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SUSY Searches in LHC
❖ Strong production & Electroweak production in LHC

❖ Different search strategies for different Lightest SUSY Particle (LSP) 
‣ Various mass hierarchies predicted from various motivations 

- Naturalness, dark matter, SUSY breaking model etc.
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Gravitino-Slepton

‣ Large cross section 
‣ Energetic jet activities

‣ Small cross section 
‣ Small mass splitting 

- soft objects

Broad program of searches targetting different final states ➡︎ Focus on "light Higgsinos" in this talk

SUSY production cross section in LHC

H/W H/W/Z
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Electroweak Naturalness

❖ In the MSSM, the following equation holds by requiring minimization of the Higgs potential

−
m2

Z

2
= |μ2 | + m2

Hu

Higgsino mass is close to the electroweak scale ( ) (“Electroweak Naturalness”)𝓞(100) GeV

Minimization 
condition

∂V
∂H0

u
=

∂V
∂H0

d
= 0

V = μ2H†H + λ (H†H)2

V = (μ2 + m2
Hu

) H†H +
1
8

(g2 + g′￼

2) (H†H)2

Higgsino-like LSP 
|µ| ⌧ M1,M2

<latexit sha1_base64="W7OjVkEvpy4IxrjUDgtmkYpAYKQ="></latexit>

mχ̃0
1,2

∼ μ

mχ̃±
1

∼ μ

❖ If the bino & wino mass are decoupled ( ),      

light charginos & neutralinos ( ) are pure higgsinos 

➡ Higgsinos form a "compressed mass spectrum"

μ ≪ M1, M2

χ̃0
1, χ̃±

1 , χ̃0
2

Higgsino mass
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Compressed higgsino states explored by existing searches (Soft 2L + Disappearing track) 

❖ Soft 2-lepton : Leptons too soft to be reconstructed 

❖ Disappearing track :  lifetime is too short to pass enough inner detector layers 

➡ New analysis method required to cover the compressed mass region ("Higgsino gap")

χ̃±
1

5

Higgsino Searches by Collider Experiments

"Higgsino gap"

Ryu Sawada  Dark Matter searches in the 2020s At the crossroads of the WIMP 11—13 Nov, 2019, U-Tokyo, Kashiwa Campus

Higgsino direct production

11

100 120 140 160 180 200

m(¬̃±
1 ) [GeV]

0.2

0.5

1

2

5

10

20

50

¢
m

(¬̃
± 1

,¬̃
0 1)

[G
eV

]

Soft 2`, 139 fb°1, CONF-2019-014, m(¬̃0
2) = m(¬̃0

1) + 2¢m(¬̃±
1 , ¬̃0

1)
Disappearing track, 36.1 fb°1, PHYS-PUB-2017-019, m(¬̃0

2) = m(¬̃0
1)

LEP2 ¬̃±
1 excluded

Theoretical prediction for pure Higgsino

All limits at 95% CL
Observed limits Expected limits

All limits at 95% CL
Observed limits Expected limits

ATLAS Preliminaryp
s = 13 TeV

pp ! ¬̃0
2¬̃

±
1 , ¬̃0

2¬̃
0
1, ¬̃+

1¬̃
°
1 , ¬̃±

1 ¬̃0
1 (Higgsino)

July 2019

�̃±
1

�̃0
2

W ⇤

Z⇤p

p

�̃0
1

q

q

�̃0
1

`

`

j

(a)

˜̀

˜̀
p

p

j

�̃0
1

`

�̃0
1

`

(b)

Figure 1: Diagrams representing the two-lepton final state of (a) production of electroweakino e�0
2 e�±1 with initial-state

radiation ( j), and (b) slepton pair èèproduction in association with initial state radiation ( j). The Higgsino simplified
model also considers e�0

2 e�0
1 and e�+1 e��1 production.

Events with two same-flavour opposite-charge leptons (electrons or muons), significant missing transverse
energy (Emiss

T ), and hadronic activity are selected for all scenarios. Signal regions (SRs) are defined by
placing additional requirements on a number of kinematic variables. The dominant SM backgrounds are
either estimated with in situ techniques or constrained using data control regions (CRs) that enter into a
simultaneous likelihood fit with the SRs. The fit is performed in bins of either the m`` distribution (for
electroweakinos) or the mT2 distribution (for sleptons).

Collider constraints on these compressed scenarios were first established at LEP [27–37]. The lower bounds
on direct chargino production from these results correspond to m(e�±1 ) > 103.5 GeV for�m(e�±1 , e�0

1 ) > 3 GeV
and m(e�±1 ) > 92.4 GeV for smaller mass di�erences, although the lower bound on the chargino mass
weakens to around 75 GeV for models with additional new scalars and Higgsino-like cross sections [38].
For sleptons, conservative lower limits on the mass of the scalar partner of the right-handed muon, denotedeµR, are approximately m(eµR) & 94.6 GeV for mass splittings down to m(eµR) � m(e�0

1 ) & 2 GeV. For
the scalar partner of the right-handed electron, denoted eeR, LEP established a universal lower bound of
m(eeR) & 73 GeV that is independent of �m(eeR, e�0

1 ). Recent papers from the CMS [39, 40] and ATLAS [41]
collaborations have extended the LEP limits for a range of mass splittings. This note extends previous
LHC results by increasing the integrated luminosity, extending the search with additional channels, and
exploiting improvements in detector calibration and performance. The event selection was also reoptimised
and uses techniques based on Recursive Jigsaw Reconstruction [42], which improve the separation of the
SUSY signal from the SM backgrounds.

The rest of the note proceeds as follows. After a short description of the ATLAS detector, a summary of
data and simulation samples used is presented. This is followed by descriptions of the event reconstruction,
signal regions, background estimates, and systematic uncertainties. The results of the search are then
presented, along with the interpretation of the results in the benchmark SUSY models. A brief conclusion
is presented at the end.
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Figure 1: Diagrams representing the two-lepton final state of (a) production of electroweakino e�0
2 e�±1 with initial-state

radiation ( j), and (b) slepton pair èèproduction in association with initial state radiation ( j). The Higgsino simplified
model also considers e�0

2 e�0
1 and e�+1 e��1 production.

Events with two same-flavour opposite-charge leptons (electrons or muons), significant missing transverse
energy (Emiss

T ), and hadronic activity are selected for all scenarios. Signal regions (SRs) are defined by
placing additional requirements on a number of kinematic variables. The dominant SM backgrounds are
either estimated with in situ techniques or constrained using data control regions (CRs) that enter into a
simultaneous likelihood fit with the SRs. The fit is performed in bins of either the m`` distribution (for
electroweakinos) or the mT2 distribution (for sleptons).

Collider constraints on these compressed scenarios were first established at LEP [27–37]. The lower bounds
on direct chargino production from these results correspond to m(e�±1 ) > 103.5 GeV for�m(e�±1 , e�0

1 ) > 3 GeV
and m(e�±1 ) > 92.4 GeV for smaller mass di�erences, although the lower bound on the chargino mass
weakens to around 75 GeV for models with additional new scalars and Higgsino-like cross sections [38].
For sleptons, conservative lower limits on the mass of the scalar partner of the right-handed muon, denotedeµR, are approximately m(eµR) & 94.6 GeV for mass splittings down to m(eµR) � m(e�0

1 ) & 2 GeV. For
the scalar partner of the right-handed electron, denoted eeR, LEP established a universal lower bound of
m(eeR) & 73 GeV that is independent of �m(eeR, e�0

1 ). Recent papers from the CMS [39, 40] and ATLAS [41]
collaborations have extended the LEP limits for a range of mass splittings. This note extends previous
LHC results by increasing the integrated luminosity, extending the search with additional channels, and
exploiting improvements in detector calibration and performance. The event selection was also reoptimised
and uses techniques based on Recursive Jigsaw Reconstruction [42], which improve the separation of the
SUSY signal from the SM backgrounds.

The rest of the note proceeds as follows. After a short description of the ATLAS detector, a summary of
data and simulation samples used is presented. This is followed by descriptions of the event reconstruction,
signal regions, background estimates, and systematic uncertainties. The results of the search are then
presented, along with the interpretation of the results in the benchmark SUSY models. A brief conclusion
is presented at the end.
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Analysis Strategy
In the Higgsino gap region,  acquire a lifetime of order  
❖  decay produce tracks with slightly large impact parameters ( ) 
❖ Identify  decay tracks by requiring a "mildly displaced track" :  

‣ Idea from the "cornering higgsino" paper [H. Fukuda et al., Phys. Rev. Lett. 124, 101801 (2020)]

χ̃±
1 cτ ∼ 𝓞(1) mm

χ̃±
1 d0

χ̃±
1 S(d0) = |d0 | /σ(d0)

�̃±
1

�̃0
1

⇡±
O(0.1–

1) m
m

�̃0
1

⇡±

Schematics of the "mildly displaced track"

�̃±
1p

p

�̃0
1

�̃0
1

⇡±

jet

cτ ∼ 𝓞(1) mm
Displaced track

Signal diagram

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.101801


ANALYSIS : EVENT SELECTION
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pmiss
T�̃0

1

�̃0
1

⇡±

Large missing transverse momentum ( ) from the LSP 
❖ Require Initial State Radiation (ISR) topology to boost the SUSY system 
❖ Trigger events and suppress background by requiring a large 

Emiss
T

Emiss
T

8

Event Selection

�̃±
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Feynman diagram

ISR Jet

Large Emiss
T

Schematics of "jets+ " topologyEmiss
T
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pmiss
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ISR jet

Inner detector
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9

Track Selection
Displaced track from the chargino decay 
❖  alignment :  boosted in the opposite direction of the ISR jet ➡︎ Track aligned with  
❖ Track Isolation : To reduce tracks from long-lived SM particles (  lepton, strange hadrons),  
                              which produce multiple decay products, require isolated tracks

Emiss
T χ̃±

1 Emiss
T

τ
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Signal Region Definition

Track  distributionS(d0)

❖ SR subdivided into two  orthogonal bins to 

target different   lifetime (= mass splitting) 

①   :  

②  : 

S(d0)

χ̃±
1

SR-Low S(d0) ∈ [8, 20]

SR-High S(d0) ∈ [20, ∞]

❖ Require additional selections to improve 

sensitivity and define SRs 
‣  
‣  
‣

Emiss
T > 600 GeV

2.0 < pT < 5.0 GeV

S(d0) > 8

⬅︎ Large  

⬅︎ Low-momentum track 

⬅︎ Displaced track

Emiss
T

②①



ANALYSIS : BACKGROUND ESTIMATION



LLP2024 Yuya Mino

Lifetime of SM particles

12

Background Estimation : Overview
Background : Large  + Displaced track with large  
❖  : Tracks from  or Strange hadrons (QCD track) 　　  
❖  : Tracks from leptonic & hadronic  decays (  decay track)

Emiss
T S(d0)

Z → νν, W → ℓν B/D

W → τν τ τ

Background composition in the SRs

➡︎  Data-driven 

➡︎  Semi data-driven 

Estimation method
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precoil
T`

⌫

⇡±

The  distribution of QCD tracks are difficult to model ➡︎ Extract distribution from data 
❖ QCD tracks not from the  bosons ➡︎   and  have the same  distribution

S(d0)

W/Z Z + jets W + jets S(d0)

13

Background Estimation Method : QCD Tracks

Z → νν W → μνpmiss
T⌫

⌫

⇡±
②

①

❖ Extract distribution from  CRW → μν
① Use  as a proxy of  boson  

② Remove tracks around the muon*

precoil
T ≡ pmiss

T + pT(μ) W pT

*ΔR(μ, track) < 0.04

➡︎
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Background Estimation Method : Tau Decay Tracks

❖ Two CRs to normalize the  decay track MC 

① Hadronic tau CR  :  Shift track  range from SR ( [2:5] GeV → [8:20] GeV ) 

② Leptonic tau CR  : Require displaced muon ( ) 
➡ Calculate scale factor in high-  range and correct  decay track in the SR

τ

pT

S(d0) > 3

pT τ

Tau decay track CR schematics
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Systematic Uncertainty & Validation Results
Systematic uncertainties in the SRs 
❖ SR-Low  : ~11% 
❖ SR-High : ~14%
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Validation of BG estimation method 
❖ In each VR, the expected and observed 
yields are consistent within the uncertainty
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No significant data excess in both SRs 

➡ Covered the higgsino gap ( ), 

with a maximum reach of 170 GeV in the chargino mass

0.3 GeV < Δm( χ̃±
1 , χ̃0

1) < 0.9 GeV

17

Unblinded Results
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Summary

❖ Light Higgsinos are motivated by 
"Electroweak Naturalness"  

❖ Performed the first displaced track 

search to explore the "higgsino gap" 
❖ No significant data excess beyond 
the SM expectation 
➡Exceed the LEP limit in the 
higgsino gap for the first time

Phys. Rev. Lett. 132 (2024) 221801

http://dx.doi.org/10.1103/PhysRevLett.132.221801


BACKUP



LLP2024 Yuya Mino 20

Background : QCD Track 
❖ QCD tracks are mainly from the Pileup vertex or Strange hadrons 
‣ Modeling of QCD events are difficult ➡︎ Estimate QCD tracks using only data

QCD track composition in SR-High Schematics of QCD tracks in a  eventZ → νν

z

⌫
⌫̄

K0
S

⇡+⇡�

ISR Jet

Primary vertex
Pileup vertex
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Track Resolution

❖ Use the impact parameter significance to identify chargino decay tracks : S(d0) = d0/σ(d0)

 : Beam spot uncertainty  
 : Track fit uncertainty 

σbeam

σtrack
σ(d0)2 = σ2

beam + σ2
track
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The chargino lifetime is  ➡︎ Distinguish prompt decay tracks using the track  cτ ≈ 𝓞(1) mm S(d0)
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Chargino Branching Ratio & Lifetime
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Figure 10. Branching ratios (left) and nominal decay length (right), for the charged component
of an electroweak doublet with hypercharge 1⁄2 and Dirac mass mχ = 1.1TeV, as a function of
∆+, the splitting between the charged and neutral states. Note that the partial widths are highly
insensitive to the overall mass scale.

B Impact of transverse cuts on forward track-based analysis

While one of the main messages of this work was to propose the replacement of the trans-

verse variables by track-related ones, it is still important to quantify the effect of performing

transverse cuts since they could help keeping backgrounds under control. We thus quantify

here the degradation of the signal in the TB searches due to transverse cuts by counting the

number of charged tracks satisfying our selection criteria as a function of a soft cut on the

pT of the leading jet, pT,j1 ≥ X. The results for FCC-hh and LHC14-HL are presented in

figure 11. We see that even a very soft cut of pT,j1 ≥ 100GeV at the FCC-hh decreases by

a factor of two the number of signal events available in the forward region, and keeps about

75 % of the events in the central region. For the LHC14 we observe a similar behaviour

for pT,j1 ≥ 50GeV. As a result, one must be cautious when using radiated jet pT in TB

analyses, as even rather soft cuts sizably reduce the number of signal events.

– 18 –
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Signal & Background Cross-section
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SM Particle Lifetime
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Limits by Direct Detection & Electron EDM
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Event Display
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EVENT & TRACK SELECTION
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❖ Cut flow for signal process with (m(χ0
1), Δm( χ̃±

1 , χ̃0
1)) = (150, 0.5) GeV

28
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❖ Cut flow for background processes
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HIGH LUMINOSITY LHC (HL-LHC)
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① Increased coverage 
✦  ➡︎  

② Reduced pixel pitch 
✦ IBL :  ➡︎  
✦ Other :  ➡︎  

③ Lower material budget 
✦ Maximum of 5%  ➡︎ 2% 

|η | < 2.5 |η | < 4

50 × 250 μm2 25 × 100 μm2

50 × 400 μm2 50 × 50 μm2

X0 X0

31

Inner Detector Upgrade

❖ Current inner detector consists of Pixels + Strips + TRT 
‣ Replaced by all-silicon tracker (Inner Tracker; ITk) for HL-LHC 



LLP2024 Yuya Mino 32

Expected Sensitivity in the HL-LHC

by optimising the tracking algorithms used for the upgraded ATLAS detector allowing for an increase in
tracklet e�ciency, the possibility of shorter tracklets produced requiring 3 or 4 hits, and further suppression
of the fake tracklet component. The dilepton search sensitivity would be expected to improve by increasing
the reconstruction e�ciency for low pT leptons. The addition of the electron channel would also further
enhance the search sensitivity.
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Figure 7: Expected exclusion at the 95% CL from the disappearing track and dilepton searches in the �m( �̃±1 , �̃0
1 ),

m( �̃±1 ) mass plane. The blue curve presents the exclusion limits from the dilepton search. The yellow contour
presents the exclusion limit from the disappearing track search. The figure also presents the limits on chargino
production from LEP [16]. The relationship between the masses of the chargino and the two lightest neutralinos in
this scenario is m( �̃±1 ) = 1

2 (m( �̃0
1 ) + m( �̃0

2 )). The theory curve is a prediction from a pure higgsino scenario taken
from Ref.[30].

8 Conclusion

This note presents studies performed to assess the sensitivity to electroweakino production with the
HL-LHC and the upgraded ATLAS detector, using 3000 fb�1 of

p
s = 14 TeV data. Well motivated and

natural SUSY scenarios predict a compressed electroweakinos sector. Two signatures with good discovery
potential are considered in this prospect note (disappearing track and soft leptons). In a pure-Higgsino
scenario, the former can discover up to 600 GeV charginos with 1 ns lifetime while the latter could discover
the second lightest neutralino with mass up to 200 GeV. Improvements that could be expected with the
upgraded detector will provide additional sensitivity for both of the searches presented.

12

Expected sensitivity of the soft-2L & disappearing track analysis

❖ The High-Luminosity LHC (HL-LHC) is scheduled to start from 2029 

‣ Expected to obtain about 3000 - 4000 fb-1 in 10 years (~20 times the Run 2 statistics) 

➡ Chargino mass reach extended to ~250 GeV with current analyses
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Expected Sensitivity in the HL-LHC

Considered 3 types of background tracks 
① Fake tracks : Tracks reconstructed by random combinations 
➡ Negligible in the ITk geometry 

② Primary tracks : Tracks from the primary vertex 

➡ Efficiency and  resolution of low-  track remains 

almost the same overall 

③ Pileup tracks : Tracks from pileup vertices 
➡ Need to account for increase of pileup
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③ is reweighted so that the pileup effect is comparable with the case of <μ> = 200

Expected sensitivity of this analysis
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❖ Tighter selections can be applied since signal events increase in the HL-LHC 
➡ Require two mildly-displaced tracks for further background suppression

34

Search Methods Using Mildly-Displaced Tracks
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