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INTRODUCTION




SUSY Searches in LHC

+ Strong production & Electroweak production in LHC

E; [ﬁ

- Different search strategies for different Lightest SUSY Particle (LSP)
- Various mass hierarchies predicted from various motivations
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Broad program of searches targetting different final states = Focus on “light Higgsinos" in this talk
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Electroweak Naturalness

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

2
Minimization oV _ oV — » My _
condition 0HO ch(l) _7 —

Higgsino-like LSP

+ If the bino & wino mass are decoupled (x <« M,, M,), 1| < My, Mo
. . . ~0 ~+ ~0 . .
light charginos & neutralinos (79, 7%, 73) are pure higgsinos Mys ~ U
= Higgsinos form a ‘compressed mass spectrum’
Mz ~ U
X12
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Higgsino Searches by Collider Experiments

Compressed higgsino states explored by existing searches ( + )
. Leptons too soft to be reconstructed
. 77 lifetime is too short to pass enough inner detector layers

- New analysis method required to cover the compressed mass region ("Higgsino gap")
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Analysis Strategy

In the Higgsino gap region, 7 acquire a lifetime of order cz ~ 6(1) mm

+ 7+ decay produce tracks with slightly large impact parameters (d,)

+ ldentify 7 decay tracks by requiring a “mildly displaced track®: S(d,) = |d,|/o(d,)

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

Signal diagram Schematics of the "'mildly displaced track’

N4 X1

p

LLP2024 Yuya Mino


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

ANALYSIS : EVENT SELECTION




Event Selection

Large missing transverse momentum ( ‘T“iss) from the LSP

+ Require Initial State Radiation (ISR) topology to boost the SUSY system

+ Trigger events and suppress background by requiring a large E™S

Feynman diagram Schematics of "jets+EM*" topology
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Track Selection

Displaced track from the chargino decay

+ EMS glignment : 77 boosted in the opposite direction of the IS

R jet = Track aligned with Emss

+ Jrack Isolation : To reduce tracks from long-lived SM particles (z lepton, strange hadrons),

which produce multiple decay products, require isolated tracks
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Signal Region Definition

Require additional selections to improve
sensitivity and define SRs

- EP"™ > 600 GeV <= Large EMis
> 2.0 <pyr <5.0GeV €& Low-momentum track

- S(dy) > 8 ¢ Displaced track

» SR subdivided into two S(d,,) orthogonal bins to
target different 7= lifetime (= mass splitting)

@ SR-Low : S(dy) € [8, 20]

@ SR-High : S(d,) € [20, o]
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ANALYSIS : BACKGROUND ESTIMATION




Background Estimation : Overview

Background : Large EX* + Displaced track with large S(d,)

+ 7 - v, W — ¢v:Tracks from B/D or Strange hadrons (QCD track)

Estimation meth

= Data-driven

od

» W — tv: Tracks from leptonic & hadronic z decays (r decay track) = Semi data-driven

Background composition in the SRs

Vs=13TeV, 140 fo~'
Signal Regions, Prefit

26.0%
65.6%

SR-Low
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QCD track T decay track
Other
40:2% 53.5%
SR-High
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Background Estimation Method : QCD Tracks

LLP2024

The S(d,) distribution of QCD tracks are difficult to model = Extract distribution from data

+ QCD tracks not from the W/Z bosons = Z + jets and W + jets have the same S(d,) distribution

@ Use preol = p™ss + p(u) as a proxy of W boson p
» Extract distribution from W —» uv CR = [ ! ! : :

l@ Remove tracks around the muon*
AR(u, track) < 0.04

1SS recoil
A=), " p%l W — uv / PT
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Background Estimation Method : Tau Decay Tracks

+ Two CRs to nhormalize the r decay track MC
@ Hadronic tau CR : Shift track p; range from SR ( [2:5] GeV — [8:20] GeV )
@ Leptonic tau CR : Require displaced muon (S(d,) > 3)

= Calculate scale factor in high-p, range and correct z decay track in the SR

Track pr distribution = Tau decay track CR schematics
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Systematic Uncertainty & Validation Results

Systematic uncertainties in the SRs
+ SR-Low : ~1 1%] CR statistics

+ SR-High : ~14% |
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Validation of BG estimation method

* |n each VR, the expected and observed

yields are consistent within the uncertainty

(2 106 = i i I I | | | | =
S = ¢ D N\ Total sM =
O — ata N\ Tota _
S 10°= ATLAS | _é
LLI = g QCD track W-jets (1, track) S
— {s=13TeV, 140 fb -
10* == Wijets (1, track) ~ Other —=
10° ;—, \\\\\\\\ S(do) € [8,20] S(do) >20 | P —;
= N .. P——
1 02 = e MM —=
§ \\\\\‘\\\\ \\\\‘\\\\ R §
= M —
10 == =
= I | , | | | —]
(o)) 2 ! ! : .r
O 1 : : : :
- : : : :
8 0
- —1
S 2
D 3 ® % >~ 8 © NS > 5 S
L] o r o L o r o > >
= > > > = = > >
O e
~ -
& &
S S
oC oC
> >

Yuya Mino



RESULTS




Unblinded Results

LLP2024

No significant data excess in both SRs

= Covered the higgsino gap (0.3 GeV < Am(7%, 7% < 0.9 GeV),

with a maximum reach of 170 GeV in the chargino mass
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SR-Low SR-High

Observed data 35 15
SM prediction 37+4 14.8+2.0
QCD track 140+1.7 10.0+1.6
W(— tev)+jets 9.6x1.6 2.0+0.6
W(— tv)+jets 10.6+2.0 1.9+0.8
Others 32+0.7 08+04

Exclusion limits (overlayed with previous analyses)

0.2

ATLAS

V=13 TeV, 136-140 fb~ -

PP — X0, X0, X X7, X X9 (Higgsino)
m(x3) = m(x®) +2Aam(+, X0) —

3¢ + Soft 2/

Disappearing track, m(xs) = m(x?)
LEP2 y; excluded

* Theoretical prediction for pure Higgsino

All limits at 95% CL
= Observed Limit (£10395Y)
--- Expected Limit (+10exp)




summary

Phys. Rev. Lett. 132 (2024) 221801

+ Light Higgsinos are motivated by = ST
" . O ] ATLAS
Electroweak Naturalness o] J/5=13 TeV, 136140 fo-
= pp — X5 03X, iwt’ﬁﬁ (Higgsino)
+ Performed the first displaced track s 21 R R -
s 30 + Soft 2¢
e . " ' Disappearing track, m(x3) = m(x9)
search to explore the "higgsino gap s 4L LEP2 {* excluded .
< P ==+ Theoretical prediction for pure Higgsino -
+ No significant data excess beyond l Al limits af 659% GL
05+ === Observed Limit (+1op05Y)  —
the SM expectation : - Bxpected Limit (+100:)
= Exceed the LEP limit in the o o |
0.2 e o

higgsino gap for the first time
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http://dx.doi.org/10.1103/PhysRevLett.132.221801
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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 Z — v event
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Track Resolution

» Use the impact parameter significance to identify chargino decay tracks : S(d,) = dy/o(d,)

/\

e

0(d0)2 = abeam + o2

[Gbeam : Beam spot uncertainty

\
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i
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The chargino lifetime is ¢z * 6G(1) mm = Distinguish prompt decay tracks using the track S(d,)

LLP2024

Yuya Mino



f T

Pure higgsino range

Chargino branching ratio

" branching ratios

Target region of this analysis

Hadronic
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Signal & Background Cross-section

Standard Model Production Cross Section Measurements

S 10 bgaa ATLAS Preliminary
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cross section [pb]

Full Run 2 data (149 fb-1)

= 0(10° — 10°) signal events

Electroweak SUSY signal cross-sections
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SM Particle Lifetime
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Limits by Direct Detection & Electron EDM

SI cross section ogr [cm?]
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Event Display

: Missing transverse energy (EMs)

5 "E i v - H =l==='= Y il

;’})}J N i‘ 'i, "’ f

\‘ \ ﬁ
- T / l

Event entering SR-High

ISR jet + E™* + displaced track EXPERIMENT

Run: 349309
Event: 1342904905

I _—
\

Mildly-displaced track
produced In the opposite

direction of the ISR jet - J ‘ ’ \ Ii“ r
\ | | |

Initial State Radiation Jet

LLP2024 Yuya Mino 26



EVENT & TRACK SELECTION




Number of Events : Signal

+ Cut flow for signal process with (m(xy), Am(zi, 7)) = (150, 0.5) GeV

. '~ Initial number of events : 140 k events
jet ettt > 5.8%
Jets+E™ signature : 8.1k events
P > 86%
0 Filtering (Lepton veto etc.) : 7.0 k events

N o e >49%

(K Signal track selection : 3.4 k events
/2 >6.6%

AN X1 EMss > 600 GeV : 223 events
N\
P \ > 28%
N\

Low-momentum tracks : 63 events

I > 32%

Mildly-displaced track signature : 20 events
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Number of Events : Background

+ Cut flow for background processes

LLP2024

Jets+E™S signature : 1.4 M events

Filtering (Lepton veto etc.) : 450 k events
Signal track selection : 180 k events
ET™ > 600 GeV : 6.5 k events

Low-momentum tracks : 1.2 k events

Mildly-displaced track signature : 43 events
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HIGH LUMINOSITY LHC (HL-LHC)




Inner Detector Upgrade

« Current inner detector consists of Pixels + Strips + TR

- Replaced by all-silicon tracker (Inner Tracker; ITk) for HL-LHC

@ Increased coverage

cn| <25 = |n| <4 T
@ Reduced pixel pitch "
+ IBL : 50 X 250 ym? = 25 x 100 um? \\
+ Other : 50 x 400 um? =» 50 x 50 ym? \\
® Lower material budget \\\
+ Maximum of 5% X, = 2% X, 1066 — 63 514 299 lfjgg' > 219 ats 10(\)'0[%]
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Expected Sensitivity in the HL-LHC

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

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

= Chargino mass reach extended to ~250 GeV with current analyses

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

~0 ~+ ~0 ~0 ~+x ~F ~x ~0 . . .
—_ X2 X1 ,I le X1| deI X1’ >|<dI ?CdI |prO|dUCtI(|)n,| tar]ﬁ |_ 5’ th >|O I Pure ,_“glgsllno ;I
S | | | | | L O
9 _ ATLAS Simulation Preliminary - O
s> 10| "o . {s=14 TeV, 3000 fb™", u = 200 = E
l?’f — S . . o — ,‘," O
S All limits at 95% CL ] < 2
< i<
50 discovery <

- - - - Expected limit
Disappearing tracks —
Soft leptons
[ | LEP2 exclusion
SEEEE Theory

) . P - -y W o o o Em o o o om0
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-
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m(x.) [GeV]
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Expected sensitivity of the displaced track analysis

~ ~:|: ~( ~
PP — XoX1, Xa X1

XTX71, X1 X} (Higgsino)

m(X) = m(x3) +2Am(x7, X5)

3¢ + Soft 2/
Disappearing track, m(x3) = m(x9)
LEP2 v excluded

= Theoretical prediction for pure Higgsino

All limits at 95% CL
—— Observed (140 fb~ 1)

Expected (400 fo~ )
Expected (3000 fo ')
Expected (4000 fo=') —

—_
ol
)
N
o -
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Expected Sensitivity in the HL-LHC

Considered 3 types of background tracks

Expected sensitivity of this analysis

@ Fake tracks : Tracks reconstructed by random combinations S O[T T T
8 PP — XaX1> XX XiX7> X1 X} (Higgsino)
~+ Negligible in the ITk geometry B = i = 39 + 285, )
Nl S o) AL 1y
@ Primary tracks : Tracks from the primary vertex S Cows o0 |)

= Efficiency and d, resolution of low-p, track remains

almost the same overall * - ...................... |

0.2

U N U R T N SR S I S S S B
100 150 i 200! 250 300

@ Pileup tracks : Tracks from pileup vertices . . .
Run2l Run2+3; | m(fd:) [GeV]

= Need to account for increase of pileup W

@ is reweighted so that the pileup effect is comparable with the case of <u> =200
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Search Methods Using Mildly-Displaced Tracks

+ Tighter selections can be applied since signal events increase in the HL-LHC
= Require two mildly-displaced tracks for further background suppression

@ Target tracks from j; 7 production @ Target tracks from 7)) decay
Signal efficiency quite low since lifetime When Am(7), 7)) ~ 1.0 GeV, BR(7; — jynta™) ~ 40 %
of two charginos are independent = Reconsruct mildly-displaced vertex with two tracks
J
7
p L il
X1 __C ~0
) / F = X1
‘:: Displaced

vertex
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