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Gauge Mediated SUSY Breaking
• SUSY breaking mediated from hidden to visible sector by gauge interactions 

                                                  

• Lightest SUSY particle (LSP) : gravitino,  
- Weakly interacting, neutral 
- Taken to be nearly massless : O(eV - keV) 

• Assuming R-parity conserved→SUSY particles produced in pairs 
- Decay to a stable gravitino LSP 
- Experimental signature : missing transverse momentum 

• Next-to-lightest SUSY particle (NLSP) 
- Neutralino,  
‣From naive naturalness arguments, focus on relatively light higgsino,  
- Decays to   (Coupling to photons suppressed) 
- Measurement with scanning the branching fraction:  

MSSM Messenger 
Sector

Hidden Sector 
(SUSY Breaking)

G̃

χ̃0
1

H̃
h/Z + G̃

B(H̃ → ZG̃) = 1 − B(H̃ → hG̃)

2

SU(3)xSU(2)xU1



Higgsino production and decays
• Production modes 
- Cascade with small mass difference 
‣Considered in multi leptons analysis 

- Mass degenerate scenarios 
‣Direct productions of higgsino NLSPs 

• Categorization 
- Z boson decay 
‣  

- Higgs decay 
‣  

• Analyses covered in this talk (by ATLAS) 
- 4 or more leptons 
- 2 leptons + jets 
- 0 lepton 
‣4b 
‣2b + 2q, 4q 
‣2b + 2γ 

✓ Higgsino can be long-lived due to small coupling while focusing on prompt decays in this talk 
  cf. ) displaced decay vertex 

Z → ℓℓ, bb, qq(light flavor)

h → bb, γγ
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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.

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

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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In the Minimal Supersymmetric Standard Model [1, 2] two neutral Higgsinos, the proposed spin-half
supersymmetric (SUSY) [3] partners of Higgs bosons, mix together with the spin-half partners of the
,

0 and the ⌫
0 bosons, forming four neutralino states j̃

0
1,2,3,4, while the charged Higgsino mixes with

the spin-half partners of the ,
± to form two pairs of chargino states j̃

±
1,2, where indices are ordered in

increasing mass. When the mass terms for the spin-half ,0,± and ⌫
0 partners are large, the most accessible

states at colliders are the lightest, Higgsino-dominated, neutralinos j̃
0
1 , j̃

0
2 and charginos j̃

±
1 . These

particles are expected to have a mass around the electroweak scale following naturalness arguments [4, 5],
with mass splittings of 1 GeV or less. Such mass spectra are predicted, for example, in gauge-mediated
supersymmetry models (GMSB) [6–8] in which the lightest neutralino j̃

0
1 is Higgsino dominated and

decays to a light gravitino (⌧̃) [9], the proposed spin-3
2 partner of the graviton, in association with a Higgs

or / boson.

These processes represent a rather promising supersymmetry search target at the LHC, particularly if
other SUSY particles are su�ciently heavy as to be kinematically inaccessible or to have suppressed cross
sections. The resulting gravitinos would not be detected by collider experiments, but their presence could
be inferred from momentum imbalance in the direction perpendicular to the beams (⇢miss

T ). The branching

fractions B( j̃0
1 ! ⌘⌧̃) and B( j̃0

1 ! /⌧̃) will depend on the components of the neutralino mixing matrix.
In the following, it will be assumed that there are no additional decay modes of the lightest neutralino,
i.e. B( j̃0

1 ! ⌘⌧̃) + B( j̃0
1 ! /⌧̃) = 100%. The subsequent decay products of the ⌘ and the / can be

detected in a variety of di�erent decay modes.

This paper presents a search for the WW11 decay mode, which also has sensitivity to ⌘ + / through the /

decays to a pair of 1-quarks, as shown in Figure 1. The ATLAS collaboration has previously performed
searches using events with at least three 1-jets [10], and in ⌘ ! WW events without requiring the 1-jet decay
mode of the other boson [11]. CMS has performed several searches in a variety of decay channels [12–14]
including in the WW11 process [14]. For the di-Higgs searches, decays to WW11 combine the advantages of
excellent mass resolution in ⌘ ! WW with the large Higgs boson branching fraction to 11̄.
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Figure 1: Diagram considered by this search. The diagram shows the production of two neutralinos j̃
0
1 , which decay

to a gravitino ⌧̃ and either a Higgs boson ⌘ or a / boson. This search aims to select events in which a pair of photons
is produced by a Higgs boson on one leg of the diagram, while a pair of 1-quarks is produced by either the decay of a
Higgs boson or a / boson on the other leg.
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Figure 1: Diagrams of the processes in the SUSY RPC GGM higgsino models. The ,⇤/ /⇤ produced in the j̃
±
1 /j̃0

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

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

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

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

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

the LSP decay into two charged leptons and a neutrino,

j̃
0
1 ! ✓

±
:
✓
⌥
8/ 9a 9/8 , (1)

through a virtual slepton or sneutrino, with the allowed lepton flavours depending on the indices of the
associated _8 9: couplings [54]. The complex conjugate of the decay in Eq. (1) is also allowed. Thus, when

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

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

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

0
1 to decay to every possible combination of

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

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

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

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

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

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

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

1 The 27 _
8 9:

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

= �_
98:

and the 8 < 9 requirement for the
generation of the ! terms in the superpotential.
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27], with mass ordering m�̃0
1
< m�̃±

1
< m�̃0

2
. In these models, sparticle production is dominated by

the �̃0
1 �̃

0
2 , �̃0

1 �̃
±

1 , �̃0
2 �̃

±

1 , and �̃+1 �̃
�

1 processes. In these scenarios, the heavier chargino and neutralinos
can decay to the lightest neutralino ( �̃0

1 ) via o�-shell W and Z bosons, which are assumed to decay to
immeasurably low momentum particles.

In SUSY models with low SUSY breaking scales, such as GGM or GMSB, a nearly massless G̃ is typically
assumed to be the LSP; in natural models with light higgsinos, the �̃0

1 then becomes the next-to-lightest
supersymmetric particle (NLSP). While a variety of decay scenarios is possible between the various
higgsino states and the LSP, the models under study in this analysis assume that the heavier higgsinos
decay first to the �̃0

1 and then promptly to the LSP. Depending on the specific parameters of the model, the
�̃0

1 can decay to the G̃ via a photon, Z boson, or Higgs boson [28]. If m
H̃

is greater than the Higgs mass,
the �̃0

1 is dominated by the higgsino component, and tan � (the ratio of expectation values of the Higgs
doublets) is small, then the dominant decay would typically be via Higgs bosons, which can in turn decay
to pairs of b-quarks, which this search targets.

These scenarios are implemented as simplified models [29–31] as shown in Figure 1. The primary free
parameter of the model is the mass of the degenerate higgsino states, m

H̃
; the mass of the LSP is set to

a negligibly small value. The total signal cross-section is the sum of the four mass-degenerate higgsino
pair production cross-sections.

H̃

H̃

h

hp

p

G̃

b

b

G̃

b

b

Figure 1: Diagram for the simplified model considered in the analysis. The production of the H̃ occurs via mass-
degenerate pairs of charginos or neutralinos, which decay to the �̃0

1 and immeasurably low momentum particles.

3 ATLAS detector

The ATLAS detector is a multipurpose particle detector with a forward-backward symmetric cylindrical
geometry and nearly 4⇡ coverage in solid angle.2 The inner tracking detector (ID) consists of silicon
pixel and microstrip detectors covering the pseudorapidity region |⌘ | < 2.5, surrounded by a transition
radiation tracker, which enhances electron identification in the region |⌘ | < 2.0. Before Run 2, a new
innermost pixel layer, the insertable B-layer [32], was inserted at a mean sensor radius of 3.3 cm. The

2 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the center of the detector.
The positive x-axis is defined by the direction from the interaction point to the center of the LHC ring, with the positive
y-axis pointing upwards, while the beam direction defines the z-axis. Cylindrical coordinates (r, �) are used in the transverse
plane with � being the azimuthal angle around the z-axis. The pseudorapidity ⌘ is defined in terms of the polar angle ✓ by
⌘ = � ln tan(✓/2). Rapidity is defined as y = 0.5 ln[(E + pz )/(E � pz )] where E denotes the energy and pz is the component
of the momentum along the beam direction.
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Variables
• Missing Transverse Energy (Missing ET, MET) 
-  
‣ Important to identify LSP 

• MET significance 
-  

‣   (scalar sum of momentum) 

• Transverse mass 
-  

• Effective mass 
-

Emiss
T = | − Σi ⃗pT(i) | , i = all objects

S(Emiss
T ) = Emiss

T / HT

HT = ΣpT

M2
T = 2ET1ET2(1 − cos θ)

meff = Emiss
T + HT
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Figure 4: E
miss
T distributions in data compared to MC predictions including all relevant backgrounds for events

satisfying the Z ! ee selection. The ratio between data and MC predictions is shown below the distribution, with
the shaded band which corresponds to the combined experimental systematic and MC statistical uncertainties. The
experimental systematic uncertainties include uncertainties on lepton and jet reconstruction, identification, isolation
and trigger e�ciencies, uncertainties on lepton, jet, and soft term energy resolution and scale, uncertainty on the
total integrated luminosity, and uncertainty on the mean number of interactions per bunch crossing. The last bin of
the distribution includes overflows.

6 Characterisation and performance of Emiss
T

significance

This section examines the potential gain of introducing the object-based Emiss
T significance variable into

the selection criteria for Z ! ee events described in Section 5.3. These events provide an ideal final
state for evaluating the Emiss

T significance performance, since they can be selected with high signal to
background ratio and because Z-boson kinematics can be measured with high precision. This process is
considered to have no real Emiss

T , apart from sub-leading contributions from hadronic decays involving
neutrinos, like in the semileptonic decays of the heavy flavor hadrons as stated above (see Figure 7(a)). As
a result, the bulk of the Emiss

T significance distribution peaks near zero, and it rapidly decreases at higher
values as is shown in Figure 7(b) for the event-based and 7(c) for the object-based Emiss

T significance. It is
interesting to notice the presence of a tail at high values of the variables shown in Figure 7(a) and Figure
7(c), partially due to the presence of the sub-leading contributions of events with real E

miss
T . This tail is

not discernable for the event-based Emiss
T significance in Figure 7(b).

However, in Z ! ee⌫⌫ events, the presence of real Emiss
T increases the value of the Emiss

T significance per
event as is shown in Figure 7. The Emiss

T significance variable can therefore be used to separate events with
real Emiss

T in Z ! ee⌫⌫ coming from the neutrinos with respect to events with only resolution-induced
Emiss

T as the ones present in Z ! ee . In the following, the Z ! ee⌫⌫ sample is considered as signal and
the Z ! ee sample as background.

In the following sections, the separation power between Z ! ee and Z ! ee⌫⌫ simulated events of
the object-based Emiss

T significance is discussed for di�erent jet multiplicities and Emiss
T regions, and

compared to the separation power of the Emiss
T alone, and of the event-based Emiss

T significance.
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Figure 5: Distributions in data compared to MC predictions including all relevant backgrounds for events satisfying
the Z ! ee selection for: (a)

pP
ET, (b) �L

q
1 � ⇢2LT , (c) event-based Emiss

T significance (Equation 1), and
(d) object-based Emiss

T significance (Equation 15). The respective ratios between data and MC predictions are
shown below the distributions, with the shaded bands which correspond to the combined experimental systematic
and MC statistical uncertainties. The experimental systematic uncertainties include uncertainties on lepton and
jet reconstruction, identification, isolation and trigger e�ciencies, uncertainties on lepton, jet, and soft term
energy resolution and scale, uncertainty on the total integrated luminosity, and uncertainty on the mean number of
interactions per bunch crossing. The last bin of the distribution includes overflows.
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Figure 5: Distributions in data compared to MC predictions including all relevant backgrounds for events satisfying
the Z ! ee selection for: (a)

pP
ET, (b) �L

q
1 � ⇢2LT , (c) event-based Emiss

T significance (Equation 1), and
(d) object-based Emiss

T significance (Equation 15). The respective ratios between data and MC predictions are
shown below the distributions, with the shaded bands which correspond to the combined experimental systematic
and MC statistical uncertainties. The experimental systematic uncertainties include uncertainties on lepton and
jet reconstruction, identification, isolation and trigger e�ciencies, uncertainties on lepton, jet, and soft term
energy resolution and scale, uncertainty on the total integrated luminosity, and uncertainty on the mean number of
interactions per bunch crossing. The last bin of the distribution includes overflows.
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Figure 8: The ⇢
miss
T distribution in (a) SR0-ZZloose and SR0-ZZtight, (b) SR0-ZZloose

bveto and SR0-ZZtight
bveto, and (c) SR5L for

events passing the signal region requirements except the ⇢
miss
T requirement. Distributions for data, the estimated SM

backgrounds after the background-only fit, and an example SUSY scenario are shown. “Other” is the sum of the
C,/ , CC̄,, , CC̄// , CC̄,/ , CC̄,�, CC̄��, CC̄C, , and CC̄CC̄ backgrounds. The last bin captures the overflow events. The
lower panel shows the ratio of the observed data to the expected SM background yield in each bin. Both the statistical
and systematic uncertainties in the SM background are included in the shaded band. The red arrows indicate the
⇢

miss
T selections in the signal regions.
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Four leptons analysis
• Signal 
- Higgsino pair production (including cascade) 
   

• Signal regions 
- >= 4 leptons 
-  close to Z mass for both lepton pairs 
 (for GMSB analysis) 
- b-jet veto 
-  

• Backgrounds 
- "Reducible" : ZZ, ttZ 
- "Irreducible" : Z+jets, ttbar

→ Z(ℓℓ)Z(ℓℓ) + Emiss
T

mℓℓ

Emiss
T > 100 or 200 GeV

5
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Figure 1: Diagrams of the processes in the SUSY RPC GGM higgsino models. The ,⇤/ /⇤ produced in the j̃
±
1 /j̃0

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

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

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

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

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

the LSP decay into two charged leptons and a neutrino,

j̃
0
1 ! ✓

±
:
✓
⌥
8/ 9a 9/8 , (1)

through a virtual slepton or sneutrino, with the allowed lepton flavours depending on the indices of the
associated _8 9: couplings [54]. The complex conjugate of the decay in Eq. (1) is also allowed. Thus, when

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

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

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

0
1 to decay to every possible combination of

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

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

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

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

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

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

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

1 The 27 _
8 9:

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

= �_
98:

and the 8 < 9 requirement for the
generation of the ! terms in the superpotential.
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Four leptons analysis
• Result 
- Better sensitivity due to low 
backgrounds for    
- Excluded up to ~ 550 GeV 
with 

Z → ℓℓ

χ̃0
1 → ZG̃

6
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Figure 11: Expected (dashed) and observed (solid) 95% CL exclusion limits on (a) the higgsino GGM models, and
(b) wino NLSP, (c) ✓̃L/ã NLSP, and (d) gluino NLSP pair production with RPV j̃

0
1 decays via _12: , or _833 where

8, : 2 1, 2. The limits are set using a statistical combination of disjoint signal regions. Where two (or more) signal
regions overlap, the signal region contributing its observed CLs value to the combination is the one with the better
(best) expected CLs value.
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• Signal 
- Higgsino pair production 

 

• Event selection 
- 2 leptons with opposite-sign electric charge(OS), 
 at least 2 jets and  

• Backgrounds 
- Diboson (VV), Top (tt, Wt), Z/γ* +jets: 
‣MC normalization factors  
extract from CRs 

‣Fake or non-prompt lepton  
data-driven (Matrix method) 

‣Other rare SM processes from MC 

→ Z(ℓℓ) h/Z(bb/qq) + Emiss
T

Emiss
T

Two leptons + jets analysis
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Figure 11: Observed and expected distributions in five EWK search regions after a simultaneous fit to the signal
regions and control regions. In the top row, left-to-right, areS(⇢miss

T ) in SR-High_8-EWK and <11 in SR-✓✓11-EWK.
In the middle row, left-to-right, are S(⇢miss

T ) in SR-Int-EWK and S(⇢miss
T ) in SR-Low-EWK. In the bottom row

is <✓✓ in SR-OffShell-EWK. Overlaid are example C1N2 and GMSB signal models, where the numbers in the
brackets indicate the masses, in GeV, of the j̃

±
1 and j̃

0
2 or the mass of the j̃

0
1 and branching ratio to the Higgs boson

respectively. All statistical and systematic uncertainties are included in the hatched bands. The last bin includes the
overflow.

39

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.

H̃

H̃
p

p

G̃

h/Z

G̃

h/Z

(a) ( e�,
e
⌧)

H̃

H̃
p

p

ã

h/Z

ã

h/Z

(b) ( e�, 0̃)

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.

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

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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Two leptons + jets analysis
• Results 
- Observed data in agreement with SM prediction 
- Exclude higgsino Next-to-LSP mass up to 900 GeV

8

are excluded. The observed limit at high j̃
0
2 and j̃

±
1 masses is stronger than expected due to the data event

deficits observed in SR-High-EWK.

The right panel of Figure 15 shows the exclusion contours in the <
j̃

0
1
–⌫( j̃0

1 ! ⌘⌧̃) plane. For a branching
fraction entirely to / bosons, masses of the j̃

0
1 up to 900 GeV (800 GeV expected) are excluded. Branching

fractions up to 95% (85% expected) of the j̃
0
1 to Higgs bosons are excluded for j̃0

1 masses around 450 GeV.
Sensitivity to models with decays entirely through Higgs bosons is limited since the majority of Higgs
boson decays do not produce a dilepton system with a mass around the / boson mass. The observed limit
at moderate to high j̃

0
1 mass is stronger than expected due to the deficits observed in SR-✓✓11-EWK and

SR-High-EWK.
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Figure 15: Expected and observed exclusion contours from the EWK analysis for the C1N2 model (left) and GMSB
model (right). The dashed line indicates the expected limits at 95% CL and the surrounding band shows the 1f
variation of the expected limit as a consequence of the uncertainties in the background prediction and experimental
uncertainties of the signal (±1fexp). The red dotted lines surrounding the observed limit contours indicate the
variation resulting from changing the signal cross-section within its uncertainty (±1fSUSY

theory ). The grey-shaded areas
indicate observed limits on these models from the two-lepton channels in Ref. [22] and Ref. [129].

10.2 Strong search interpretation

This section presents mass exclusion limits for the squark- and gluino-initiated SUSY models described in
Section 2. These model-dependent exclusion limits are computed separately for each SR, and then combined
according to which SR has the best expected sensitivity for a particular set of the model parameters. This
can result in sharp contour features where the best expected sensitivity switches between SRs with different
data-to-background ratios. A shape fit of the binned <✓✓ distribution and the //W⇤ + jets CR is performed
for the four edge SRs, shown in Figure 13. A fit to the single-bin SR and its //W⇤ + jets CR is performed
for three on-/ regions in Table 22.

The first plot in Figure 16 shows the exclusion contours in the <(6̃)–<( j̃0
1) plane for a simplified model

where the gluino decays via sleptons. The limit is derived from only the four edge SRs. SRHigh-STR
drives the limit for large splittings between the 6̃ and j̃

0
1 masses. Moving up in j̃

0
1 mass, SRLow-STR takes

over around <(6̃) = 2.0 TeV, <( j̃0
1) = 0.8 TeV. In SRLow-STR, the <✓✓ bins above a value of 200 GeV

have a slight excess, as seen in Table 23, hence the weaker observed exclusion limit in this part of the
combined contour. The largest excluded gluino mass is observed (expected) to be 2.25 (2.20) TeV.
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Four b-jets analysis
• Signal 
-  
‣Requiring Higgs mass 

• High-mass search :  

-  : trigger 
- >= 4 jets ( >= 3 b-tagged ) 
‣Paired based on ΔRjj (captures both h/Z) 

- Separated jets and large meff 
-  normalized to data 
‣Other backgrounds from Monte-Carlo 

• Low-mass search :  
- b-jet trigger 
‣Allows probing low-MET 

- >= 4b-jets 
‣Use 4 w/ highest b-tag score paired 
based on ΔRjj and mjj 

- Multi-bins in MET and meff 
‣Extract 2-tag→4-tag normalization 
and shape corrections in dedicated regions 
using purely data-driven BDT 

h(bb) h(bb) + Emiss
T

mH̃ > 300 GeV

Emiss
T > 200 GeV

tt̄

mH̃ < 300 GeV

9
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27], with mass ordering m�̃0
1
< m�̃±

1
< m�̃0

2
. In these models, sparticle production is dominated by

the �̃0
1 �̃

0
2 , �̃0

1 �̃
±

1 , �̃0
2 �̃

±

1 , and �̃+1 �̃
�

1 processes. In these scenarios, the heavier chargino and neutralinos
can decay to the lightest neutralino ( �̃0

1 ) via o�-shell W and Z bosons, which are assumed to decay to
immeasurably low momentum particles.

In SUSY models with low SUSY breaking scales, such as GGM or GMSB, a nearly massless G̃ is typically
assumed to be the LSP; in natural models with light higgsinos, the �̃0

1 then becomes the next-to-lightest
supersymmetric particle (NLSP). While a variety of decay scenarios is possible between the various
higgsino states and the LSP, the models under study in this analysis assume that the heavier higgsinos
decay first to the �̃0

1 and then promptly to the LSP. Depending on the specific parameters of the model, the
�̃0

1 can decay to the G̃ via a photon, Z boson, or Higgs boson [28]. If m
H̃

is greater than the Higgs mass,
the �̃0

1 is dominated by the higgsino component, and tan � (the ratio of expectation values of the Higgs
doublets) is small, then the dominant decay would typically be via Higgs bosons, which can in turn decay
to pairs of b-quarks, which this search targets.

These scenarios are implemented as simplified models [29–31] as shown in Figure 1. The primary free
parameter of the model is the mass of the degenerate higgsino states, m

H̃
; the mass of the LSP is set to

a negligibly small value. The total signal cross-section is the sum of the four mass-degenerate higgsino
pair production cross-sections.

H̃

H̃

h

hp

p

G̃

b

b

G̃

b

b

Figure 1: Diagram for the simplified model considered in the analysis. The production of the H̃ occurs via mass-
degenerate pairs of charginos or neutralinos, which decay to the �̃0

1 and immeasurably low momentum particles.

3 ATLAS detector

The ATLAS detector is a multipurpose particle detector with a forward-backward symmetric cylindrical
geometry and nearly 4⇡ coverage in solid angle.2 The inner tracking detector (ID) consists of silicon
pixel and microstrip detectors covering the pseudorapidity region |⌘ | < 2.5, surrounded by a transition
radiation tracker, which enhances electron identification in the region |⌘ | < 2.0. Before Run 2, a new
innermost pixel layer, the insertable B-layer [32], was inserted at a mean sensor radius of 3.3 cm. The

2 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the center of the detector.
The positive x-axis is defined by the direction from the interaction point to the center of the LHC ring, with the positive
y-axis pointing upwards, while the beam direction defines the z-axis. Cylindrical coordinates (r, �) are used in the transverse
plane with � being the azimuthal angle around the z-axis. The pseudorapidity ⌘ is defined in terms of the polar angle ✓ by
⌘ = � ln tan(✓/2). Rapidity is defined as y = 0.5 ln[(E + pz )/(E � pz )] where E denotes the energy and pz is the component
of the momentum along the beam direction.
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Figure 6: Distribution of E
miss
T in the control region (a) before and (b) after the BDT reweighting is applied.

event is the product of the weights from each individual tree,
Œ

exp(� log µleaf), renormalized to the total
number of 4-tag events.

The variables passed to the reweighting BDT are optimized by identifying one at a time the single most
important variable to be added to the set of variables until no further improvement in the reweighting
is observed. The resulting set consists of 27 variables, including the pT, ⌘, and the �R separation of
the Higgs boson candidate jets; the pT and separation in ⌘ of each Higgs boson candidate; the di-Higgs
invariant mass; E

miss
T ; XWt ; and information about jet multiplicity and substructure. Figure 6 shows the

distribution of E
miss
T in the CR (a) before and (b) after the reweighting is applied. It is seen that the

reweighted E
miss
T spectrum agrees well with the 4-tag data in the control region. The other variables used

in the BDT training are also well-modeled. Figure 7 shows the background prediction from the BDT and
data in the CR in the unrolled two-dimensional distribution of E

miss
T and me� .

The background prediction is cross-checked with an alternative model where the BDT is replaced with an
iterative one-dimensional reweighting method using one-dimensional projections to derive the correction
factors. The correction factors are determined and applied for one variable at a time, iterating over all
variables three times. This is done in a fully data-driven model and in a partially data-driven model where
simulation is used to model the contributions from tt̄ and Z(! ⌫⌫) + jets. Good agreement is found in all
cross-checks.

7 Systematic uncertainties

7.1 High-mass analysis

The systematic uncertainties in the background prediction for the signal regions of the high-mass analysis
arise from the extrapolation of the tt̄ normalization obtained in the CRs to the SRs as well as from the
yields of the minor backgrounds in the SRs, which are predicted by the simulation.

The detector-related systematic uncertainties a�ect both the background estimate and the signal yield.
The largest sources in this analysis relate to the jet energy scale (JES), jet energy resolution (JER) and the
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Figure 2: Distributions of m(h1) (top) and me� (bottom) for events passing the preselection criteria of the high-mass
analysis. All backgrounds (including tt̄) are normalized using the best available theoretical calculation described
in Section 4. The dashed histograms show the distributions of the variables for selected signal models at the
best available theoretical cross section. The statistical and experimental systematic uncertainties (as defined in
Section 7.1) are included in the uncertainty band. The last bin includes overflows.
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Four b-jets analysis

• Signal regions 
- 56 complementary bins 
in low-mass selection 
- 8 complementary bins 
in high-mass selection 

• Results 
- Largest excess is ~2σ 
‣4 data vs 1.0±0.2 
background @ 200 -300 GeV 

- Excluded up to 900 GeV 
w/ B(H̃ → hG̃) = 100 %
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9.2 Model-dependent exclusion limits

The results are used to place exclusion limits on the higgsino pair production signal model. The results
are obtained using the CLs prescription in the asymptotic approximation [75]. The signal contamination
in the CRs and the experimental systematic uncertainties in the signal are taken into account. All of
the regions of the high-mass and low-mass analyses are combined in the respective fits. The analysis
with the better expected limit at each generated H̃ mass point is selected for the combined result. The
transition between the two analyses occurs at m

H̃
= 300 GeV. The results for a branching ratio for decays

H̃ ! hG̃ of 100% are shown in Figure 15(a). Degenerate higgsino masses between 130 GeV and 230
GeV and between 290 GeV and 880 GeV are excluded at 95% confidence level. In the range approximately
200 GeV < m

H̃
< 300 GeV, the observed limit is 1–2 � weaker than expected, due to the data exceeding

the background in several bins with E
miss
T > 100 GeV in the low-mass analysis.

The results are also interpreted in the context of a variable branching ratio, where the H̃ is allowed to decay
to Z or Higgs bosons. As with the 100% H̃ ! hG̃ interpretation, the results of the low-mass analysis
are used below m

H̃
= 300 GeV, while those of the high-mass analysis are used above. The combined

limits are shown in Figure 15(b): branching ratios for decays H̃ ! hG̃ as low as 45% are excluded for
m

H̃
⇡ 400 GeV at 95% confidence level.
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Figure 15: Exclusion limits on H̃ pair production. In both interpretations, the results of the low-mass analysis are
used below m

H̃
= 300 GeV, while those of the high-mass analysis are used above. In all cases the G̃ is assumed to

be nearly massless. The figure shows (a) the observed (solid) vs expected (dashed) 95% upper limits on the H̃ pair
production cross-section as a function of m

H̃
. The 1� and 2� uncertainty bands on the expected limit are shown

as green and yellow, respectively. The theory cross-section and its uncertainty are shown in the solid and shaded
red curve. The bottom panel shows the ratio of the observed and expected limits with the theory cross-section. The
figure also shows (b) the observed (solid) vs expected (dashed) 95% limits in the m

H̃
vs B(H̃ ! hG̃) plane, where

B(H̃ ! hG̃) denotes the branching ratio for the decay H̃ ! hG̃. The 1� uncertainty band is overlaid in green and
the 2� in yellow. The regions above the lines are excluded by the analyses.
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Figure 10: Results of the background-only fit extrapolated to the VRs of the high-mass analysis. The tt̄ normalization
is obtained from the fit to the CRs shown in Figure 4. The upper panel shows the observed number of events and
the predicted background yield. The bottom panel shows the significance of any disagreement between the data
and the background model [84]. All uncertainties defined in Section 7.1 are included in the uncertainty band. The
background category tt̄ + X includes tt̄W/Z , tt̄H, and tt̄tt̄ events.
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Figure 11: Results of the background only fit extrapolated to the SRs of the high-mass analysis. The tt̄ normalization
is obtained from the fit to the CRs shown in Figure 4. The data in the SRs are not included in the fit. The upper panel
shows the observed number of events and the predicted background yield. The bottom panel shows the significance
of any disagreement between the data and the background model [84]. All uncertainties defined in Section 7.1 are
included in the uncertainty band. The background category tt̄ + X includes tt̄W/Z , tt̄H, and tt̄tt̄ events.
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Figure 14: The unrolled distribution of E
miss
T and me� for data, background and an example signal sample in the

signal region of the low-mass analysis. The bottom panel shows the significance of any disagreement between the
data and the background model [84]. All systematic uncertainties described in Section 7.2 are included. The dashed
line includes the signal contribution and defines the significance as signal/�.

Table 7: For each discovery region, the number of observed events (Nobs), the number of predicted events (Npred), and
95% CL upper limits on the visible cross-section (�95

vis) and on the number of signal events (S95
obs ) are shown. The fifth

column (S95
exp) shows the 95% CL upper limit on the number of signal events given the expected number (and ±1�

excursions of the expectation) of background events. The last column indicates the discovery p-value (p(s = 0))
in significance units. The p-values are capped at 0.5. Results are obtained with 20 000 pseudoexperiments.

Signal channel Nobs Npred �95
vis [fb] S

95
obs S

95
exp p0 (Z)

high-SR-4b-me�1-A-disc 2 0.8 ± 0.7 0.15 5.5 4.2+1.3
�0.4 0.15 (1.02)

high-SR-3b-me�3-A 0 0.8 ± 0.5 0.08 3.0 3.1+1.2
�0.1 0.50 (0.00)

low-SR-MET0-me�440 1063 1100 ± 25 2.3 56 79+31
�23 0.50 (0.00)

low-SR-MET150-me�440 17 12 ± 8 0.90 22 19+5
�4 0.21 (0.80)

9.1 Model-independent exclusion limits

Model-independent limits on the number of beyond-the-SM (BSM) events for each of the discovery SRs
are derived with pseudoexperiments using the CLs prescription [85] and neglecting a possible signal
contamination in the CR. Only the discovery regions from both the high-mass and low-mass analyses are
used in order to simplify the reintepretation of these limits. Limits are obtained with a fit in each SR
which proceeds in the same way as the fit used to predict the background, except that the number of events
observed in the SR is included as an input to the fit. Also, an additional parameter for the BSM signal
strength, constrained to be non-negative, is fit. Upper limits on the visible BSM cross-section (�95

vis) are
obtained by dividing the observed upper limits on the number of BSM events by the integrated luminosity.
The results are given in Table 7, along with the p0-values, the probability of the SM background alone to
fluctuate to the observed number of events or higher.
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All-hadronic analysis
• Signal 
-  
‣Two "boson-tagged" jets with large radii 
- up to two b-jets 

• Simultaneous interpretation for the large mass difference region 
between LSP and NLSP 
- Methods applicable for inclusive searches for models 
with Bino/Wino/Higgsino LSP 

• Boosted Boson Tagging 
- For highly boosted h/Z→qq/bb 
‣Combinations with jet mass 
and jet-substructure variables for  "2-pronginess" 

- Performance 
‣ e.g. ~ 50% efficiency in h→bb tagging 
with rejection factor of >1000 for light quark jets 
- Now the all-hadronic analysis possible 
against huge  + jets background

h /Z(qq) h /Z(bb/qq) + Emiss
T

Z → νν

11

(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.

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.

The acceptance times e�ciency for signal events ranges from 1% to 4% depending on �<(ejheavy, ejlight) and
the SR. For example, it is about 1%–2% (1.5%) in SR-4Q-VV (SR-2B2Q-Vh) for the C1N2-WZ (C1N2-Wh)
signals with �<(ejheavy, ejlight) = 600 GeV, and 3%–4% (2%–3%) with �<(ejheavy, ejlight) = 1 TeV.

7 Background estimation

The main SM background process in the SRs is / (! aa) + jets (⇠50%), followed by , (! ✓a) + jets
(15%–20%), and ++ (10%–20%). The rest consists of +++ events in SR-4Q (5%–10%), or CC̄, single-top
and CC̄+- events in SR-2B2Q (10%–20%).

The estimation strategy varies between the “reducible” and “irreducible” backgrounds. The irreducible
backgrounds in this search are due to SM events including at least two hadronic ,///⌘ decays and large
⇢

miss
T from high-?T neutrinos. These consist of +++ and CC̄+- , and are estimated using MC simulation.

The contribution from fully-hadronic ++ and CC̄ are negligible due to the stringent ⇢miss
T requirement.

The reducible backgrounds are all that remain, including the dominant / (! aa) + jets production. These
backgrounds are characterized by the presence of at least one large-' jet that originates from a process

dependency on the choice of missing-particle mass is very small.
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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].

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
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1. Boosted W/Z/Higgs/Top Jets are collimated. 
　-> Using Large-R Jet (≡ Jet reconstructed R>0.4)
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2. Pileup contribution gets larger in  
　 "Large-R" jet. 
　-> Using Grooming
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h, Z h, Z

the mass peak. The /11 (⌘11)-tagging requires the jet mass to satisfy 70 (100) GeV < <� < 100 (135) GeV.
The performance of the /11- and ⌘11-tagging is summarized in Figures 4(c) and 4(d).
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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.

The analysis also uses reconstructed electrons and muons (collectively referred to as “leptons”), as well as
photons and small-radius (small-') jets, for kinematic selection, validation of the background estimation,
and the ⇢

miss
T computation. Electron candidates are reconstructed from energy clusters that are consistent

with electromagnetic showers in the ECAL and are matched to tracks in the ID, which are calibrated
in situ using / ! 44 samples [141]. Muon candidates in the detector are typically reconstructed by
matching tracks in the MS to tracks in the ID, and they are calibrated in situ using / ! `` and �/k ! ``

samples [142]. Small-' jet candidates are reconstructed from particle-flow objects [143] calibrated at the
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All-hadronic analysis
• Backgrounds 
- Z+jets 
- diboson 
• Results 
- No signal excess 
‣Extended sensitivity to higher mass regions 
- < 900 GeV excluded
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1) and the branching ratio B(ej0
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⌧) (= 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 [30] (cyan, denoted by “4L”), or final states with three or more 1-jets [37] (violet, denoted
by “multi-1”) are shown by the shaded areas.
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Figure 17: 95% CL exclusion limits for the ( e�, 0̃) model as a function of axino mass <(0̃) and lightest higgsino mass
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1). (a) Expected (dashed line) and observed (solid red line) limits calculated for B(ej0
1 ! /0̃) = 100%. (b)
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1 ! /0̃) = 25% as no mass point on the plane can be excluded.
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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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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
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γγ + bb analysis
• Signal 
-  

• Methods 
- Three orthogonal SR to gain sensitivity to 
different Higgsino mass hypothesis and decay 
modes  

• Backgrounds 
- Resonant background from H → 𝛾𝛾 
(subdominant) determined from MC  
- Non-resonant background (dominant) estimated 
using data in the sidebands of m𝛾𝛾 distributions

h(γγ) h/Z(bb) + Emiss
T
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Figure 2: Schematic overview of the event categorisation in this analysis. The control regions (CR) are used to
estimate backgrounds. This estimation is applied to both the validation regions (VR) and the signal regions (SR).
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Figure 4: Distribution of the diphoton invariant mass with all selections of the signal regions applied, except on <WW

itself, for the three signal regions: SR1h (4(a)), SR1Z (4(b)) and SR2 (4(c)). The background estimation techniques
described in the text have been applied. Background and signal predictions are normalised to the luminosity. The
background category “Higgs (other)” includes events originating from production mechanisms di�erent from CC�,
subdominant in this signature. The sizes of the statistic and systematic uncertainties are indicated by the shaded
areas. The lower panel shows the data/SM prediction ratio. Arrows indicate the borders of the signal region
(|<WW � 125 GeV| < 5 GeV). The predicted yields for signal benchmark models of varying j̃

0
1 mass are also plotted

under di�erent assumptions for B( j̃0
1 ! ⌘⌧̃). The first and last bins include the under- and overflow respectively.
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In the Minimal Supersymmetric Standard Model [1, 2] two neutral Higgsinos, the proposed spin-half
supersymmetric (SUSY) [3] partners of Higgs bosons, mix together with the spin-half partners of the
,

0 and the ⌫
0 bosons, forming four neutralino states j̃

0
1,2,3,4, while the charged Higgsino mixes with

the spin-half partners of the ,
± to form two pairs of chargino states j̃

±
1,2, where indices are ordered in

increasing mass. When the mass terms for the spin-half ,0,± and ⌫
0 partners are large, the most accessible

states at colliders are the lightest, Higgsino-dominated, neutralinos j̃
0
1 , j̃

0
2 and charginos j̃

±
1 . These

particles are expected to have a mass around the electroweak scale following naturalness arguments [4, 5],
with mass splittings of 1 GeV or less. Such mass spectra are predicted, for example, in gauge-mediated
supersymmetry models (GMSB) [6–8] in which the lightest neutralino j̃

0
1 is Higgsino dominated and

decays to a light gravitino (⌧̃) [9], the proposed spin-3
2 partner of the graviton, in association with a Higgs

or / boson.

These processes represent a rather promising supersymmetry search target at the LHC, particularly if
other SUSY particles are su�ciently heavy as to be kinematically inaccessible or to have suppressed cross
sections. The resulting gravitinos would not be detected by collider experiments, but their presence could
be inferred from momentum imbalance in the direction perpendicular to the beams (⇢miss

T ). The branching

fractions B( j̃0
1 ! ⌘⌧̃) and B( j̃0

1 ! /⌧̃) will depend on the components of the neutralino mixing matrix.
In the following, it will be assumed that there are no additional decay modes of the lightest neutralino,
i.e. B( j̃0

1 ! ⌘⌧̃) + B( j̃0
1 ! /⌧̃) = 100%. The subsequent decay products of the ⌘ and the / can be

detected in a variety of di�erent decay modes.

This paper presents a search for the WW11 decay mode, which also has sensitivity to ⌘ + / through the /

decays to a pair of 1-quarks, as shown in Figure 1. The ATLAS collaboration has previously performed
searches using events with at least three 1-jets [10], and in ⌘ ! WW events without requiring the 1-jet decay
mode of the other boson [11]. CMS has performed several searches in a variety of decay channels [12–14]
including in the WW11 process [14]. For the di-Higgs searches, decays to WW11 combine the advantages of
excellent mass resolution in ⌘ ! WW with the large Higgs boson branching fraction to 11̄.

�̃0
1

�̃0
1

h/Z

hp

p

G̃

b

b

G̃

�

�

Figure 1: Diagram considered by this search. The diagram shows the production of two neutralinos j̃
0
1 , which decay

to a gravitino ⌧̃ and either a Higgs boson ⌘ or a / boson. This search aims to select events in which a pair of photons
is produced by a Higgs boson on one leg of the diagram, while a pair of 1-quarks is produced by either the decay of a
Higgs boson or a / boson on the other leg.

2

https://cds.cern.ch/record/2854839


γγ + bb analysis
• Results 
- Excluded  in Higgsino pair production 
- Sensitivity extended at the lower mass region

m( χ̃0) ≲ 200 GeV
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j̃
0
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area is observed to be excluded by this analysis, while the other coloured areas represent the exclusion reached by
complementary ATLAS analyses.
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Toshi SUMIDASearches for GMSB with higgsino next-to-lightest SUSY particlesSUSY23, 21 Jul 2023

Summary

• Several searches by ATLAS 
targeting GMSB scenario performed 
- Assuming prompt higgsino NLSP decays to  

• Results 
- No signal seen 
- Constraining simplified models motivated by 
General Gauge Mediation 

• Future 
- Much more data (140 → 400 /fb ) 
coming in Run3 to explore wider regions 
‣Stay tuned !!
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q̃q̃, q̃→qχ̃
0
1

0 e, µ 2-6 jets Emiss
T 139 m(χ̃

0
1)<400 GeV 2010.142931.85q̃ [1×, 8× Degen.] 1.0q̃ [1×, 8× Degen.]

mono-jet 1-3 jets Emiss
T 139 m(q̃)-m(χ̃

0
1)=5 GeV 2102.108740.9q̃ [8× Degen.]

g̃g̃, g̃→qq̄χ̃
0
1

0 e, µ 2-6 jets Emiss
T 139 m(χ̃

0
1)=0 GeV 2010.142932.3g̃

m(χ̃
0
1)=1000 GeV 2010.142931.15-1.95g̃̃g Forbidden

g̃g̃, g̃→qq̄Wχ̃
0
1

1 e, µ 2-6 jets 139 m(χ̃
0
1)<600 GeV 2101.016292.2g̃

g̃g̃, g̃→qq̄("")χ̃
0
1

ee, µµ 2 jets Emiss
T 139 m(χ̃

0
1)<700 GeV 2204.130722.2g̃

g̃g̃, g̃→qqWZχ̃
0
1

0 e, µ 7-11 jets Emiss
T 139 m(χ̃

0
1) <600 GeV 2008.060321.97g̃

SS e, µ 6 jets 139 m(g̃)-m(χ̃
0
1)=200 GeV 1909.084571.15g̃

g̃g̃, g̃→tt̄χ̃
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1

0-1 e, µ 3 b Emiss
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0
1)<500 GeV 2211.080282.45g̃
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1
χ̃0

2 via WZ Multiple "/jets Emiss
T 139 m(χ̃

0
1)=0, wino-bino 2106.01676, 2108.075860.96χ̃±

1 /χ̃
0

2
ee, µµ ≥ 1 jet Emiss

T 139 m(χ̃
±
1 )-m(χ̃

0
1 )=5 GeV, wino-bino 1911.126060.205χ̃±

1 /χ̃
0

2

χ̃±
1
χ̃∓

1 via WW 2 e, µ Emiss
T 139 m(χ̃

0
1)=0, wino-bino 1908.082150.42χ̃±

1

χ̃±
1
χ̃0

2 via Wh Multiple "/jets Emiss
T 139 m(χ̃

0
1)=70 GeV, wino-bino 2004.10894, 2108.075861.06χ̃±

1 /χ̃
0

2
χ̃±

1 /χ̃
0

2 Forbidden
χ̃±

1
χ̃∓

1 via "̃L/ν̃ 2 e, µ Emiss
T 139 m("̃,ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1908.082151.0χ̃±

1

τ̃τ̃, τ̃→τχ̃
0
1 2 τ Emiss

T 139 m(χ̃
0
1)=0 1911.066600.12-0.39τ̃ [τ̃L, τ̃R,L] 0.16-0.3τ̃ [τ̃L, τ̃R,L]

"̃L,R "̃L,R, "̃→"χ̃
0
1

2 e, µ 0 jets Emiss
T 139 m(χ̃

0
1)=0 1908.082150.7#̃

ee, µµ ≥ 1 jet Emiss
T 139 m("̃)-m(χ̃

0
1)=10 GeV 1911.126060.256#̃

H̃H̃, H̃→hG̃/ZG̃ 0 e, µ ≥ 3 b Emiss
T 36.1 BR(χ̃

0
1 → hG̃)=1 1806.040300.29-0.88H̃ 0.13-0.23H̃

4 e, µ 0 jets Emiss
T 139 BR(χ̃

0
1 → ZG̃)=1 2103.116840.55H̃

0 e, µ ≥ 2 large jets Emiss
T 139 BR(χ̃

0
1 → ZG̃)=1 2108.075860.45-0.93H̃

2 e, µ ≥ 2 jets Emiss
T 139 BR(χ̃

0
1 → ZG̃)=BR(χ̃

0
1 → hG̃)=0.5 2204.130720.77H̃

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 Disapp. trk 1 jet Emiss

T 139 Pure Wino 2201.024720.66χ̃±
1

Pure higgsino 2201.024720.21χ̃±
1

Stable g̃ R-hadron pixel dE/dx Emiss
T 139 2205.060132.05g̃

Metastable g̃ R-hadron, g̃→qqχ̃
0
1

pixel dE/dx Emiss
T 139 m(χ̃

0
1)=100 GeV 2205.060132.2g̃ [τ( g̃) =10 ns]

"̃"̃, "̃→"G̃ Displ. lep Emiss
T 139 τ("̃) = 0.1 ns 2011.078120.7ẽ, µ̃

τ("̃) = 0.1 ns 2011.078120.34τ̃
pixel dE/dx Emiss

T 139 τ("̃) = 10 ns 2205.060130.36τ̃

χ̃±
1
χ̃∓

1 /χ̃
0
1 , χ̃

±
1→Z"→""" 3 e, µ 139 Pure Wino 2011.105431.05χ̃∓

1 /χ̃
0

1 [BR(Zτ)=1, BR(Ze)=1] 0.625χ̃∓
1 /χ̃

0

1 [BR(Zτ)=1, BR(Ze)=1]

χ̃±
1
χ̃∓

1 /χ̃
0
2 → WW/Z""""νν 4 e, µ 0 jets Emiss

T 139 m(χ̃
0
1)=200 GeV 2103.116841.55χ̃±

1 /χ̃
0

2 [λi33 ! 0, λ12k ! 0] 0.95χ̃±
1 /χ̃

0

2 [λi33 ! 0, λ12k ! 0]

g̃g̃, g̃→qqχ̃
0
1, χ̃

0
1 → qqq 4-5 large jets 36.1 Large λ′′

112 1804.035681.9g̃ [m(χ̃
0

1)=200 GeV, 1100 GeV] 1.3g̃ [m(χ̃
0

1)=200 GeV, 1100 GeV]

t̃t̃, t̃→tχ̃
0
1, χ̃

0
1 → tbs Multiple 36.1 m(χ̃

0
1)=200 GeV, bino-like ATLAS-CONF-2018-0031.05t̃ [λ′′

323
=2e-4, 1e-2] 0.55t̃ [λ′′

323
=2e-4, 1e-2]

t̃t̃, t̃→bχ̃
±
1 , χ̃

±
1 → bbs ≥ 4b 139 m(χ̃

±
1 )=500 GeV 2010.010150.95t̃̃t Forbidden

t̃1 t̃1, t̃1→bs 2 jets + 2 b 36.7 1710.071710.61t̃1 [qq, bs] 0.42t̃1 [qq, bs]

t̃1 t̃1, t̃1→q" 2 e, µ 2 b 36.1 BR(t̃1→be/bµ)>20% 1710.055440.4-1.45t̃1

1 µ DV 136 BR(t̃1→qµ)=100%, cosθt=1 2003.119561.6t̃1 [1e-10< λ′
23k
<1e-8, 3e-10< λ′

23k
<3e-9] 1.0t̃1 [1e-10< λ′

23k
<1e-8, 3e-10< λ′

23k
<3e-9]

χ̃±
1 /χ̃

0
2/χ̃

0
1, χ̃0

1,2
→tbs, χ̃

+

1→bbs 1-2 e, µ ≥6 jets 139 Pure higgsino 2106.096090.2-0.32χ̃0

1

Mass scale [TeV]10−1 1

ATLAS SUSY Searches* - 95% CL Lower Limits
March 2023

ATLAS Preliminary
√

s = 13 TeV

*Only a selection of the available mass limits on new states or
phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.
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G
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]

0 1χ∼
m

(

)0
1χ

∼
)<m(

g~m(

0 lep. [2010.14293]  0
1
χ∼q q→g~

 3 b-jets [2211.08028]≥  0
1
χ∼b b→g~

 2 lep. SS [2211.08028, 1706.03731]≥ 3 b-jets +  ≥  0
1
χ∼t t→g~

0 lep. + 1 lep. [2010.14293, 2101.01629]  0
1
χ∼Wq q→g~

2 lep. OS SF [2204.13072]  0
1
χ∼

(*)Zq q→g~

 2 lep. SS≥ 7-12 jets + 1 lep. +  ≥  0
1
χ∼WZq q→g~

[2008.06032, 1708.08232, to appear]
 2 lep. SS [2204.13072, to appear]≥2 lep. OS SF +   ν∼/l~ via 0

1
χ∼)νν(ll/q q→g~

 [1808.06358]τ 1 ≥  ν∼/τ∼ via 0
1
χ∼)νν/ντ/ττ(q q→g~

 [2206.06012]γ 1 ≥  0
1
χ∼ via G~/Z)γ(q q→g~

ATLAS Preliminary

-1 = 13 TeV, 36.1 - 139 fbs

Colours indicate different models
Observed limits at 95% CL

March 2023

500 1000 1500 2000
) [GeV]q~m(

500

1000

1500

2000

2500

3000

) [
G

eV
]  

0 1χ∼
m

(
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)<m(
q~m(

0 lep. + mono-jet [2010.14293, 2102.10874]  0
1
χ∼ q→ q~

0 lep. + 1 lep. [2010.14293, 2101.01629]  0
1
χ∼ qW→ 

L
q~

2 lep. OS SF [2204.13072]  0
1
χ∼

(*) qZ→ q~

 [1802.03158]γ 2 ≥  0
1
χ∼ via G~/Z)γ q(→ t~, b~, q~

 2 lep. SS [to appear]≥  0
1
χ∼ qWZ→ 

L
q~

 2 lep. SS [to appear]≥  ν∼/l~ via 0
1
χ∼)νν/ν q(ll/l→ 

L
q~

 [1507.05525]τ 1 ≥  ν∼/τ∼ via 0
1
χ∼)νν/ντ/ττ q(→ 

L
q~

ATLAS Preliminary

-1 = 8-13 TeV, 20.3 - 139 fbs

Colours indicate different models
Observed limits at 95% CL

c~, s~, d~, u~ = q~

March 2023



The ATLAS detector

19

CERN-GE-0803012

https://cds.cern.ch/record/1095924

