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https://indico.cern.ch/event/1072533/timetable/#all.detailed

LONG-LIVED PARTICLES

Experimental signature: LLP itself if it's stable, otherwise its decay products (jets, leptons)

Can have an unique/unusual signature (lifetimes in the pico to nanoseconds range), e.g:

disappearing or

displaced kinked tracks
LLP can decay to leptons: can look for mulitrack vertices s AN
. . . non-pointing
displaced leptons or for displaced di-lepton o - (converted) photons
vertices (with no track pointing back to V/ 5
displaced leptons, 4 ing i
the |P) eplolets o ‘ emerging jets

lepton pairs

|\

i trackless,
{ low-EMF jets

Non-stable charged LLP: Disappearing or /
kinked tracks

Meta-stable LL charged particles: travel

quasi-stable

all the detector components, like muons multtrack vertices in the i i
! N ! ! muon spectrometer
but with a very different signature
(interactions with the detector material)
Heather Rusell

Usually lower Standard Model background than in the traditional BSM searches

e Dominant background: beam-induced, instrumental noise
@ Cannot rely on MC simulations, and most of the time a fully data-driven background
estimation is used

Requires a deep understanding of the detector!
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SIGNATURE: DISPLACED HADRONIC JETS

SEARCH FOR DECAYS OF PAIR-PRODUCED NEUTRAL LLPs (ARX1v:2203.01009)

@ Simplified Hidden Sector (HS) model, where SM and HS are f
connected via a heavy neutral boson () 5 s _ L 7
@ & decays to two long-lived neutral scalar bosons (s) --e=Z :: P
— & has masses in the 60 GeV — 1 TeV interval, and s in the s <
5 GeV — 475 GeV range s
— BR depends on s mass: largest (lightest) s mass = top (charm) final states dominant

14—

. ) L1 seed: 60GeV-high-E
[ATLAS Simulation see ev-high-£,
r L1 seed: 100Gev-high-ET
F (m_,m,)=(600,150) GeV L1 seed: low-E; v2016
c1=3.31m L1 seed: low-E; v2018

TWO DISPLACED HADRONIC JETS IN THE
FINAL STATE:

12

Efficiency

1

@ LLP decays in the calorimeters — f
and f collimated — only one 0.8
hardronic jet reconsructed

high-ET signal sample

0.6
— Two analysis selections: low- EXiss
. ’ T 0.4 b
(high-ETM5°) models for ® masses 1
< (>)200 GeV 0.2 i
o’ OHM\HH\HH\HH\HH:
0 100 200 300 400 500

LLP p_[GeV] 3/15



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-23/

TYPE OF BACKGROUNDS:

@ Main background: multi-jet production

. . i ATLAS s Signal
A) with jets composed mainly of neutral Vs= 13 TeV, 139 fb-! e SM Multiiet MC
hadrons 10" | ow-E Training o BB

B) or where some of the tracks are
mis-reconstructed

Fraction of Events

@ Other backgrounds:

C) jets reconstructed from non-collision
background consisting of cosmic rays

. 10
D) and beam-induced background (BIB) 00 02 04 06 Signa(l)ﬁN scorgo

@ Key variables: AR(jet, closest track associated to PV), number of displaced jets

@ Neural network (NN) trained on a per-jet basis to discriminate signal from bkg

— Trained on SM multi-jet MC, a BIB dataset, a combination of the HS signal
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STATISTICAL INTERPRETATION (ARX1V:2203.01009 AND ATL-PHYS-PUB-2022-007)

@ No excess seen in any of the defined signal regions

— place expected and observed limits on the ® — ss branching ratio (vs the decay length)

ATLAS Pvellmlnary(March 2022) 13 Tev 36- 139 b Hidden Sector, m, =125 GeV
Selected ATLAS results
95% CL observed limits

Contibuting searches;
Muon System (1 Vix + 2 Vix), 36 fb™*
Phys. Rev. D 99 (2019) 052005

B(H-ss)

=
S}

aX:2203.01009

Trackershuon System, 36104
ev. D 101 (2020) 052013

Trhcker LR, 130 1o ©

=
S}

—
S

95% CL upper limiton (0 / 0gy) X By, | &

4 o
HS (m, mg) = e g
29 racker (b-to
— (125,5) GeV, CTpe, =041 m ] 81 ° eGcomen
107%E — (125,16) GeV, c7,, =058m  ATLAS . 2 i d
— (125,35) GeV, cry,, =131m  V5=13TeV, 139 fb* 0 S m H- inv, 7-8.13 TeV combination
— (125,55) GeV, ¢7y,, =1.05m  —Qbs. -+ Exp. E El ATLAS-CONF-2020.052
10 L T LLP masses:
Lol Lol Lnnl Lol
» 10t L . L L L L L L sacev [l]1s20cev [l 2535 Gev
107 102 10 1 10 e e T e u
woev Waseoces W
cr[m] ct [m]

LEFT SM Higgs boson mediator = H — ss BRs above 10% excluded between 20 mm and 10 m
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-23/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-007/

SIGNATURE: LEPTONS OR LIGHT HADRONS

SEARCH FOR (DISPLACED) LONG-LIVED DARK PHOTONS (ATLAS-CONF-2022-0019)

@ Model: dark photon (yp) from Higgs portal, decays through vector portal to (collimated)

leptons or light hadrons

— 4p and 7 mix kinetically; small mixing term ¢ (< 10~°) allows macroscopic distances from
the IP, and «p masses in the (> 10) MeV - GeV range

PRODUCTION MODES:
@ gluon-gluon Fusion:

— dedicated triggers for (displaced) LLP

® Higgs associated prod with W:
— triggering on prompt lepton from W
— < 3 jets, 0 b-jets to remove tt

(HAHM) f

FINAL STATES: JET-LIKE STRUCTURES

@ Di-muons: no jets or tracks in ID

@ A displaced electron, or di-jets: most of
energy deposit in the calorimeters

*

\i. \
\if
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-001/

TYPE OF BACKGROUNDS (DATA ESTIMATION):

o T T T T T T T T
i3
. . 5] 1 ATLAS Preliminary
@ Di-muons (Low-pT p — hard to trigger): = — FRVZ(m, m,)=(125, 0.4) GeV
. H -2\ FRVZ (m,, m,)=(800, 0.4) GeV
C?smlc ray muons, sepa'r'ated 'frc.>m signal o A (12 04) G
with a NN tagger exploiting timing, B - 2% Cosmics (Empiy BC)
angular direction and impact param info T
€ 95% signal eff
<] ) 90% b reiectio
@ A displaced electron, or di-jets: QCD K 102k
events, BIB; NN tagger exploiting 3D e 3

et e e 1

T T T T T T T T
1 i ATLAS Simulation Preliminary '
K —— FRVZ (m,, m )=(125, 0.4) GeV i
----- FRVZ (m_, m, )=(800, 0.4) GeV
== HAHM (m, m,)=(125, 0.4) GeV
107 Bk 233 QCD multi-jet MC
E

ATLAS Preliminary
—— FRVZ (m,, m, )=(125, 0.4) GeV
FRVZ (m, m )=(800, 0.4) GeV
== HAHM (m,, m,)=(125, 0.4) GeV

<222 Collision BIB dataset

E> 80% signal eff
NN 68% BIB rejection
s A

N

Entries normalised to unit area
Ll
Entries normalised to unit area

Ll

NR DI DRI

0 0102 03 04 05 06 07 08 09 1
QCD Tagger Score BIB Tagger Score
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STATISTICAL INTERPRETATION

— T T
< 10 — il -]
+ = ATLAS Preliminary §
il ) ek VS=13TeV, 13971~ |
N { H r 90% CL limits

: 1 ~ E10° FRVZ Model H
% » g E my=125 GeV E
T r H-2yy+X 1
s \ %_ first limits in the fully Ve
= @ [ i
= - =5 , -6 | electron channel
E 107 T -
5 3 @ E e BR=10.0% E
o - PR ] r BR= 5.0% 1
& ATLAS Preliminary — 1 [ mm BR= 10% 1
1072 Vs=13TeV, 13910 Expected 20 - 10’7 F EEE BR= 0.5% =
FRVZ model —— SRY obs 3 £ EEE BR=0.1% E|
(m,, m,)=(125, 0.1) GeV - SR™obs |
95% CL limits == SRobs 4 [ == BR= 10% EarlyRun -2 displaced
103l il L L 10 = BR= 10% Run -1 prompt -
1 10 107 E vl | E
@ 10 10.0
Dark photon proper decay length [mm] Dark Photon Mass [GeV]
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SIGNATURE: DILEPTON DISPLACED VERTEX

SEARCH FOR LL HEAVY NEUTRAL LEPTONS IN DECAYS OF W BOsoNs (EXOT-2019-29)
@ Model: “type-l seesaw”, predicting heavy neutral leptons (HNL, A)

— Each HNL state carries a small admixture of the left-handed neutrino of flavor {e,,u,/}

—» can participate in weak interactions, controlled by dimensionless mixing coefficients Uy
t, [29 t,

EVENT SELECTION:

@ Single lepton triggers (pr > 20-26 GeV)
@ Key: 1) prompt lepton reconstruction

and 2) displaced vertex reconstruction

TYPE OF BACKGROUNDS:

@ DVs from particle interactions with

detector material;

@ DVs from random crossings of ¢ tracks;

@ Decays of metastable SM particles;

@ Z — ¢¢; Cosmic-ray muons

total displaced vertex reconstruction efficiency

versus the displaced vertex radius:

= 04— e
)] E ATLAS Simulation e E
W 035F Is=13TeV L
E Custom Vertexing Configuration ~ —+H-pe 3
0.3F m=10 GeV, ct, =10 mm +-e-ee
E -+ 3
0.25 LAy =
E & + i vk E
0.2 PO -
- Yy te 3
0.15F + ¥ ot 1 E
E PO : E
0.1+ i ¢ f =
E b.* : * E
oost 4 ¥3* 3
C: ey ) ° 1 ¢ 3

10" 1 10



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-29/

DATA vS BACKGROUND ESTIMATION AGREEMENT:

> F TLLAS‘ ' i %103ATLAS““ ““““ RSN AARSS
FA T E Background E
Q40 \{;ll_d;%o-l;]e\F/{eZ;%% fot 1 Opposite-sign (OS) S £ s=13 TeV, 139 fo aw Uncertainty 1
~ ank B . L u-ue, ct =10 mm —+ Data _
QSO; u DVs Same-sign (SS) ] 31022 u-w N " HNL (5 GeV) T
S ok ] a T N — HNL (10 GeV) 7
I_I>J20§;M' u 1 EaoL SRICR HNL (15 GeV) o
101 lﬁﬁ ;}JH " 4 o f i

E | L )
. #XHM-& 15 \ TENS E
9 41 F \\ B \\\\\\\\\\ 3
@ 2f N - 107 N =
o 0; R ] - LI b 'I' * -{ E 3
_ot ] WP I S I J
0 10 20 30 40 50 60 70 80 90 100 1970”5 10 15 20 25 30 35 40 45 50
mp, [GeV] m [GeV]

@ Left: Distribution in validation regions, of opposite and same-sign displaced ep vertex mass

@ Right: Heavy neutral lepton (HNL) mass distribution in a signal region (SR) and control
region (CR); three signal points also shown

NoTE Dominant source of background (also in SRs): random lepton crossings
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YIELDS IN THE SR AND CR:

Channel | Signal region | Control region |

| Background | Observed | Background | Observed |
e—ee 04+03 2 36+1.8 2
u—ee 02+0.1 1 1.8+1.3 1
e—ep 0.9+04 0 4.1+19 5
U—pe 2.8+0.8 2 122 +3.2 13
e—pp 1.2+09 1 28+1.6 3
pepp | 2214 2 8.7+2.9 9
e*—e T u* 0.6+0.3 0 24+14 3
Wit | 19206 0 8.1£2.6 10

LIMITS: HEAVY LEPTON N MASS VS. SQUARE OF THE DIMENSIONLESS MIXING COEFFICIENT

Vs=13TeV, L=139 fb~!

ATLAS

Majorana, 2QDH (IH)
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exp 95% CL ]
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SIGNATURE: DISAPPEARING-TRACK

Search for LL charginos (SUSY-2018-19)

@ Aims for SUSY models with a LL chargino @ 1sRjet
(%¥%) and neutralino (£°) nearly P
mass-degenerate

ETmiss
o0

Xi
10 ns (max sensitivity for lifetimes ~1 ns) p N P

@ Sensitive to T lifetimes from 0.1 ns to

— % lifetime is nearly uniquely
determined only by the ¥+ mass

EXPERIMENTAL SIGNATURE:
— Emitted pion has very low momentum and it's not reconstructed in the detector

— X0 passing through the detector without interacting

= Track from the LL Y= can therefore disappear

@ Leave hits only in the innermost layers (no hits in the detector at higher radii)
e Must be isolated from calorimeter energy deposits

— Signal tracklet
— Background tracklet

-~ Not reconstructed
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-19/

ANALYSIS CHARACTERISTICS

@ Compared to other searches, it uses tracklets

— tracklet = very short track, pr > 5 GeV, should have hits in all 4 Pixel layers and no holes

> 1 isolated tracklet that originate from the hard-scatter interaction, with no SCT hits, and with

pT > 20 GeV, within 0.1 < |n| < 1.9

EVENT SELECTION

1) In electroweak-gaugino production: one
(pr > 100 GeV) ISR jet required in the event

— Leads to high EIMs (> 200 GeV)

2) gg production: expect at least four jets in the event

— Requite > 1 high pr jet (> 100 GeV) and
> 2 additional softer jets (pr > 20 GeV)

— ElIsS > 250 GeV

E Electroweak production

—e— Data 3
—— Total Background
Fake tracklet
“““ Hadron
Electron
=== Muon
o ml), ) =

600 GeV, 0.2 ns

Data/ BG

COMMON SELECTION

000 10000
Tracklet P, [GeV]

@ Lepton veto applied suppress bkg events from W /Z + jets and top-pair production

@ Cuts on Ay between the missing transverse momentum and each of the four highest-pr

jets (pr > 50 GeV)
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After selection: look for an excess of candidate events in the pt distribution of pixel tracklets

— (Left-plot) No excess observed in the SRs:

Tracklets / 1 GeV

Data/ BG

ATLAS

/s =13 TeV, 136 fb™
Strong production
High ET™ SR

1400 GeV, 1100 GeV, 0.2 ns

—e— Data
—— Total Background
== Fake tracklet
e Hadron
Electron
= Muon

m@. m(), 1)

100

1000 10000
Tracklet P, [GeV]

%ﬁ,%gproduction (wino) tanB=5pu>0
L B S L A

[N
1S
TR

T

ATLAS

s=13TeV, 136 fb™
Observed 95% CL limit (£10,,,,, )
Expected 95% CL limit (+1 0, )

ATLAS (13 TeV, 36.1 fb™, EW prod. Obs.)

ATLAS (8 TeV, 203 fb™, EW prod. Obs.)
Theoretical line for pure wino

1

0.01%

I I
600 800

I
1000

m&f) [GeV]

@ Electroweak production: LL ¥% (0.2 ns life-time) are excluded up to 660 GeV

(Right-plot) place exclusion limits at 95% CL

— Pure wino LSP model; mass-splitting between the charged and neutral wino of 160 MeV

— Results can be interpreted also using other SUSY-EW simplified models, e.g. pure-higgsino

14 /15



CONCLUSIONS & MORE SUMMARY PLOTS

Many recent ATLAS results not shown in this presentation
@ Please, look at the ATLAS (link) public page for all the results
@ All EXOTICS (SUSY) group results here (here)

ADDITIONAL HIDDEN SECTOR (LEFT) AND SUSY (RIGHT) SUMMARY PLOTS:

§ (R-hadron) - qa X, ; m(¥) = 100 Gev March 2019
S ATLAS PreIlmlnary(March 2022) 13 Tev 11- 139 b Hidden Sector, m, =125 GeV 3 3000 RPC 0L 26 jets v 71207302 (=13 Tev, 36 159 ATLAS Preliminary
g F "] 95% CL observed limits s et Séiiie‘;ﬁﬁ?,”é}i“ﬁfﬁz‘f;’e’l?} o -e-Expected
S o 1 =y Pixl dEKb v 12060109 (=13 TeV, 36.1
e Sk | from alATLAS resuits © fortmmmmumem@ywinit, e Observed
g b E 26500 [—— Siopped g v soeses (157 8 Tev, 502310
E F E N A
s [ 1 ss) = g [ / ; Lo
& ] I B(H-ss)=10% E r ! \\ S
o C ] - e --i-q|
r 1 g 2000
L 4 B(H-ss)=1% 3 n ~
30— ] 1500
C 1 1BMH-ss)=01% 5
C ] 3 N
rC | Cantrlbulmg searches: r
20— - n System (2 Vix Only), 139 1o
r b e
b - Muon Syslem (1Vitx +2 Vtx), 36 fb
E ] iys. Rev. D 99 (2019) 052005 -
oF 4 Calorimeter, 13 500 sl v roli oo vl i “Cd il
F | BEhes . w10 iad 10t 10t g
= L L L L L L al Tracker+huon System, 36 fh * (rfor n=0, By=1) Beampipe inner DetectofCalo MS
10° 10* 107 102 10 1 10 10 er T Sae e L L L L L L L
JHEP 11 (2021) 229 10° 107 107 1 10 12 100 10

o
3
z

ct [m]

— Left: the scalar mediator H is the SM Higgs boson, which may decay to a pair of long-lived
(s) neutral scalars

— Right: Several (2019) results from different teams/final states! showing the complementary
of the ATLAS searches

v
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults

BACKUP



LONG-LIVED PARTICLES

LONG-LIVED PARTICLES (LLPS), SIMPLEST DEFINITION:

@ Neutral or charged, decaying a macroscopic distance from the interaction point (IP)
@ or which are quasi-stable on the detector scale

— Long lifetimes because of: approximate symmetries, small couplings, availability of
suppressed phase space for decays, ...

PRESENT IN THE STANDARD MODEL (SM), AND PREDICTED BY MANY BEYOND SM MODELS:
Hidden/Dark sector:

— Long-lived dark photon: e.g Higgs portal model
— Long-lived neutral scalar: e.g Heavy neutral boson portal model

Supersymmetry (SUSY):

— Long-lived gluinos (&) due to very heavy squarks, or g-Bino co-annihilation

— Long-lived charginos (X): Wino/Higgsino Lightest Stable Particle (LSP)

— Long-lived neutralino/LSP (XNO): Gravitino LSP, R-parity violation, Wino-Bino
co-annihilation

Others BSM models:

— Heavy neutral leptons (HNLs)
— Long-lived right-handed neutrino: Left-right symmetry extension of SM
— Long-lived multi-charged particle: Monopole, Q-ball 17/1s5




STRATEGY TO LOOK FOR BSM PHYSICS

All searches for BSM physics have some common points:
@ Signal regions (SRs): regions targeting specific BSM signal models

— Defined to have the best discovery potential in the
selected models

— For one model, several SRs can be defined, to cover
each region of the phase-space

— In Run2: exploiting more new variables and using
machine learning techniques

@ Background (bkg): identify — understand — estimate as precise as possible — validate

— Standard Model (SM) bkg, or Detector bkg

— Estimated from Monte Carlo (MC) simulations, or using data control regions (CRs),
or with data-based techniques, as appropriate

— In Run 2: an increased use of data-based bkg estimates to avoid dependence on MC

@ Statistical interpretation: test the compatibility between data and bkg estimation in SRs
@ In case of no excess:

— E.g: Set model dependent / independent exclusion limits
The results are interpreted using simplified models, where particles not involved in
production or decays are decoupled, i.e too heavy to be produced or affect the decays
of the BSM particles of interest
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STATISTICAL INTERPRETATION (ATL-PHYS-PUB-2022-007)

ATLAS Preliminary

Vs=8-13 TeV, 20.3-139 fb!

Vector portal coupling €
=
o
L

T IIIIIIII T IIIIIIII T IIIIIIII T TTTT

[y
S
©
™

FRVZ Model
H42yd+x

m,, =125 GeV

90% CL observed limits

Displaced (139 fb™)
ATLAS-CONF-2022-001

BN BR=0.5%
B BR=0.1%

Prompt (20.3 fb?)
JHEP 02 (2016) 062
BR=10%

Monojet (139 fb™)
ATL-PHYS-PUB-2021-020
BR=50%

Non-ATLAS searches
JHEP 06 (2018) 004
Vector-Portal-only limits

1072

107t

@ Results from 3 ATLAS analyses

1 10
Dark Photon mass [GeV]

— different assumptions on the H — 2+p + X branching ratio, ranging between 0.1% and 50%

— Grey shaded regions — vector portal, for both production and decay of the dark photon
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-007/

33 production, B — qaX})=67%, B@ — qax)=33%

2400

=== Observed 95% CL limit (+10,, ..., )

== Expected 95% CL limit (+10,,,)

ATLAS (13 TeV, 136 fb™, EW-wino prod. Obs.)

== ATLAS (13 TeV, 36.1 fb™%, Strong prod. Obs.)
m@ = m(x’)

ATLAS

Vs=13TeV, 136 fb*

K(%: )=0.2ns

600
400E
200; L A2 CUAAPLL EARRCLL f SRR || /. oo
800 1200 1600 2000 2400
m(@) [GeV]

Search for LL charginos (disappearing track) (SUSY-2018-19)

3 production, BG — qax’)=67%. B@ — qax)=33%
—

m(’) [Gev]

00p
1600F-

T T L

—— Observed 95% CL hm\‘& (#1000, ) ‘

== Expected 95% CL limit (+10,)

ATLAS (13 TeV, 136 fb™, EW-wino prod. Obs.)

-.=:= ATLAS (13 TeV, 36.1 fb, Strong prod. Obs.)
m@ = m(x)

ATLAS

Vs =13 TeV, 136 fb*

I(ﬂ(f )=1.0ns

QAL L L
1600 2000

2400

m@) [GeV]

@ Gluino pair production: gluinos below 2 TeV excluded for a chargino mass of 300 GeV

@ Results for a chargino lifetime of (left) 0.2 ns and (right) 0.1 ns
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-19/

