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Open questions of the Standard Model
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• The Standard Model (SM) has been successful at the LHC 
• However there are questions that remain unanswered 

• What is Dark Matter? 
• Why is the Higgs mass so light? 

• Quadratic divergences in the corrections of the Higgs mass

H
t

Δm2
H ∝ Λ2

UV ∼ Mp

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults


Supersymmetry as a proposed solution
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• Symmetry between the bosons and the fermions  
• Partner particles to the SM particles with half spin difference  

• Fine tuning: opposite sign loop corrections to cancel quadratic divergence 

• Dark matter: if R-parity where baryon - lepton numbers (B-L) conserved  
• Lightest SUSY particle (LSP) is stable -> candidate for dark matter!

-
+

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults
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SUSY production cross sections
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Squark and gluinos have the largest cross section 
But… strong SUSY tightly constrained using simplified models

1 event per fb-1 

36 events in 2015+16 
139 events in Run 2 (2015-18)

Strong production 
gluino 
squark 
stop 

EWK production  
wino production 
higgsino production 
 sleptons

LHC cross sections

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SUSYCrossSections
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What’s next?
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Electroweak (EWK) production of SUSY next natural place to look! 
This can lead to signatures with multiple leptons and missing energy

1 event per fb-1 

36 events in 2015+16 
139 events in Run 2

Strong production 
gluino 
squark 
stop 

EWK production  
wino production 
higgsino production 
 sleptons

LHC cross sections

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SUSYCrossSections


Model considered: direct Wino production
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• Larger cross-section than other EWK production 
• Can give correct Dark Matter Relic abundance 
• Simplified models make the following assumptions: 

• No mixing between SUSY mass parameters 
• 100% branching fraction from sparticle to particle 
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Diagram for search discussed
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Production of charginos and neutralinos  
decaying via on-shell W and Z  to 3 leptons and missing energy 

ISR jet

ATLAS DRAFT

1 Introduction20

Supersymmetry (SUSY) [1–6] is a space-time symmetry that extends the Standard Model (SM), predicting21

the existence of new partners for each SM particle. The new particles have identical quantum numbers22

to their partners with the exception of spin, with SM fermions having bosonic partners and SM bosons23

having fermionic partners. This extension presents solutions to deficiencies in the SM, addressing the24

hierarchy problem [7–10] and providing a candidate for dark matter as the lightest supersymmetric particle25

(LSP), which will be stable if R-parity [11] is conserved. The LSP can be one of the electroweakinos,26

the mass-eigenstate superpartners of the U(1) and SU(2) gauge bosons and the Higgs bosons. The27

electroweakinos consists of two generations of charginos ( �̃±i , i = 1, 2) and four generations of neutralinos28

( �̃0
i , i = 1, 2, 3, 4), where the indices are ordered by ascending mass.29

This paper presents the search for the electroweak pair-production of a chargino and a neutralino ( �̃±1 �̃
0
2).30

The targeted decay chain is shown in Figure 1, with the chargino and neutralino decaying to the invisible LSP31

�̃0
1 and either a W or Z gauge boson, respectively. Simplified models [12, 13], where the mass of the SUSY32

particles are the only free parameters, are used for interpretation. The �̃±1 and �̃0
2 are assumed to be purely33

wino and mass degenerate, and decay with 100% branching ratio to W and Z bosons. The �̃0
1 LSP is assumed34

to be pure bino. Both the W and Z decay leptonically via SM branching ratios, leading to a final state with35

three leptons and missing momentum from two �̃0
1 and a neutrino. The presence of initial state radiation36

(ISR) may lead to jets in the final state and boost the �̃±1 �̃
0
2 system, enhancing the signature of the missing37

momentum. The search targets a range of �̃±1 / �̃0
2 masses between 100 GeV  m( �̃±1 / �̃

0
2)  750 GeV and38

mass splittings with respect to the �̃0
1 LSP, �m = m( �̃±1 / �̃

0
2) � m( �̃0

1), down to 100 GeV.39

(a) (b)

Figure 1: Diagrams of �̃±1 �̃
0
2 production with subsequent decays into three leptons, a neutrino, and two �̃0

1 via
leptonically decaying W and Z bosons. Diagrams are shown both (a) without and (b) with a jet from initial state
radiation.

This search is performed using 139 fb�1 of pp collision data collected between 2015 and 2018 by the40

ATLAS detector at the LHC. Other searches for �̃±1 �̃
0
2 production using conventional observables by the41

ATLAS [14–16] and CMS [17–19] Collaborations have set similar limits on the �̃±1 and �̃0
2 masses of up to42

580 GeV and 570 GeV, respectively. The analysis methods and results presented here have been designed to43

validate and extend a previous �̃±1 �̃
0
2 analysis using the recursive jigsaw reconstruction (RJR) technique [20,44

21], performed on the 36.1 fb�1 of data collected between 2015 and 2016 [22]. The signal regions of the45

RJR analysis targeting high-mass �̃±1 �̃
0
2 production saw no substantial excess, setting limits on the �̃±146

May 13, 2019 – 06:56 2

• Search strategy: 
• 1 same flavor, opposite charge pair of leptons with invariant mass consistent 

with the Z-mass 
• 2 orthogonal signal regions: jet veto, region with at least one jet (ISR) 

• Background estimation: 
• WZ (dominant) and top backgrounds estimated with a control region 
• Z+jets and Z+𝛾 where jet/𝛾 fake a lepton estimated using a data-driven method
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Motivation
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• Two independent efforts pursued with 2015+2016 data 
• cut-and-count and Recursive Jigsaw (RJR) 

• RJR saw excesses in two orthogonal bins targeting models with  
• cut-and-count analysis did not see these excesses

 arXiv:1806.02293

cut-and-count 
search shows no 

excess

RJR excess 
observed limit 
weaker than 

expected

Δm ∼ m(Z)

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults
https://arxiv.org/abs/1806.02293


N
u

m
b

e
r 

o
f 

e
ve

n
ts

1−10

1

10

210

310

410

VV

VVV

Data

Other

Bkg. Unc.

 ATLAS

-1 = 13 TeV, 36.1 fbs

        

to
t

σ
) 

/ 
p
re

d
 -

 n
o
b
s

(n

4−

2−

0
2
4

CR3  -VV
ℓ

VR3  -VVℓ
SR3  _High

ℓ
SR3  _Int

ℓ
SR3  _Low

ℓ
CR3  _ISR-VV

ℓ
VR3  _ISR-VV

ℓ
SR3  _ISR

ℓ

Motivation for search
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• Excess in two orthogonal bins in search using: jet veto and ISR 
• Developed new analysis technique: emulated RJR (eRJR) 

• Explore the intersection between the conventional and RJR analyses 
• Reproduce the RJR technique using simplified, lab frame variables 

• Expand the analysis to include the full Run 2 dataset (139 fb-1)

jet veto ISR

Significance 
• jet veto region: 2.1 
• ISR region: 3.0 

 arXiv:1806.02293

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults
https://arxiv.org/abs/1806.02293
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Figure 2: (a) The “Standard” decay tree applied to pair–produced sparticles pair–production “parent” objects, P,
decaying to visible states “V” and invisible states “I”. (b) Decay tree for the 2` + 2 jet final state and (c) 3` final
state. (d) The “compressed” decay tree. A signal sparticle system S decaying to a set of visible momenta V and
invisible momentum I recoils from a jet radiation system ISR.

Electrons, muons, hadronic jets and ~p miss
T (as defined in Section 4) are used as input to the RJR algorithm.267

Motivated by searches for pair–production of sparticles in R–parity–conserving models, a decay tree is268

constructed following the canonical process in Figure 2 (a) for the 2` (Figure 2 (b)) and 3` (Figure 2 (c))269

search regions, used in the analysis of events. Each event is evaluated as if two sparticles (labelled PP)270

were produced, assigned to two hemispheres (Pa and Pb) and then decayed to the particles observed in271

the detector with V denoting visible objects and I invisible objects. The benchmark signal models probed272

in this search give rise to signal events with at least two weakly interacting particles associated with two273

systems of invisible particles (shown in green), the respective children of the initially produced sparticles.274

For the 2` channel the lepton pair must be associated with the same visible collection, similarly for the275

jets, while for the 3` channel the opposite–sign, same–flavor pair most consistent with the Z boson mass276

11th February 2018 – 18:20 11

Overview of RJR technique
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• RJR technique separates event into a tree 
• Two types of objects are present: 

• Visible: 3 leptons 
• Invisible: 2 neutralinos and 1 neutrino

• Use iterative mass minimization  
• Assign objects to each frame 
• Unknowns associated with invisible objects: 

• Mass of the invisible particles 
• Longitudinal momenta 
• How they contribute to total missing energy  

• Boost back to each frame  

pp frame

• Calculate kinematic variables in each frame
 arXiv:1705.10733
 arXiv:1806.02293

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults
https://arxiv.org/abs/https://arxiv.org/abs/1705.10733
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults
https://arxiv.org/abs/1806.02293


Overview of eRJR technique
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• Translate RJR variables into lab frame variables with minimal assumptions 
• Difference in assumptions: 

• In eRJR, mass of the invisible system is 0, no splitting of the invisible system 
• In eRJR, all signal jets are part of the ISR system while in RJR, ISR jets 

selected to boost against the leptons and missing energy frame 
• For example 

pPP
T

pPP
T + HTPP

3,1
↔

psoft
T

psoft
T + m3ℓ

eff

pI
T ↔ Emiss

T pI
T = transverse momentum of the invisible particles

pPP
T = vector sum of transverse momenta of all objects in  

    sparticle-sparticle frame (PP)

HTF
n,m =

n

∑
i=1

| ⃗p F
T vis,i

| +
m

∑
j=1

| ⃗p F
T inv, j

|

psoft
T , m3ℓ

eff = respectively vectorial and scalar sum of transverse  
    momenta of the 3 leptons and missing energy
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• Distributions are event-by-event comparison of RJR and eRJR variables 
• Good correlation between RJR and eRJR mimic variables  
• eRJR replicates well the RJR analysis with minimal assumptions!

Correlating RJR and eRJR
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Background modeling for eRJR search
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Good background modeling!
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• No longer have significant excess!  ATLAS-CONF-2019-020

Signal channel Nobs Nexp �vis[fb] S95
obs S95

exp p(s = 0) (Z)

SR-low 51 46 ± 5 0.16 22.0 20.7+6.2
�4.3 0.27 (0.60)

SR-ISR 30 23.0 ± 2.2 0.13 18.0 12.1+5.3
�2.0 0.10 (1.27)

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-020/
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Conclusion
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• EWK SUSY is well-motivated and interesting as LHC collects more data 
• Developed new technique to study RJR phase space: eRJR 

• No significant excess observed with full Run 2 dataset 
• We are currently working on the publication for this work 

• Plenty of phase space left to cover, maybe SUSY could be hiding there! 

SUSY summary plots

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-022/


Thank you for your attention. Any questions?
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Hello,  
is it me you’re looking for?
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yields in  search regions

No significant excess observed! 
Can set limit on the masses of SUSY particles

this  
search
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Figure 2: (a) The “Standard” decay tree applied to pair–produced sparticles pair–production “parent” objects, P,
decaying to visible states “V” and invisible states “I”. (b) Decay tree for the 2` + 2 jet final state and (c) 3` final
state. (d) The “compressed” decay tree. A signal sparticle system S decaying to a set of visible momenta V and
invisible momentum I recoils from a jet radiation system ISR.

Electrons, muons, hadronic jets and ~p miss
T (as defined in Section 4) are used as input to the RJR algorithm.267

Motivated by searches for pair–production of sparticles in R–parity–conserving models, a decay tree is268

constructed following the canonical process in Figure 2 (a) for the 2` (Figure 2 (b)) and 3` (Figure 2 (c))269

search regions, used in the analysis of events. Each event is evaluated as if two sparticles (labelled PP)270

were produced, assigned to two hemispheres (Pa and Pb) and then decayed to the particles observed in271

the detector with V denoting visible objects and I invisible objects. The benchmark signal models probed272

in this search give rise to signal events with at least two weakly interacting particles associated with two273

systems of invisible particles (shown in green), the respective children of the initially produced sparticles.274

For the 2` channel the lepton pair must be associated with the same visible collection, similarly for the275

jets, while for the 3` channel the opposite–sign, same–flavor pair most consistent with the Z boson mass276

11th February 2018 – 18:20 11

Variables calculated in lab frame: 
• pTsoft = (lep1 + lep2 +lep3 + MET).Pt()  
• meff3l = lep1.Pt() + lep2.Pt() + lep3.Pt() + MET.Pt() 

Variable calculated in PP frame 
• Hboost = lep1.P() + lep2.P() + lep3.P() + MET.P() 

• Includes full momentum of MET 
• Calculate Z-component of MET, assuming mass of invisible is 0 

• RJ mass estimation: 

• Boost to PP frame 

Note: meff3l  and Hboost are calculated in different frames

Translation of standard tree variables

E. Resseguie (UPenn) DPF 2019  19

standard tree
or low regions

M2
I = M2

V − 4M2
VaM2

Vb



• In order to emulate some RJ variables, need to boost to PP frame 
• But first, need to determine z-component of MET 
• Determining pZ of the invisible system described: arXiv:1705.10733 

Calculating z-component of MET and boost

E. Resseguie (UPenn) DPF 2019  20

pI,|| = pV,||

p
(pI,?)2 +m2

Ip
(pV,?)2 +m2

V

, pV,|| = (`1 + `2 + `3).P z(), assume : mI = 0

• Boost is given by:

~� lab
PP =

~p lab
PP

E lab
PP

=
~p lab
V + ~p lab

I

E lab
V +

q
|~p lab

I |2 +M2
I

, assume : MI = 0

https://arxiv.org/pdf/1705.10733.pdf
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Figure 2: (a) The “Standard” decay tree applied to pair–produced sparticles pair–production “parent” objects, P,
decaying to visible states “V” and invisible states “I”. (b) Decay tree for the 2` + 2 jet final state and (c) 3` final
state. (d) The “compressed” decay tree. A signal sparticle system S decaying to a set of visible momenta V and
invisible momentum I recoils from a jet radiation system ISR.

Electrons, muons, hadronic jets and ~p miss
T (as defined in Section 4) are used as input to the RJR algorithm.267

Motivated by searches for pair–production of sparticles in R–parity–conserving models, a decay tree is268

constructed following the canonical process in Figure 2 (a) for the 2` (Figure 2 (b)) and 3` (Figure 2 (c))269

search regions, used in the analysis of events. Each event is evaluated as if two sparticles (labelled PP)270

were produced, assigned to two hemispheres (Pa and Pb) and then decayed to the particles observed in271

the detector with V denoting visible objects and I invisible objects. The benchmark signal models probed272

in this search give rise to signal events with at least two weakly interacting particles associated with two273

systems of invisible particles (shown in green), the respective children of the initially produced sparticles.274

For the 2` channel the lepton pair must be associated with the same visible collection, similarly for the275

jets, while for the 3` channel the opposite–sign, same–flavor pair most consistent with the Z boson mass276
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compressed tree
or ISR regions

Translation of compressed tree variables
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sparticle system 
leptons+ MET

ISR system 

Select jets to minimize mass in CM 
jets chosen to recoil against sparticle system 

other jets present in event 
not used in RJ analysis  

(but present in ISR system for mimic) 

All these variables are calculated in the lab frame 
• ISR = vector sum of jets 
• pTsoft = (lep1 + lep2 +lep3+ ISR + MET).Pt()  
• pTjet = ISR.Pt()  

• R(MET, jet) =  

Another difference between RJ and RJ mimic is selection of jets 
• RJ mimic considers ISR to be all signal jets 
• RJ selects jets in ISR frame, discounts others

MET ·��!ISR

(pISR
T )2



SR/CR/VR definitions
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• Region definitions kept as close as RJR published result

ATLAS DRAFT

Table 2: Selection criteria for the low-mass and ISR regions. The variables are defined in the text. In addition, events
are required to have three signal leptons, and a b-jet veto is applied. The invariant mass between the two leptons
identified as coming from the Z boson decay is between 75 GeV and 105 GeV and the invariant mass of the three
leptons is greater than 105 GeV.

Selection Criteria

Low-mass Region p
`1
T

[GeV] p
`2
T

[GeV] p
`3
T

[GeV] mT [GeV] E
miss
T [GeV] H

boost [GeV] m
3`
e�

Hboost
p

soft
T

p
soft
T +m

3`
e�

CR-low > 60 > 40 > 30 2 (0, 70) > 40 > 250 > 0.75 < 0.2
VR-low > 60 > 40 > 30 2 (70, 100) - > 250 > 0.75 < 0.2
SR-low > 60 > 40 > 30 > 100 - > 250 > 0.9 < 0.05

ISR Region p
`1
T

[GeV] p
`2
T

[GeV] p
`3
T

[GeV] mT [GeV] E
miss
T [GeV] |��

⇣
E

miss
T , jets

⌘
| R

⇣
E

miss
T , jets

⌘
p

jets
T [GeV] p

soft
T [GeV]

CR-ISR > 25 > 25 > 20 < 100 > 60 > 2.0 2 (0.55, 1.0) > 80 < 25
VR-ISR > 25 > 25 > 20 > 60 > 60 > 2.0 2 (0.55, 1.0) > 80 > 25
VR-ISR-small p

soft
T > 25 > 25 > 20 > 60 > 60 > 2.0 2 (0.55, 1.0) < 80 < 25

VR-ISR-small R

⇣
E

miss
T , jets

⌘
> 25 > 25 > 20 > 60 > 60 > 2.0 2 (0.30, 0.55) > 80 < 25

SR-ISR > 25 > 25 > 20 > 100 > 80 > 2.0 2 (0.55, 1.0) > 100 < 25

The eRJR technique was validated against the published RJR result [22] and was able to reproduce a259

similar excess as seen in the dataset collected in 2015 and 2016. In SR-low, the same data events were260

selected using the emulated variables as using the RJR variables. In SR-ISR, because all signal jets are261

considered part of the ISR system in the eRJR method, a larger yield was seen of both data events and262

expected background events, with the significance of the excess in agreement with the RJR search. In events263

with one jet, the emulated variables are well correlated with the RJR variables, as is further discussed in264

Appendix A.265

6 Search strategy266

The search is performed in signal regions (SRs) designed to select the targeted �̃±1 �̃
0
2 signal events while267

accepting only a small but well-measured number of SM background events. The SM background yields in268

the SRs are estimated using dedicated control regions (CRs) and a�rmed in validation regions (VRs), as269

described in Section 7. The full set of event selections is summarized in Table 2 and described in detail270

below. To target leptonically-decaying W and Z bosons from the electroweakinos, events must have exactly271

three leptons which pass the baseline and signal requirements defined in Section 4. The leptons must have272

at least one same-flavor opposite-charge (SFOS) pair (e+e
� or µ+µ�) with an invariant mass of the pair273

m`` between 75 GeV and 105 GeV, consistent with a Z boson. If there is more than one SFOS pair, the274

pair chosen is the one that has an invariant mass closest to that of a Z boson.275

The leading source of SM background is W Z production, which when decaying fully leptonically has three276

leptons and E
miss
T from a neutrino in the final state. To reduce the W Z contribution, the transverse mass is277

calculated from the unpaired third lepton and the E
miss
T . It is defined as mT =

q
2pTE

miss
T (1 � cos(��)),278

where �� is the angular separation between the lepton and pmiss
T , and will typically be at or below the W279

boson mass in SM events where the E
miss
T is predominantly from the neutrino of the W decay. The mT280

calculated in �̃±1 �̃
0
2 events does not have such a constraint, and the SRs therefore require mT � 100 GeV281

to reduce the SM W Z background. Additionally, signal events usually have larger values of E
miss
T due to282

the massive but undetected LSPs. The backgrounds where one or more leptons are fake or non-prompt283

are reduced by targeting the source of the additional leptons. Events containing b-tagged jets are rejected284

to minimize contributions from the top backgrounds tt̄ and Wt. In the Z+jets background, a third signal285
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• Emulation of pTsoft not as correlated due to difference in ISR jet selection

Correlating RJR and eRJR using WZ
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R(MET, jets)

pTsoft

Njets >1



CR and VR yields

E. Resseguie (UPenn) DPF 2019  25

• WZ NF is 0.84 ± 0.07 for low-mass regions, 0.94 ± 0.05 for ISR regions

low-mass regions

ISR regions

CR-low VR-low

Observed events 412 338

Fitted SM events 412± 20 291± 19

WZ 343± 27 262± 21

ZZ 19.2± 1.7 18.2± 1.6
Others 3.1± 1.9 1.3± 0.9

Top-quark like 0.5± 0.4 0.02
+0.25
�0.02

Fake/non-prompt leptons 46± 17 9± 5

CR-ISR VR-ISR VR-ISR-small p
soft
T VR-ISR-small R

⇣
E

miss
T , jets

⌘

Observed events 442 101 72 252

Fitted SM events 442± 21 107± 18 94± 7 256± 14

WZ 411± 22 97± 17 88± 7 242± 13

ZZ 9.1± 0.8 2.1± 0.5 2.6± 0.4 2.7± 0.5
Others 9± 5 4.8± 2.5 1.8± 1.1 5.0± 2.5
Top-quark like 4.8± 1.6 2.7± 1.1 1.5± 1.1 2.0± 1.0

Fake/non-prompt leptons 9± 5 0.01
+0.18
�0.01 0.5

+1.5
�0.5 3.7± 3.4
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• No significant excess in SR low
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• Slight excess in SR ISR, which does not appear to match the signal model



Control Region distributions
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CR low CR ISR

• Good background modeling
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VR low VR ISR

VR-small pTsoft VR-small R(MET, jets)

• Good background modeling
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jet veto 
0.6 ISR 

1.3

• No longer have significant excess!



• Jet: jet energy scale and resolution 
• Electron and Muon 

• Momentum scale and resolution, uncertainties on scale factors 
• missing energy:  

• propagation of uncertainties on pT of objects 
• uncertainties on resolution of track-based soft term  

• Luminosity: uncertainty for combined 2015-18 is 1.7%

CP Systematics
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Uncertainty in signal regions SR-low SR-ISR

Jet energy scale and resolution 7.0% 6.8%
WZ Normalization 6.6% 4.6%

E
miss
T 3.3% 2.6%

MC Statistics 2.9% 4.0%
Anti-ID CR Stats 2.7% 0.22%
WZ Theory 1.9% 1.3%
30% uncertainty on other backgrounds 1.4% 2.7%
Fake factor estimation 1.1% < 0.01%
Muon momentum scale and resolution 0.37% 0.04%
Electron energy scale and resolution 0.24% 0.30%
Pileup 0.17% 0.96%
Top-quark like background estimation 0.02% 1.4%
Flavor Tagging 0.02% 0.39%


