vetoed. Various808

definitions of m⌧⌧ exist in the literature to resolve the kinematic ambiguities due to immeasurable neutrino809

momenta by imposing assumptions on the underlying process. This analysis primarily follows Refs. [33,810

42, 46].811

In the Z ! ⌧⌧ process where both taus undergo leptonic decays ⌧ ! `⌫`⌫⌧ , only the missing transverse
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mττ = sign(m2
ττ)
Ç

�

�m2
ττ

�

� (1)
The construction assumes the τ leptons decay products are nearly collinear.

DRAFT

momentum pmiss
T and 4-momenta of the two leptons p`i from the i-th tau are observable, where i = {1, 2}

label the tau decay chains. The reconstruction relies on the large boost of the taus, decaying from
the Z recoiling o� hadronic activity. This boost ensures the daughter leptons and neutrinos are nearly
collinear, so the 4-momentum of the neutrino system p⌫i from the i-th tau defined by p⌫i = p⌫`i + p⌫⌧i ,
is well approximated as a rescaling of the visible lepton momenta p⌫i ' ⇠ip`i , where ⇠i is a scalar
to be determined. The i-th tau 4-momentum is the sum of the daughter lepton and neutrino system
p⌧i = p`i + p⌫i . Then the ⌧ momentum is a rescaling of the observable lepton momenta p`i

p⌧i = (1 + ⇠i)p`i ⌘ f ip`i, (7)

where f i ⌘ 1 + ⇠i. To solve for the two unknown scalars ⇠i, one constrains the neutrino momenta using812

the missing transverse momentum 1 as Ref. [46] prescribes813

pmiss
T = ⇠1p`1

T + ⇠2p`2
T . (8)

Equation (8) assumes the lepton–invisible colinearity limit p⌫i ' ⇠ip`i and comprises two independent
constraints in the transverse plane for the two unknown scalars ⇠i. This is solved by performing 2 ⇥ 2
matrix inversion in for example the x-y transverse plane

 
⇠1
⇠2

!
=

1
p`1
x p`2

y � p`2
x p`1

y

*,
pmiss
x p`2

y � p`2
x pmiss

y

pmiss
y p`1

x � pmiss
x p`1

y

+- . (9)

Assuming highly boosted taus such that m2
⌧i
' 0, the di-tau invariant mass squared is then given by814

m2
⌧⌧ =

�
p⌧1 + p⌧2

�2 ' 2p`1 · p`2 (1 + ⇠1)(1 + ⇠2). (10)

An important feature of m2
⌧⌧ in Equation (10) is not only that it can go negative, but also in an asymmetric815

way such that the absolute value of the negative range of values
⇣
m2
⌧⌧

⌘�
are qualitatively distinct from816

those of the positive range
⇣
m2
⌧⌧

⌘+
817

⇣
m2
⌧⌧

⌘+
,

����
⇣
m2
⌧⌧

⌘����� . (11)

A naïve square root does not capture this feature. Negative values of m2
⌧⌧ arise when the assumption of818

lepton–invisible colinearity fails for the underlying process. Mathematically, this happens when either819

(but not both) f i ⌘ 1+⇠i < 0 with Emiss
T >

���p`i
T

���. Physically, this occurs when one of the lepton momenta is820

smaller in magnitude and points in the opposite hemisphere to the missing transverse momentum pmiss
T (or821

equivalently, the same hemisphere as the hadronic activity phadronic). Therefore, this lepton’s momentum822

must be inverted in direction when rescaling to obtain an estimate of the tau momentum that balances the823

hadronic recoil. This happens rarely for highly boosted leptonic Z ! ⌧⌧ decays when lepton–invisible824

colinearity largely holds. By contrast, this occurs with greater frequency when the leptons and missing825

transverse momenta originate from less boosted heavy parent particles, such as the WW background or826

˜̀ ˜̀ signal where the leptons can decay nearly back-to-back. In these cases, m2
⌧⌧ is merely interpreted as a827

variable that can discriminate against leptons originating from Z ! ⌧⌧.828

1 An alternative way to constrain fi ⌘ 1 + ⇠i is by assuming the tau momenta balance the hadronic recoil as CMS [63] do:
�phadronic

T = f1p`1
T + f2p`2

T , where phadronic
T is the transverse projection of the vectorial sum of the jet momenta.
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m2
ττ can go negative when fi ≡ 1+ ξi < 0 . This happens when one of the leptons is anti-aligned with pmissT

and EmissT > |p`iT |, such that the rescaling has to invert the direction to approximate the tau-momentum.
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Definition ofmT2

DRAFT

Electroweakino SRs

Exclusive SRee-m`` , SRµµ-m`` [1, 3] [3.2, 5] [5, 10] [10, 20] [20, 30] [30, 40] [40, 60]
Inclusive SR``-m`` [1, 3] [1, 5] [1, 10] [1, 20] [1, 30] [1, 40] [1, 60]

Slepton SRs

Exclusive SRee-m100
T2 , SRµµ-m100

T2 [100, 102] [102, 105] [105, 110] [110, 120] [120, 130] [130,1]
Inclusive SR``-m100

T2 [100, 102] [100, 105] [100, 110] [100, 120] [100, 130] [100,1]

Table 3: Signal region binning for the electroweakino and slepton SRs. Each SR is defined by the lepton flavor (ee,
µµ, or `` for both) and a range of m`` (for electroweakino SRs) or m100

T2 (for slepton SRs) in GeV.

In slepton-pair production (Figure 1(b)), the event topology can be used to infer the slepton mass given273

the LSP mass. The stransverse mass [37, 38] is defined by274

mm�

T2

⇣
p`1

T , p
`2
T , p

miss
T

⌘
= min

qT

⇣
max

f
mT
⇣
p`1

T , qT,m�

⌘
,mT
⇣
p`2

T , p
miss
T � qT,m�

⌘g ⌘
,275

where the transverse vector qT is chosen to minimize the larger of the two transverse masses, defined by276

mT
⇣
pT, qT,m�

⌘
=

r
m2

`
+ m2

� + 2
✓q

p2
T + m2

`

q
q2

T + m2
� � pT · qT

◆
.277

The values of mm�

T2 are bounded by the slepton mass from above when the hypothesis invisible mass m�278

is set to the LSP mass. The stransverse mass m100
T2 with m� = 100 GeV is used to define the binning of279

the slepton SRs as further described below. The value of 100 GeV is chosen based on the expected LSP280

masses of the slepton signals targeted by this analysis.281

The scalar sum of the lepton momenta H lep
T = p`1

T + p`2
T is smaller in compressed SUSY signal events282

than in background events such as WW production. The ratio Emiss
T /H lep

T provides signal-to-background283

discrimination which improves for smaller mass splittings in the signals and is therefore used as a sensitive284

variable in both the electroweakino and slepton SRs. The minimum value of the Emiss
T /H lep

T requirement285

is adjusted event-by-event based on the size of the mass splitting inferred from the event kinematics. For286

the electroweakino SRs, this is achieved with m`` as Emiss
T /H lep

T > max[5, 15 � 2m``/(1 GeV)]. For the287

slepton SRs, m100
T2 � 100 GeV is used as Emiss

T /H lep
T > max[3, 15 � 2{m100

T2 /(1 GeV) � 100}]. Figure 3288

illustrates the Emiss
T /H lep

T requirement for electroweakino and slepton SRs.289

Table 3 defines the binning of the signal regions. The electroweakino SRs are divided into seven290

non-overlapping ranges of m`` , which are further divided by lepton flavor (ee, µµ), and referred to291

as exclusive regions. Seven inclusive regions are also defined, characterized by overlapping ranges of292

m`` . For the slepton SRs, m100
T2 is used to define 12 exclusive regions and six inclusive regions. When293

setting model-dependent limits on the electroweakino (slepton) signals, only the exclusive SRee-m`` and294

SRµµ-m`` regions (SRee-m100
T2 and SRµµ-m100

T2 regions) are statistically combined in a simultaneous fit.295

When setting model-independent upper limits on new physics signals, only the inclusive SR``-m`` and296

SR``-m100
T2 regions are considered. The details of these statistical procedures are found in Section 8.297

6 Background estimation298

A common strategy is used to determine the SM background in all signal regions. The main sources of299

irreducible background events that contain two prompt leptons, missing transverse momentum and jets are300
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