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SearChing fOr neW phySiCS : Standard Model

very successful theory
Precise predictions, verified by experiment with impressive agreement
with theory across orders of magnitude

Standard Model Total Production Cross Section Measurements Status: February 2022
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-009/fig_01a.pdf

Searching for new physics

very successful theory
Precise predictions, verified by experiment with impressive agreement

with theory across orders of magnitude

But we believe this picture is not yet final: observational and
theoretical issues need resolution
Searches for beyond-Standard-Model physics a core element of

LHC programme

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Standard Model

Status: July 2022 £ dt = (3.6 —139) fo? V5=8,13TeV
Model {,y Jetst EX*™ [rdim] Limit Reference
T T T T T T T T T T T T T T T T T
@ ADD Gkk +g/q Oeput,y 1-4j Yes 139 | Mp 11.2TeV n=2 2102.10874
9 ADD non-resonant yy 2y - - 36.7 Ms 8.6 TeV n=3HLZ NLO 1707.04147
'é’ ADD QBH - 2j - 139 M 94TeV n=6 1910.08447
() ADD BH multijet - >3] - 3.6 M, 955TeV n=06, Mp=23TeV,rot BH 1512.02586
£  RS1Gkk =y 2y - - 139 | Gk mass 45TeV k/Mp = 0.1 2102.13405
S Bulk RS Gk —» WW/ZZ multi-channel 36.1 Gk mass 2.3TeV k/Mp; = 1.0 1808.02380
g Bulk RS Gk — WV — (vqq Tepu 2j/1J Yes 139 Gk mass 2.0 TeV k/Mp; = 1.0 2004.14636
O a e > Bulk RS gk — tt Teu >1b >1J/2] Yes 36.1 8Kk mass 3.8 TeV I/m=15% 1804.10823
, w 2UED/ RPP Teu >2b,>3j Yes 36.1 KK mass 1.8 TeV Tier (1,1), B(AMD - tt) =1 1803.09678
SSM Z" — (¢ 2e,pu - - 139 Z’ mass 5.1 TeV 1903.06248
SSM Z' —» 17 27 - - 36.1 Z’ mass 2.42 TeV 1709.07242
A AS C M S ‘,g Leptophobic Z’ — bb - 2b - 36.1 Z' mass 2.1 TeV 1805.09299
(<} Leptophobic Z’ — tt Oe u >1b,>2J Yes 139 Z’ mass 4.1 TeV r/'m=12% 2005.05138
I L 5y 5y Q&  ssMwW ooy 1en - Yes 139 | wWmass 6.0 TeV 1906.05609
Q SSM W’ — v 17 - Yes 139 W’ mass 5.0 TeV ATLAS-CONF-2021-025
8’ SSM W’ — tb - >1b,>1J - 139 W’ mass 4.4 TeV ATLAS-CONF-2021-043
= HVT W - WZ — tvqgmodel B 1 e,u 2j/1J Yes 139 W’ mass 4.3 TeV gv =3 2004.14636
8 HVT W — WZ — ¢v ¢’ modelC 3 e,u j (VBF)  Yes 139 W’ mass 340 GeV gven =1, =0 ATLAS-CONF-2022-005
p a p e rs O HVT W’ — WH — (vbbmodelB 1e,u 1-2b,1-0j Yes 139 W’ mass 3.3TeV gv =3 2207.00230
I l HVT Z —» ZH — ¢¢/vvbbmodel B 0,2e,u  1-2b,1-0j Yes 139 Z’ mass 3.2 TeV gv =3 2207.00230
LRSM Wg — uNg 2u 1J - 80 Wrg mass 5.0 TeV m(Ng) =0.5TeV, g, = gr 1904.12679
x Cl gqqq - 2j - 37.0 A 21.8TeV 1, 1703.09127
_  Clltqq 2e,u - - 139 | A 358TeV 1, 2006.12946
BSM searches with 8| o5 v Bk
Cl pubs 2u 1b - 139 A 2.0 TeV g =1 2105.13847
Cl tttt >1eu >1b,>1j Yes 36.1 A 2.57 TeV [Cael = 4n 1811.02305
Axial-vector med. (Dirac DM) Oeu, 7,y 1-4j Yes 139 Mped 2.1 TeV 84=0.25, g,=1, m(y)=1 GeV 2102.10874
S Pseudo-scalarmed. (DiracDM) Oeu, 7,y 1-4]  Yes 139 | Mimea 376 GeV &q=1, gv=1, m(x)=1 GeV 2102.10874
Q Vector med. Z’-2HDM (Dirac DM) 0O e, u 2b Yes 139 Mumed 3.1 TeV tanf=1, gz=0.8, m(y)=100 GeV 2108.13391
= Pseudo-scalar med. 2HDM+a  multi-channel 139 | Mmed 560 GeV tanp=1, g,=1, m(y)=10 GeV ATLAS-CONF-2021-036
Scalar LQ 1%t gen 2e >2]j Yes 139 LQ mass 1.8 TeV B=1 2006.05872
Scalar LQ 2" gen 2pu >2]j Yes 139 LQ mass 1.7 TeV B=1 2006.05872
Q@  ScalarLQ 3" gen 17 2b Yes 139 [LQ;mass 1.2 TeV B(LQs — br) =1 2108.07665
Scalar LQ 3 gen Oepu >2j,>2b  Yes 139 LQ; mass 1.24 TeV B(LQY = tv) =1 2004.14060
Scalar LQ 3 gen >2e,u, 217t >1j,>21b - 139 LQS mass 1.43 TeV B(LQY — tr) =1 2101.11582
Scalar LQ 3" gen Oe,u,>170-2j,2b Yes 139 LQ@ mass 1.26 TeV B(Log/—» bv) =1 2101.12527
Vector LQ 3" gen 17 2b Yes 139 LQ; mass 1.77 TeV B(LQ; — br) = 0.5, Y-M coupl. 2108.07665
® VLQTT - Zt+ X 2el2u/>3eu >1b,>1j - 139 T mass 1.4 TeV SU(2) doublet ATLAS-CONF-2021-024
x ‘,':’ VLQ BB —» Wt/Zb + X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343
TS VLQ Ts3Ts3lTss » Wi+ X 2(SS)/>8eu>1b,>1] Yes 361 | Tssmass 1.64 TeV B(Tsj3 = W)= 1, c(Ts/s We)=1 1807.11883
S E VLQT - Ht/Zt 1eu >1b, >3] VYes 139 T mass 1.8 TeV SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040
& VLQY - Wb ieu >21b>1] Yes 361 |Ymass 1.85 TeV B(Y — Wb)=1, cr(Wh)=1 1812.07343
> VvVLQB - Hb Oeu >2b,>1j,>1J — 139 B mass 2.0 TeV SU(2) doublet, k= 0.3 ATLAS-CONF-2021-018
L] [ ] VLL 7" - Zt/Ht multi-channel  >1] Yes 139 7’ mass 898 GeV SU(2) doublet ATLAS-CONF-2022-044
o ‘é’ Excited quark ¢* — qg - 2j - 139 q* mass 6.7 TeV only u” and d*, A = m(q") 1910.08447
g S Excited quark ¢* — qy 1y 1j - 36.7 q* mass 5.3 TeV only u” and d*, A = m(q") 1709.10440
, g € Excited quark b* — bg - 1b 1] - 139 b* mass 3.2 TeV 1910.0447
I ¢ Excited lepton ¢* 3epu - - 20.3 A=3.0TeV 1411.2921
" "= Excited lepton v* 3eut - = 20.3 A=16TeV 1411.2921
Type Ill Seesaw 234 epu >2]j Yes 139 N° mass 910 GeV 2202.02039
- LRSM Majorana v 2u 2j - 36.1 Ng mass 3.2 TeV m(Wg) =4.1TeV, g, =gr 1809.11105
“ Higgs triplet H** — W*W+* 2,3,4 e, it (SS) various Yes 139 H** mass 350 GeV DY production 2101.11961
.q:) Higgs triplet H** — £ 2384eu(SS) - - 139 H** mass 1.08 TeV DY production ATLAS-CONF-2022-010
S Hiogs tiplet M2 (7 seumr - - 203 |W#mass 400 GeV DY producton, B(H;* — (1) = 1 1a11.2021
Multi-charged particles - - - 139 multi-charged particle mass 1.59 TeV DY production, |g| = 5e ATLAS-CONF-2022-034
Magnetic monopoles — — — 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130
Vs=13 TeV Vs =13 TeV el L L a ol s L PR R R | L L M
partial data  full data 1071 1 10

Mass scale [TeV]
*Only a selection of the available mass limits on new states or phenomena is shown.

tSmall-radius (large-radius) jets are denoted by the letter j (J).
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-034/fig_01.png

Why are we not finding new physics??

Several possible reasons:
It is above the scale accessible by the LHC?? .....

Not much we can do at the moment....
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Why are we not finding new physics??

Several possible reasons:

It is above the scale accessible by the LHC?? ..... Searches in ATLAS
Not much we can do at the moment.... EXOTICS group P :

It isn’t where we have been looking. What if it is just very hard to see?

Strategy: organize searches according to final states.
Start with the simple models, then if nothing new observed, we explore the
more complex, well-motivated ones
Soft new particles
Low cross sections
Huge / difficult backgrounds
Long-lived particles with unconventional signatures

ALP with
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Long lifetimes can come from...

Example in BSM

£+
. _ Y
Small couplings Some parameter space in ALPs wr .
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heavy neutrinos
compressed scenarios g[; v,
(almost degenerate masses)
ALPs
x z . ~ M-~
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. ag G a :|:
from collider and accelerator searches T
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Long lifetimes can come from...

Many different signal

models predict LLP

E. Torrd

13 Sept 2022

TAE 2022

Motivation

Top-down Theory

IR LLP Scenario

Naturalness

Dark Matter

Baryogenesis

Neutrino
Masses

RPV SUSY
GMSB
mini-split SUSY
Stealth SUSY
AXInos

Sgoldstinos

UV theory

Neutral Naturalness
Composite Higgs

Relaxion

Asymmetric DM
Freeze-In DM
SIMP/ELDER
Co-Decay
Co-Annihilation
Dynamical DM

WIMP Baryogenesis
Exotic Baryon Oscillations

Leptogenesis

Minimal RH Neutrino
with U(1)g-L Z°
with SU(2)r Wr
long-lived scalars
with Higgs portal

from ERS . gei)gn.di (:11.13.1«).(1:10:1:)1: 1:1(.)(1.6. ;

Discrete Symmetries

BSM=/—LLP

(direct production of BSM state at
LHC that is or decays to LLP)

Hidden Valley

confining
sectors

-----J

exotic Z

I decays
exotic Higgs

I decays
HNL

exotic Hadron

decays

Curtin et al, 1806.07396
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https://arxiv.org/abs/1806.07396

Searching for new physics. Where should we look?

[1810.12602]
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Searching for new physics. Where should we look?
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Searching for new physics. Where should we look?

Very long-lived BSM
being probed as
missing transverse
energy (unmeasured
particles) or charged
particles
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Searching for new physics. Where should we look?

[1810.12602]
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How can we look for LLPs in collider experiments?

That depends on:

ARANEVNEY where is it more probable to find a LLP decay?

Imagine the ATLAS/CMS/LHCDb detector structure....

A Toroidal LHC ApparatuS Compact Muon Solenoid

NSW |
New Small Wheel Barrel Toroid magnet

muon chambers

Muon Chambers
Barrel

Endcap Toroidal
magnets

\ Endcap Calorimeters

Electromagnetic Calorimeter

Inner Detector
Hadronic Calorimeter

E.Torr6 13 Sept2022  TAE 2022 13



How can we look for LLPs in collider experiments?

That depends on:

ARANEVNEY where is it more probable to find a LLP decay?

Imagine the ATLAS/CMS/LHCDb detector structure....

Figures by
H. Russell

FQ&QC&j)

First layers of inner tracker
Inner Tracker

disktance Eravelled
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How can we look for LLPs in collider experiments?

That depends on:

Example light particle with relatively short lifetime:

NEAIENINEY where is it more probable to find a LLP decay? E.g. for ct = 5 cm, <py> ~ 30
Decays happen mainly in the Inner Detector and calo

Particle decay follows an exponencial

Figures by
H. Russell

PQiQtaj)

60% in calorimeters 13% in muon system

25% in
tracker

1% prompt
~1% outside the detector

disktance Ekravelled
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How can we look for LLPs in collider experiments?

That depends on:

E. Torrd

Example light particle with relatively short lifetime:

NEAGEGTEY where is it more probable to find a LLP decay? E.g. for ct = 50 cm, <py> ~ 30

Particle decay follows an exponencial Decays happen mainly OUTSIDE the detector

N Figures by
S H. Russell
Ny
Z
.

)

o

&

o .

g 3%in

0_\0 tracker

o

disktance Eravelled
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How can we look for LLPs in collider experiments?

That depends on:

E. Torrd

Example light particle with relatively short lifetime:

NEAGEGTEY where is it more probable to find a LLP decay? E.g. for ct = 50 cm, <py> ~ 30

Particle decay follows an exponencial Decays happen mainly OUTSIDE the detector

Figures by
H. Russell

FQ&QC&j)

3% in
tracker

0.1% prompt

We can use information from different sub detectors disktance bravelled
(or even different detectors!) for different targets

TAE 2022 17
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How can we look for LLPs in collider experiments?

That depends on:

prT—

Is it charged?
Does it leave a standard track?
Is it highly ionising?

Is it neutral?
which decay mode (hadronic,
leptonic, photons, invisible)?

E. Torro 13 Sept 2022 TAE 2022

Stopped LLPs

neutral particle

Displaced leptonic vertices

Displaced vertices
+ MET

> jet

charged particle

highly ionizing particle
o oP Displaced jets
in the ID

electron

muon Disappearing

photon tracks

NOT IN FILLED Displaced jets in the
BUNCH Calorimeter
CROSSING

Late photons

Displaced jets In
the MS

S

(Meta-) Stable Charged

m

Displaced Lepton-jets

Highly ionising
particles

18



How can we look for LLPs in collider experiments?

That depends on:

1P et

ATLAS and CMS were designed to identify (prompt)
SM particles

Standard object ID algorithms assume prompt

particles generated at the Interaction Point \ ’

don’t have good efficiency for LLP reconstruction B The dashed tracks
s : W are invisible to

the detector
Then, can we look for LLPs in ATLAS and CMS? F

E.Torr6 13 Sept2022  TAE 2022 19



How can we look for LLPs in collider experiments?

That depends on:

1P et

ATLAS and CMS were designed to identify (prompt)
SM particles

Standard object ID algorithms assume prompt
particles generated at the Interaction Point

don’t have good efficiency for LLP reconstruction B The dashed tracks
v ’——ai are invisible to
Proton ..' Ne”:"no the detector
Then, can we look for LLPs in ATLAS and CMS? A

YES! But algorithms have to be adapted or invented! k {
Tracking

Pixel/SCT detector

Also moving to ML techniques for displaced objects
identification

20



How can we look for LLPs In collider experiments?

That depends on:

1P et

Standard tracking in ATLAS (similar in CMS) optimized for particles Pixel Layer-2 Track
that point back to the interaction point with displacementsof a few
mm

tight requirements in number of silicon hits and impact parameter Pixel Layer-1

would reject tracks from displaced decays

Pixel B-L
. Ve Track
IBL
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How can we look for LLPs In collider experiments?

That depends on:

1P et

Standard tracking in ATLAS (similar in CMS) optimized for particles
that point back to the interaction point with displacementsof a few

mm
tight requirements in number of silicon hits and impact parameter

would reject tracks from displaced decays

Large radius tracking (LRT)
Relax requirements in number of silicon hits and impact

parameter
Re-run only with hits not associated with existing tracks to form

Displaced Vertices (DV)
targets charged particles with displacements up to 300 mm

improvingacceptance for long-lived particles

E. Torrd 13 Sept 2022 TAE 2022

Pixel Layer-2 Track e Secondary Vertex
® Required Hits
Pixel Layer—1 O Allowed Hits

+ Forbidden Hits

Pixel B-L
g Track
Bl
>
L ’*
22



How can we look for LLPs In collider experiments?

That depends on:

1P et

Standard tracking in ATLAS (similar in CMS) optimized for particles
that point back to the interaction point with displacementsof a few

S A
mm S 19 . . - —
tight requirements in number of silicon hits and impact parameter § - Qlﬁj‘fﬁ&?ﬂ%‘lﬂgﬁ 'c'a?v”,‘i%:sso GeVi=ins -
would reject tracks from displaced decays 5 1:-3:**#“%‘ ‘ : 2:2232:3 Irfs?ng -
% 0.8 .N 5 m*****ﬁﬁ***ﬁ ﬁ*ﬂ& B
Large radius tracking (LRT) S 06 e Py f E
Relax requirements in number of silicon hits and impact = 5 “¢*++ ++++ E
parameter o %4 * ‘ Lo
Re-run only with hits not associated with existing tracks to form 0.2 ol +:++++ +++ % ¢4 #H —
Displaced Vertices (DV) . * .’+. ”ﬁﬁ#ﬂﬁj -
targets charged particles with displacements up to 300 mm % 50 100 150 200 250 = 300
improvingacceptance for long-lived particles R [mm]



How can we look for LLPs in collider experiments?

That depends on:

1P et

. combination of hardware + software that must decide very quickly whether to save an event or lose it forever

Depending on the model:

Rely on additional SM-like activity
(e, mu, jet, MET triggers)

Standard
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How can we look for LLPs in collider experiments?

That depends on:

1P et

. combination of hardware + software that must decide very quickly whether to save an event or lose it forever

Depending on the model:

Rely on additional SM-like activity
(e, mu, jet, MET triggers)

But what if there’s no prompt

Standard
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activity in the event??
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How can we look for LLPs in collider experiments?

That depends on:

1P et

. combination of hardware + software that must decide very quickly whether to save an event or lose it forever

Depending on the model:

Rely on additional SM-like activity
(e, mu, jet, MET triggers)

But what if there’s no prompt

Standard

E. Torrd 13 Sept 2022 TAE 2022

activity in the event??

Develop dedicated triggers

exploiting specific features

EEH

Dedicated trigger requires a jet with

and

26



How can we look for LLPs in collider experiments?

That depends on:

1P et

. combination of hardware + software that must decide very quickly whether to save an event or lose it forever

Depending on the model:

—h
~

? :I L | L | | .I [ | [ .I | | I | I II_|1| |S|e|e|d|.|6|(;(|3|el\/l-i‘]:g|r;-lEl I: Develop dedicated triggers
% _ATLAS SImU|atI0n L1 seed: low-E- v2016 T_
s - low-E, " .
i 1.2 Hnternal L1 seed: low-E, v2018 exploiting specific features
- (mq),ms)=(600,150) GeV -
1 I . . —
i 1 P /
—. > o2
; T : ; —-@Zl A
i ] P f
0.4 —
0.2 - - Dedicated trigger requires a jet with
O _I | 11 | | 111 | | 111 l ' 1 l | 101 1 | | 111 | | 111 | | | | | 111 | | 11 I— and

LLP L, [m]
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How can we look for LLPs in collider experiments?

That depends on:

1P et

. combination of hardware + software that must decide very quickly whether to save an event or lose it forever

Depending on the model: Conventional triggers
- Lepton/jets from
Dedicated LLP triggers associated
Disappearing tracks | production
Multi-track S - MET from
M en 770N, | invisible/muon

-
an
-
______
-
-
-
-
-

Emerging jets

Displaced lepton, lepton-jets Multi-jets

”MS-only”, “Narrow scan”

—

"-I‘rackless,
displaced jet
“Calo-ratio”

\\ \\?eta) stable

charged particles
Multi-track vertices in MS E miss «HIP”
“MS vertex”

E.Torr6  13Sept2022  TAE 2022 28




How can we look for LLPs in collider experiments?

That depends on:

prT—

Small or unusual backgrounds play a key role:

: SM particles with material interactions
cosmic muons beam halo muons

relatlvely IOng lifetime a0 ATLAS is=8TeV, 203 1b"
'g' L L L T T T T T
e _
N N a2 L i 3
%, - leptons 7 2001 I10
o i strange hadrons - ]
— 10| ~harm hadrons : R |
2 R | beauty hadrons 100 N \\W [
g i iy N ! | = 10°
= s tr '. net.Jtron
. Ks KK. 1 \
-100
: TACo n: " i 10
107 ° -
E.I i S S B N TS S S BN T B N N S RN SN BN N R N -200_
107" 10 1077 1073 10 10°
lifetime [s] |

-3Q800 200 -100 0 100 200 300

Xpy [mm]

1

For most of them, no good simulations

All searches rely on data-driven methods
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How can we look for LLPs in collider experiments?

That depends on:

prT—

Systematics!!!

Algorithms developed specifically for each analysis.
Can’t use ATLAS/CMS common recommendations for
object reconstruction nor trigger

E.Torr6 13 Sept2022  TAE 2022 30



Examples of
some
q. e = Unconvention

Run: 349051
ATLAS Event: 864471013

EXPERIMENT 2018-04-28 00:07:26 CEST

LHCb, CMS,

ATLAS




LLP decays in the ID - unconventional tracking
Eur. Phys. J. C81 (2021) 261

Search for single LLP decaying to exuFv, .
Example, LLP can be neutralino (RPV) or HNL e W/ &
N W

Search for displaced vertices with opposite sign e and
lifetimes between 2 and 50 ps

t Vy
masses between 7 and 50 GeV B
Probes forward region (not covered by ATLAS and CMS)
- ) L L L B (N~w B = ' | -
€ = LHCb @7typ=10ps | = [ LHCb (b)
|+> 1 - |+>
N +§ [ i +§ Jpve
M 1 T ,,o":: ———— 2
?‘_‘ S — O B _’/:—’:—‘O/ ’D
S T I — o e
X X o Pt &3
Py 0l Ve - FT et et o
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Exclusion of lifetimes ~10 ps (cz ~ 0.1 mm)


https://link.springer.com/article/10.1140/epjc/s10052-021-08994-0

LLP decays in the ID - unconventional tracking
CMS-PAS-EXO-19-021

Hidden sector / RPV SUSY : jet jet
p S ,é\ q Z
H T DV
“\S\\ : / 5 T Displaced vertex
. \
T PV

CMS high-level trigger

select displaced tracks
online and tag displaced-

Dedicated di-jet
Select dijet events and look for displaced vertex (DV) within them

Select events with at least 1 DV jets with the HLT system by
_ o _ counting the number of
MVA selection to discriminate signal from huge QCD background prompt/displaced tracks

Minor backgrounds from heavy flavour decays and random track associated with the jets

crossing

, Exclusion of ¢z between 10 and 100 mm
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http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-010/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-021/index.html

Charged LLPs 200506013  (K5)

ATLAS
EXPERIMENT
q
Pair production of several different long-lived sparticles of charge |q| = 1 D q
. . . §(LLP)
iIsolated tracks with high transverse momenta (pT) and anomalously large _oeeff mens/ ]
specific ionisation losses (d E/dx) "’iaa saecmm=| ()
. L | J(LLP)
particles are expected to move significantly slower than the speed of light D q
Use q

Fully data-driven background estimation!

E. Torrd 13 Sept 2022 TAE 2022
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https://arxiv.org/pdf/2205.06013.pdf

Charged LLPs 200506013  (K5)

ATLAS
EXPERIMENT
q
Pair production of several different long-lived sparticles of charge |q| = 1 D q
. . . §(LLP)
iIsolated tracks with high transverse momenta (pT) and anomalously large _oeeff mens/ ]
specific ionisation losses (d E/dx) "’iaa saecmm=| ()
. L | J(LLP)
particles are expected to move significantly slower than the speed of light D q
Use q

Fully data-driven background estimation!

10°
10° &

ATLAS (s =13 TeV, 139 fb’

P > 120 GeV, Il < 1.8

»
T
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=]
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@
<
()
L

«Q
>0

m(g) = 2.2 TeV, m(’;Zi) =100 GeV, «(g) = 10 ns

----m(t) = 400 GeV, t(t) =10 ns

— Expected

Entries / 100 GeV
=)

3L -r-mE)=13TeV, (%) =10ns + Observed
10° 1 1
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https://arxiv.org/pdf/2205.06013.pdf

Pair production of several different long-lived sparticles of charge |q| = 1

isolated tracks with high transverse momenta (pT) and anomalously large e S==moa
specific ionisation losses (d E/dx)

particles are expected to move significantly slower than the speed of light

Charged LLPs

Use

2205.06013

69

ATLAS

EXPERIMENT

Fully data-driven background estimation!

T Mo b > g 3.6 0 excessy
[GeV]  [GeV] . .Exp. Obs.  po Zical Sgp. Son. g 184? SR-Inclusive_High i 120 GeV,hi<18 =
S Em e e © D op g ie T peen 5 18 this New Physios?77
400 [300.500] | 5804 6 439x107 0.1 6152?5; 65 § = | | _EXpeCtedgé Maybe, thOugh from the TOF of
-1 +2.2 - L2 . .
0 10700 | 43204 4 00xi0l 00 5Bl 2 e 10 i1 these events indicate that none of the
4 By N B _
o oo Lo sonl 3 oot 00 asid ao ~ % candidate tracks are from charged
o0 550,100 | 2612001 3 St 00 4] 4 N = ... particles moving significantly slower
0 (01000 | 20s0s 4 smnir 1o 4rih on Lo Tiismmc oo d than thespeed of light @
1000 [700, 1850] 4 49.01x1072 1.3 4.1tk9 70 o ! Tl AT T T T T T T ]
1200 [800, 2400] 6 9.10><10:2 z.;t j.gi)f% 1(1).2 ghj + * t . o |
@ 100,350 7 fooawt 22 i S manl b e eeie ey CMS doing a similar analysis
200 {120,430 ) R Y g 0 1000 2000 3000 4000 5000 Analysis will be repeated in Run 3!
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https://arxiv.org/pdf/2205.06013.pdf

Complementary searches

Searches for signatures in different subdetectors can be complementary

_Moriond 2021 132-140 fb™' (13 TeV)
/'\10 — | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| T T TTIEs
O — = .
= - = Target decays in:
- . . CMS Preliminary n & y
c ' E pp-55.5-aa7 Delayed jets (1906.06441) = Calorimeters
[ 1 —
E 10" ;_ m = 2400 GeV Displaced jets (2012.01581) E_> Tracker
f § m., = 100 GeV Displaced vertices (EXO-19-013) - » Beam pipe
%103 = e Approx. NNLO+NNLL o(pp — g 9) =
S — ~
— 2 L —
o0 E =
0\0 [ ]
O 10 =
o = =
TE =
107 BTN TN e R T et 5
10—2_ ] IIIIIII| ] IIIIIII| ] IIIIIII| ] IIIIIII| ] IIIIIII| ] IIIIIII| ] IIIII:
1 2 3 4 5 6
10 1 10 10 10 10 10 10

Ct, (Mm)

|

- We can expand the lifetime coverage
|

!ﬂ by using multiple search strategies




Complementary searches

Searches for signatures in different subdetectors can be complementary

Among all LLP searches in ATLAS, CMS, and LHCb we’ve tested ¢z from 10-5to 102 m!!

Find a few more examples in backup

ATLAS Preliminary

ATLAS Long-lived Particle Searches* - 95% CL Exclusion

Status: July 2022 [£ dt = (32.8 - 139) fb! V5 =13 TeV
Model Signature  [£dt[fb™] Lifetime limit Reference
I L] L] IIIIIII L] L] IIIIIII L] L] IIIIIII L] L] IIIIIII L] L] IIIIIII L] L] LELELI
RPV T — uq displaced vtx + muon 136 i lifetime 0.003-6.0 m m(t)=1.4 TeV 2003.11956
RPV)“((I’ — eev/euv/upy displaced lepton pair 32.8 ,\7(1’ lifetime 0.003-1.0 m m(§)= 1.6 TeV, m(i%)= 1.3 TeV 1907.10037
GGM i — ZG displaced dimuon 32.9 ,\7‘1’ lifetime 0.029-18.0m  m(g)=1.1TeV, m(¥?)=1.0 TeV 1808.03057
. . . GMSB non-pointing or delayed y 139 ,\7‘1’ lifetime 0.24-2.4 m m(¢S, G)= 60, 20 GeV, By= 2% CERN-EP-2022-096
Overview of CMS long-lived particle searches o | ) ~
GMSB ¢ — ¢G displaced lepton 139 | 7 lifetime 6-750 mm m()= 600 GeV 2011.07812
CMS Preliminary 3-140fb71 (8, 13 TeV) c>/3 GMSB ¥ - 1G displaced lepton 139 | lifetime 9-270 mm m(f)= 200 GeV 2011.07812
. = N i ; £ ifeti cry_
RPV UDD, g-tbs, mj = 2500 GeV g 2104.13474 (Jets with displaced vertices) [I00006 =010 140 fb™ (13 TeV) @ | AMSBpp o ¥if).¥ ¥  disappearingtrack 136 | ¥ lifetime 0.06-3.06 m m(¥7)= 650 GeV 2201.02472
RPV UDD, ?N*t_bs' mg = 2500 GeV g 2012.01581 (Displaced jets) [ or003 =1 132 b7 (13 TeV) AMSB pp — 779, ¥ %7 large pixel dE/dx 139 | ¥¥ lifetime 0.3-30.0 m m(7:)= 600 GeV 2205.06013
RPV UDD, {-dd, m;=1600 GeV i 2104.13474 (Jets with displaced vertices) _ 140 fb~! (13 TeV) ;
RPV UDD, i-dd, m; = 1600 GeV : 2012.01581 (Displaced jets) [ 0002052 132 fb~1 (13 TeV) Stealth SUSY 2 MS vertices 36.1 § lifetime 0.1-519 m B(g — Sg)= 0.1, m(g)= 500 GeV 1811.07370
RPV LQD, £-»bl, m; = 600 GeV f | 1808.05082(2u+2jets)  <003m 36 o™ (13 Tev) Split SUSY large pixel dE/dx 139 | g lifetime >0.45m m(g)=1.8TeV, m(¢9)= 100 GeV 2205.06013
RPV LQD, -bl, m; = 460 GeV f 211004809 (Displaced leptons)  0.0001-10m 118 " (13 Tev) _ . ‘ -
RPV LQD, i-sbl, mi = 1600 GeV F 2012.01581 (Displaced jets) _ 132 fo~! (13 TeV) Split SUSY displaced vtx + ET"'* 32.8 g lifetime 0.03-13.2 m m(g)= 1.8 TeV, m(¥?)= 100 GeV 1710.04901
; Split SUSY 0¢,2-6jets -|—E$1i55 36.1 g lifetime 0.0-2.1 m m(g)=1.8TeV, m(¥?)= 100 GeV | ATLAS-CONF-2018-003
GMSB, §-gG, my = 2450 GeV g 2012.01581 (Displaced jets) 0.006—0.55 m 132 fb~! (13 TeV)
GMSB, -G, mg = 2100 GeV g 1906.06441 (Delayed jet + MET) 0.32-34m 137 7" (13 TeV) Hoss 2 MS vertices 139 | s lifetime 0.31-724m m(s)= 35 GeV 2203.00587
Split SUSY, g-qdx?, mg=2500 GeV g 2012.01581 (Displaced jets) 0.007-0.36 m 132 fb™1 (13 TeV) )
Split SUSY, §-qax, m; =1300 GeV G | 1802.02110 (ets + MET) <im 36 b1 (13 Tev) o Hoes 2low-EMFtracklessjets 139 | s lfetime 0.19-6.94 m m(s)=35 GeV 2203.01009
i ~ _ [*)
Split SUSY (HSCP), fzy = 0.1, mg = 1600 GeV g CMS-PAS-EX0-16-036 (dE/dx) >0.7 m 13 fb~1 (13 TeV) E VH with H — ss — bbbb  2€ + 2 displ. vertices 139 s lifetime 4-85 mm m(s)= 35 GeV 2107.06092
mo mGMSB (HSCP) tanf =10, u>0, m; =247 GeV T CMS-PAS-EX0-16-036 (dE/dx + TOF) >7.5m 13 fb~! (13 TeV) I
Q o k i y . . _

2% stopped f, Eoty?, mi =700 Gev i 1801.00359 (Delayed jet) 60=1.5e+13 m {39 b1 (13 TeV) & FRVZH- v+ X 2 pjets 139 [ alifetime DS LT m(ya)= 400 Mev 2206.12181
Stopped g, §~qqx1., fog = 0.1, m; = 1300 GeV g 1801.00359 (Delayed jet) 50-3e+13m (39 b~ (13 TeV) @ FRVZH - dys+ X 2 u—jets 139 | ya lifetime 2.7-534 mm m(ya)= 400 MeV 2206.12181
Stopped ¢, §-qdx3(uux?), fz=0.1, mz =940 GeV g 1801.00359 (Delayed pp) 600-3.3e+12 m 39 b7t (13 TeV) % _ _ o
AMSB, x*-xn*, my= =700 GeV x* 2004.05153 (Disappearing track) 0.7-30 m 140 fb~! (13 TeV) H— 2424 displaced dimuon 329 | z4 lifetime 0.009-24.0 m m(Z4)= 40 GeV 1808.03057
GMSB SPS8, x)-yG, mye = 400 GeV x? 1909.06166 (Delayed y(y)) 02-6m 77 fb7! (13 TeV) H- zZ, 2 e, u + low-EMF trackless jet36.1 | Zg4 lifetime 0.21-5.2m m(Z4)= 10 GeV 1811.02542
GMSB, co-NLSP, i-IG, mj=270 GeV i 2110.04809 (Displaced leptons) 5e-05-2.65 m 118 fb~! (13 TeV)

®(200 GeV) — ss low-EMF trk-less jets, MS vix 36.1 s lifetime 0.41-51.5 m o x B=1pb, m(s)= 50 GeV 1902.03094
H-ZpZp(0.1%), Zp-uu, my =125 GeV, mx =20 GeV X 2205.08582 (Displaced dimuon) 5e-05-5m 98 fb~! (13 TeV) E )
HoZpZp(0.1%), Zp-ua(15.7%), my =125 GeV, my=5GeV  x [2112.13769 (Displaced dimuon using scouting) 0.0001-025 m 101 fb1 (13 TeV) g PB00GeV)—ss  low-EMF trk-less jets, MSvix36.1 | slifetime 0.04-21.5m o X B=1pb, m(s)= 50 GeV 1902.03094
8 oXX(10%), X~ee, my =125 GeV, my =20 Gev X AL Ee R e B Gl ) 0.00012-25 m 20 b~ (8 TeV) D (1 Tev) o ss low-EMF trk-less jets, MS vix36.1 | s lifetime 0.06-52.4 m o x B=1pb, m(s)= 150 GeV|  1902.03094
1 H-XX(0.03%), X=Il, my =125 GeV, my =30 GeV X 2110.04809 (Displaced leptons) 0.001-0.12 m 118 fb~1 (13 TeV)
¥ - . .
§ H-XX(10%), X-bb, my =125 GeV, my =40 GeV X 2012.01581 (Displaced jets) 0.001-0.53 m 132 b7t (13 TeV) W — N¢, N — Cty displaced vtx (up,ue, ee) + u 139 N lifetime 0.74-42 mm m(N)= 6 GeV, Dirac 2204.11988
T H-XX(10%), X-bb, my = 125 GeV, my = 40 GeV X 2107.04838 (Hadronic decays in CSCs) 0.12-450 m 137 fb~! (13 TeV) _ o )
H-XX(10%), X~bb, my; = 125 GeV, mx = 40 GeV X 2110.13218 (Displaced jets + Z) 0.004-0.248 m 117 fo~? (13 TeV) . W — Nt N — ¢ty displaced vix (uuue, ee) + p 139 | N lifetime 3.1-33 mm m(N)= 6 GeV, Majorana 2204.11988
dark QCD, My, =5 GeV, my,, =1200 GeV XpK 1810.10069 (Emerging jet + jet) 0.0022-0.3 m 16 b1 (13 TeV) % W — N¢, N — tty displaced vitx (uu,ue, ee) + e 139 N lifetime 0.49-81 mm m(N)= 6 GeV, Dirac 2204.11988
1 1 1 1 1
1077 1073 1073 107! 101 103 W — N¢, N — £ty displaced vitx (uu,ue, ee) + e 139 N lifetime 0.39-51 mm m(N)= 6 GeV, Majorana 2204.11988
cT[m] I L L IIIIIII L L IIIIIII L L IIIIIII L L IIIIIII L L IIIIIII L L L1l
ICHEP 2022 0.001 0.01 0.1 1 10 100 cT [m]
Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included). The y-axis tick labels indicate the studied long-lived particle.
Vs =13 TeV Vs =13 TeV
partialdata full data | 1 11l 1 11l 1 11l 1 11l 1 11l 1 L1111
*Only a selection of the available lifetime limits is shown. 0.001 0.01 0.1 1 10 100
T [ns]
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https://lpcc.web.cern.ch/lhc-llp-wg
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-034/fig_02.pdf
https://twiki.cern.ch/twiki/pub/CMSPublic/SummaryPlotsEXO13TeV/barplot_RPV_RPC_OLL_v5.pdf

Looking at the future: Run 3 and HL-LHC

Run 1 (2009-2013) and Run 2 (2015-2018) delivered 200/tb for the two general purpose experiments, ATLAS and
CMS (only 5% of the total integrated luminosity to be collected)

Run 3 (2022-2025) started with an energy of 13.6 TeV!

High Luminosity LHC (HL-LHC) will start with Run 4 in 2029:
Expected integrated luminosity: 3000/tb, observation of Higgs boson self-coupling as physics driver

HL-LHC

LHC

EYETS LS2 136 Tev  IRUAR 13.6 - 14 TeV
13 TeV — energy
Diodes Consolidation
splice consolidation cryolimit LIU Installation -
7 TeV 8T_eV button collimators interaction B _ inner triplet . HL LH(.:
R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation
2011 2012 2014 2016 2018 2019 2020 2021 2022 2023 2024 2026 2027 2028 2029 IIIIIIIM
5 to 7.5 x nominal Lumi ,
ATLAS - CMS |
experiment upgrade phase 1 ATLAS - CMS /
beam pipes . . . : HL upgrade
T 2 X nominal LUI’EIJ ALICE - LHCb : 2 x nominal Lumi
; : : ! 9= I —
75% nominal Lumi | / Upgra
luminosity EEIE{ o3

How can we make the best use of the future data?
Lots of plans and ideas...
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Reinterpretation

Understanding backgrounds is a big part of the analysis

Every search is defined based on a benchmark theory model

but other models can lead to very similar signatures.

Better understanding of general coverage of existing analyses

CMS Preliminary

13-39th~ ! (13 TeV)

3000

5 7 — qqx° BR=100%) Status: February 2018

- (R-hadron cloud model) Jets + piiss arXiv:1802.02110

2500 . © - Expected ® m, o =100 GeV, charge suppressed

- ob g Jets + piiss arXiv:1802.02110
- —@— Observe

Stopped gluino, arXiv:1801.00359
mg — mXo > 160 GeV, ffjg = 0.1

HSCP, CMS-PAS-EXO-16-036
f, = 0.1

2000 |

1500 |

Lower limit (95% CL) on mj; [GeV]

000 [g

| S ¢ R
| I I M I I I I I

mz — m, 0 = 100 GeV, charge suppressed

Stable '8
] ] ] ] ] ] ] ] ] ] ]

:F) 2 :O =
12 18 13
(n =0,8y =1) L F OB

10°% 10=* 10=2 110%: 102 10* 106 10® 10'° 102 10'¢

ct [M]
I

_ 10-5 10-3 10-' 10! 10° 10° 107 10°
Re-interpre

SUS-16-038

1011 1013 1015

T [ns]

ATL-PHYS-PUB-2020-007

Dark matter FRVZ model
Original search for displaced
dark photon jets

HLSP

Search for pairs of displaced
jets in hidden sector
Reinterpreted in FRVZ
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Q 106 — RECAST result, high-E ; selection [33.0fb"] =4 Exp. = 10, 20
A sE = Displaced lepton-jets result [36 fb '] Obs. E
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2020-007/
http://cms-results.web.cern.ch/cms-results/public-results/publications/SUS-16-038/index.html

New triggers for Run 3

Trigger is the first filter in data taking

If we don’t trigger on new processes we can’t discover them!

Run 3 is an opportunity to add ideas for new triggers

The limit bandwidth is limited... How do we do that?

E. Torrd

Study topologies or phase spaces that have not been ever looked at!

LHCD: radical idea
get rid of the LO trigger in Run 3!!!

gain a factor 2 in hadronic channels
GPU-based HLT

13 Sept 2022 TAE 2022

Partial event reconstruction, select
displaced tracks/vertices and dimuons

Buffer events to disk, perform online
detector calibration and alignment

LHCb 2015 Trigger Diagram

LHCb Upgrade Trigger Diagram

30 MHz inelastic event rate
(full rate event building)

40 MHz bunch crossing rate

LO Hardware Trigger : 1 MHz
readout, high Et/Pr signatures

450 kHz 400 kHz 150 kHz

Buffer events to disk, perform online
detector calibration and alignment

Add offline precision particle identification
and track quality information to selections

Output full event information for inclusive
triggers, trigger candidates and related
primary vertices for exclusive triggers

<> L >

Full offline-like event selection, mixture
of inclusive and exclusive triggers

12.5 kHz (0.6 GB/s) to storage

2-5 GB/s to storage

41



New triggers for Run 3

Trigger is the first filter in data taking

If we don’t trigger on new processes we can’t discover them!

Run 3 is an opportunity to add ideas for new triggers

Study topologies or phase spaces that have not been ever looked at!

The limit bandwidth is limited... How do we do that?

In ATLAS and CMS: created and improving
dedicated triggers for Run 3

Great example: running ATLAS LRT at trigger level

Track Reconstruction Efficiency

HL T TrackingPublicResults

1_6_ | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
- ATLAS Simulation Preliminary ]
1.4 (s =13 TeV V HLT FS Standard Tracking -
1 o[ R-hadron A HLT FS LRT -
F I”(}rfl 12 rTner:]’ cv=300MMm 1| T Combined (Std + LRT) -
- Efc;‘iciency wrt Offline Tracks -
0.8/© —
- Oo o .
0.6~ AARR —
vA N -
0.4 222840 afag, Af. A-
A g o7 fan 4
0.2 _—VV ]
SRR LA A AR RS
0 50 100 150 200 250 300

R-hadron transverse decay radius [mm]
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HLTTrackingPublicResults

Many of the theories
involving Long-lived
particles give no
specifications on

lifetimes oy
]
g
Need dedicated
experiments far away
from the IP!
E. Torrd 13 Sept 2022 TAE 2022

Searches beyond ATLAS, CMS, LHCDb

) 1911.00481

A

&

S LHC coverage

/\ (ATLAS, CMS, LHCb)

E

2

> New LHC projects | |

= complementary to existing Trigger constraints
;2 experiments Iptg of SM packground
- limited by size

= SCHEMATIC

1
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https://arxiv.org/pdf/1911.00481.pdf

Overview of proposed LLP detectors at the LHC

Huge range of lifetimes from ~50m to 108 m
covered by different detector volume and distance
form IP

Range of models, couplings and masses covered
by different angle wrt beam axis

Many possible decay modes!

Need variety of detectors = complementary

E.Torr6 13 Sept2022  TAE 2022 44



Overview of proposed LLP detectors at the LHC

Huge range of lifetimes from ~10m to 108 m
covered by different detector volume and distance
form IP

Range of models, couplings and masses covered - T ATLAS ALICE
by different angle wrt beam axis MATHUSLA

Many possible decay modes!

Need variety of detectors = complementary

E.Torr6 13 Sept2022  TAE 2022 45



MoEDAL

Located at LHCb cavern, approved in 2010

MoEDAL

Target: highly ionizing particles, magnetic monopoles, massive
pseudo-stable charged particles (sleptons, R-hadrons) , ...

Two technologies used:

Drell-Yan production with -independent coupling

Magnetic Monopole traps

— 2000——————7 7+ T+
> B 2]
. . . . @ IS MoEDAL @ 13 TeV _
bind a magnetically charged particles with an energy of G, 18001 —— ot e
0 E g o iy s
0.5 - 2.5 MeV and capture it inside the atomic lattice @ 1600 Mgy
£ - ATLAS @8 TeV .
Nuclear Track Detectors: when a HIP passes through the § 1400 spin122____ & Gesthl cmpls 7
. . - . . A in-1/2 =
NTD, it creates an invisible damage along its track g 1or P ]
- 1000: // ~ \\\ :
D - ATLAS @ 8 Te -
S, 800F spino m@m i W
S gook- v s _ MOEDAL @ 13 TeV -
F - - spin-0 -
Moedal’s results for monopoles ® a0 " MOEDAL @ 8 TeV | :
: . © - +r spin-0 o
leading mass limits 3 | gt .* ]
Ijj 200:_spin-1/2 MoEDAL _:
0‘ Sl R W I e Mol e I S T A 1 ol M, T e B T e il S W A
0 1 2 3 4 5

Magnetic charge [g ]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.071801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.021802

e N e - Lol: 1811.00927
r#“ r' r~l A MAsive Timing Hodoscope for Ultra Stable neutral. pArticles Test stand: 2005.02018
- Updated Lol: 2009.01693

Sensitive to LLPs with lifetime up to 108 m

Placed on the surface above CMS during HL-LHC: rock shielding vee, W
Aiming for zero background analysis

Large air decay volume with several scintillator layers for tracking

Test stand with 2018 confirmed background hypothesis and gives confidence in projected

physics reach

* I : T T T I T T T T I T Y D T

Tracks / 0.5°

T30
Zenith angle [°]

a
llllllllllllllllllllllllllllllllllll

W
Test stand §: x
LSS, ;!a LIS S

’.

ground level

100 m

60 m

70 m



https://arxiv.org/abs/1811.00927
https://arxiv.org/abs/2005.02018
https://arxiv.org/abs/2009.01693
https://arxiv.org/abs/2203.08126

CODEX-b Compact Detector for Exotics at LHC-b - Proposal ;g;;g%%
‘ Nnowmass: .
—_—

10m

g T

Target: light, weakly interacting LLPs at HL-LHC
Use LHCDb trigger CPUs space in LHCb cavern / DELPHI location

10m

10m

10x10x10 m3 box
DELPHI CODEX-b box - <
6 layers of RPCs for tracking to reconstruct LLP decay vertex a. /8 Il J ‘
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https://arxiv.org/pdf/1911.00481.pdf
https://www.google.com/search?client=firefox-b-d&q=2203.07316
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« I ﬂSﬂﬂ D ForwArd Search ExpeRiment at the LHC

Tracker readout boards

Target: light, weakly interacting LLPs:
very rarely produced
along the beamline at low pT ~2% of pions produced within

Tracker patch

FASER angular acceptance panels
Fast! Lol (2018), approved (2019), Installation (2020)
Expected to start data-taking for Run3 (2022)
Potential to increase sensitivity with FASER 2 for HL-LHC

/N
charged particles (p<7 TeV) o\ ~5 m
o™
\,\’\ \
neutrino, dark photon > FASER N - .
1. 0.5T magnet cinti. 0.5T magnet - 0.5T magnet _S(,mtl.
LHC magnets < N K Decaying o
p-p collision at IP 480 m ~100 m of rock X § -2l RE
Of AT LAS} —=) ™ Tracker Tracker Tracker Calorimeter

pp = A(— et+e-) + X, with E(A')~TeV
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https://arxiv.org/pdf/1911.09206.pdf
https://arxiv.org/abs/1708.09389
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m 4, = 0.5 GeV

Sensitivity — neutral LLPs,
scalar mediators

H —>Inv

m 4, = 10 GeV
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CODEX-b Eol: 1911.00481

Mathusla: Good sensitivity for mass > 5 GeV and lifetime >> 100 m, even at low masses
Codex-b 300/fb, complementary to MATHUSLA at shorter lifetimes
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https://arxiv.org/abs/1911.00481

HNLs

Sensitivity — neutral LLPs,
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SHIP covers most of the space
MATHUSLA, ANUBIS, AL3X better at masses > 1 GeV
Complementarity between forward and transverse detectors!
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https://arxiv.org/abs/2001.04750

Conclusions

- LLPs might be the key for finding BSM physics
- LLPs are gaining interest!
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Conclusions

LLPs might be the key for finding BSM physics
LLPs are gaining interest!
Great effort at the LHC experiments to search for LLPs...

ATLAS Long-lived Particle Searches* - 95% CL Exclusion ATLAS Preliminary

Status: July 2022 [£ dt = (32.8 - 139) fb! V5 =13 TeV
Model Signature  [£dt[fb™] Lifetime limit Reference
I L] L] IIIIIII L] L] IIIIIII L] L] IIIIIII L] L] IIIIIII L] L] IIIIIII L] L] LELELI
RPV T — uq displaced vtx + muon 136 i lifetime 0.003-6.0 m m(t)=1.4 TeV 2003.11956
RPV)“((I’ — eev/euv/upy displaced lepton pair 32.8 ,\7(1’ lifetime 0.003-1.0 m m(§)= 1.6 TeV, m(i%)= 1.3 TeV 1907.10037
GGM i — ZG displaced dimuon 32.9 ,\7‘1’ lifetime 0.029-18.0m  m(g)=1.1TeV, m(¥?)=1.0 TeV 1808.03057
. . . GMSB non-pointing or delayed y 139 ,\7‘1’ lifetime 0.24-2.4 m m(¢S, G)= 60, 20 GeV, By= 2% CERN-EP-2022-096
Overview of CMS long-lived particle searches o | ) ~
GMSB ¢ — ¢G displaced lepton 139 | 7 lifetime 6-750 mm m()= 600 GeV 2011.07812
CMS Preliminary 3-140fb71 (8, 13 TeV) c>5 GMSB ¥ - 1G displaced lepton 139 | # lifetime 9-270 mm m(f)= 200 GeV 2011.07812
) S0 ot - i ; SE |ifati oy
RPV UDD, §-tbs, my = 2500 GeV g 2104.13474 (Jets with displaced vertices) 010006 =0109] 140 fb™1 (13 TeV) @ AMSBpp— 7iid ¥ f;  disappearing track 136 | k7 lifetime 0.06-3.06 m m(¥})= 650 GeV 2201.02472
RPV UDD, §-tbs, mg = 2500 GeV g 2012.01581 (Displaced jets) [ OM00S =1 132 b~ (13 TeV) AMSB pp — 7570 717  largepixel dE/dx 139 | i lifetime 0.3-30.0 m in(7+)= 600 GeV 2205.06013
RPV UDD, {-dd, m;=1600 GeV i 2104.13474 (Jets with displaced vertices) _ 140 fb~1 (13 TeV) ;
RPV UDD, -dd, m; = 1600 GeV F: 2012.01581 (Displaced jets) _ 132 fb~1 (13 TeV) Stealth SUSY 2 MS vertices 36.1 S lifetime 0.1-519 m B(g — Sg)= 0.1, m(g)= 500 GeV| 1811.07370
RPV LQD, £-»bl, m; = 600 GeV f | 1808.05082(2u+2jets) <003m 36 fo™! (13 TeV) Split SUSY large pixel dE/dx 139 | & lfetime >0.45m m(g)=1.8TeV, m(¢9)= 100 GeV 2205.06013
RPV LQD, -bl, m; = 460 GeV ; 211004809 (Displaced leptons) ~ 0.0001-10m 118" (13 Tev) . . ‘ . .
RPV LQD, f-bl, mi = 1600 GeV f 2012.01581 (Displaced jets) [IN0I005=024)| 132 fo! (13 TeV) Split SUSY displaced vix + Ef"* 328 | & lifetime 0.03-13.2m m(g)= 1.8 TeV, m(¥})= 100 GeV 1710.04901
; Split SUSY 0¢,2-6jets -|—E$1i55 36.1 g lifetime 0.0-2.1 m m(g)=1.8TeV, m(¥?)= 100 GeV | ATLAS-CONF-2018-003
GMSB, §=gG, mg = 2450 GeV g 2012.01581 (Displaced jets) 0.006—-0.55 m 132 fb1 (13 TeV)
GMSB, gN—>gG~, m§ =2100 GeV g~ 1906.06441 (Delayed jet + MET) 0.32-34m 137 fb_1 (13 TeV) H—>ss 2 MS vertices 139 s lifetime 0.31-72.4m m(s): 35 GeV 2203.00587
Split SUSY, g-qdx?, mg=2500 GeV g 2012.01581 (Displaced jets) 0.007-0.36 m 132 fb1 (13 TeV) )
Split SUSY, §~qdxd, m; = 1300 Gev G | 1802.02110 (Jets + MET) <im 36 b7 (13 Tev) o Mo 2low-EMF tracklessjets 139 | s lfetime 0:19-6.94m m(s)= 35 GeV 2203.01009
Split SUSY (HSCP), f3y = 0.1, mg =1600 GeV g CMS-PAS-EX0-16-036 (dE/dx) >0.7 m 13 fb~1 (13 TeV) E VH with H — ss — bbbb  2€ + 2 displ. vertices 139 s lifetime 4-85 mm m(s)= 35 GeV 2107.06092
mo mGMSB (HSCP) tanf =10, u>0, m; =247 GeV T CMS-PAS-EX0-16-036 (dE/dx + TOF) >7.5m 13 fb~! (13 TeV) I
Q T K i . i . _

2% stopped f, Eoty?, mi =700 Gev i 1801.00359 (Delayed jet) 60=1.5e+13 m {39 b1 (13 TeV) & FRVZH- v+ X 2 pjets 139 [ alifetime DS LT m(ya)= 400 Mev 2206.12181
Stopped ¢, §-qdyx?, f5g=0.1, mz=1300 GeV g 1801.00359 (Delayed jet) 50-3e+13 m 39 b1 (13 TeV) ‘g) FRVZ H — 4yq + X 2 u—jets 139 v4 lifetime 2.7-534 mm m(yq)= 400 MeV 2206.12181
Stopped g, §-qdx3(uux?), fz=0.1, mz =940 GeV g 1801.00359 (Delayed pp) 600-3.3e+12 m 39 b7t (13 TeV) % . _ o
AMSB, x = =x{n*, m= =700 GeV X* 2004.05153 (Disappearing track) 07-30m 140 fb* (13 TeV) H— 2424 displaced dimuon 32.9 | Zqlifetime 0.009-24.0 m m(Z4)= 40 GeV 1808.03057
GMSB SPS8, x{-yG, My =400 GeV x° 1909.06166 (Delayed y(y)) 0.2-6m 77 o™ (13 TeV) H— 274 2 e,y + low-EMF trackless jet36.1 | Zq4 lifetime 0.21-5.2 m m(Zy)= 10 GeV 1811.02542
GMSB, co-NLSP, i-IG, mj=270 GeV i 2110.04809 (Displaced leptons) 5e-05—2.65 m 118 b1 (13 TeV)

®(200 GeV) — ss low-EMF trk-less jets, MS vix 36.1 s lifetime 0.41-51.5 m o x B=1pb, m(s)= 50 GeV 1902.03094
H-ZpZp(0.1%), Zp-uu, my =125 GeV, mx =20 GeV X 2205.08582 (Displaced dimuon) 5e-05-5m 98 fb~! (13 TeV) E )
H-Z525(0.1%), Zo-uu(15.7%), my = 125 GeV, my=5GeV  x [2112.13769 (Displaced dimuon using scouting) 0.0001-0.25 m 101 fo-1 (13 TeV) 8 $(600 GeV) — ss low-EMF trk-less jets, MS vtx 36.1 s lifetime 0.04-21.5m o x B=1pb, m(s)= 50 GeV 1902.03094
8 oXX(10%), X~ee, my =125 GeV, my =20 Gev X AL Ee R e B Gl ) 0.00012-25 m 20 b~ (8 TeV) D (1 Tev) o ss low-EMF trk-less jets, MS vix36.1 | s lifetime 0.06-52.4 m o x B=1pb, m(s)= 150 GeV|  1902.03094
1 H-XX(0.03%), X=Il, my =125 GeV, my =30 GeV X 2110.04809 (Displaced leptons) 0.001-0.12 m 118 fb~1 (13 TeV)
+ - . .
§ H-XX(10%), X-bb, my =125 GeV, my =40 GeV X 2012.01581 (Displaced jets) 0.001-0.53 m 132 b7t (13 TeV) W — N¢, N — Cty displaced vtx (up,ue, ee) + u 139 N lifetime 0.74-42 mm m(N)= 6 GeV, Dirac 2204.11988
T H-XX(10%), X-bb, my = 125 GeV, my = 40 GeV X 2107.04838 (Hadronic decays in CSCs) 0.12-450 m 137 fb~! (13 TeV) _ o )
H-XX(10%), X—bb, my; = 125 GeV, my = 40 GeV X 2110.13218 (Displaced jets + 2) 0.004-0.248 m 117 b1 (13 Tev) L o NeN= o displacedvix e, ee) +j 139 | N lfetime 3.1-33 mm m(N)=6 GeV. Majorana 2204.11988
dark QCD, Mg, =5 GeV, my,, =1200 GeV XpK 1810.10069 (Emerging jet + jet) 0.0022-0.3 m 16 b1 (13 TeV) % W — N¢, N — tty displaced vitx (uu,ue, ee) + e 139 N lifetime 0.49-81 mm m(N)= 6 GeV, Dirac 2204.11988
1 1 1 1 1
1077 107> 1073 107! 10! 103 W — N¢,N — by displaced vix (uu,ue, ee) + e 139 | N lifetime 0.39-51 mm m(N)= 6 GeV, Majorana 2204.11988
cT[m] I L L L IIIIII L L L IIIIII L L L IIIIII L L L IIIIII L L L IIIIII L L L1l
ICHEP 2022 0.001 0.01 0.1 1 10 100 cT [m]
Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included). The y-axis tick labels indicate the studied long-lived particle.
Vs =13 TeV Vs =13 TeV
partialdata full data | 1 11l 1 11l 1 11l 1 11l 1 11l 1 L1111
0.001 0.01 0.1 1 10 100

*Only a selection of the available lifetime limits is shown.

T [ns]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-034/fig_02.pdf
https://twiki.cern.ch/twiki/pub/CMSPublic/SummaryPlotsEXO13TeV/barplot_RPV_RPC_OLL_v5.pdf

ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

[ | March 2022 V5=13TeV
Model Signature  [Ld:t[fb™"] Mass limit Reference
T T T T L e | T T T T T
i, G—a¥) Oe,u 2:6 jets Ei‘f‘ 139 [ [1x, 8xDegen] 1.0 1.85 m()?‘,’)j“;oo GeV 2010.14293
» mono-jet  1-3jets  EFP™ 139 g [8x Degen.] 0.9 m(g)-m(¥,)=5GeV 2102.10874
() . . =0
< 55, 5—qak" Oe,u 2-6jets  EMS 139 z 2.3 m(t})=0 GeV 2010.14293
g 88, 3—q9%, T 7 Forbidden 1.15-1.95 m(¥))=1000 GeV 2010.14293
8 22, 2—qqWi) Tepu 2-6 jets 139 |2 2.2 m@\j,:)<600 GeV 2101.01629
Q gz goqanl) cepu 2jets  EPS 139 |2 2.2 m(F)<700 GeV CERN-EP-2022-014
@ 3z, goqqWZH Oep  7-11jets Ep™ 139 |2 1.97 m(E}) <600 GeV 2008.06032
g ' SSe,u 6 jets 139 % 1.15 m(Z)-m(¥1)=200 GeV 1909.08457
< o0 N miss 5 P ATLAS-CONF-2018-041
= 53, Bo1IY 0-1e,u 3b ET 79.8 4 2.25 m(¥,)<200 GeV
- . . - g8 &2 SSeyu  6jets 139 |z 1.25 m(@)-m(£)=300 GeV 1909.08457
S I I I I e e e O r I I I I I I S I C S biby Oe,u 2b Ep® 139 by 1.255 my??)<400 GeV 2101.12527
by 0.68 10 GeV<Am(b; ¥1)<20 GeV 2101.12527
. -0 -0 miss 5 Eorbidden N P 0= W)= 1908.03122
biby, by—bX: bhi¥ Oe,u 6b E" 139 b Forbidden 0.23-1.35 Am(¥3,X1)=130 GeV, m(X})=100 GeV
£ S 1o bt T B 27 2b Ef‘ 139 13: 0.13-0.85 Am(¥5 . ¥1)=130 GeV, m(¥})=0 GeV 2103.08189
q G ) -
§.§ i, i -ty 0-1e,u >1ljet  Emis 139 i 1.25 m(t)=1 GeV 2004.14060,2012.03799
- - - N A RS Teu  3jetsb E™ 139 |7 Forbidden ' 0.65 m(¥})=500 GeV 2012.03799
I I l r t §,§ iy, i —%1by, 151G 127 2jetsb EMS 139 |7 Forbidden 14 m(F1)=800 GeV 2108.07665
~~ o~ S0, o =0 ~ 0 ! 41
n = % fif1, ok 1 &, el 8 SZ moﬁg o g{,“:;; 3163.; z 05 0.85 i ::g ;:g gzx ;?gg %273
e, g T 1 5 1,C) 1)= g
~0 =~ | iss ~ S0y
iy, ii—1ks, B —z/ni) 1-2e.u 14p BRSO 139 |& 0.067-1.18 . m(F3)=500 GeV 2006.05880
hiy, h—>h +Z 3e.pu 1b EPS 139 3 Forbidden 0.86 m(¥1)=360 GeV, m(#,)-m(¥} )= 40 GeV 2006.05880
| I I u YEXS viawz Multiple ¢/jets A Ez‘f‘f 139 ‘z/)z; 0.96 N _(,m!)?u')=0, wino-bino 2106.01676,2108.07586
G t ff t t t L C e r I e tS to S e a rC O r S ee, U >ljet EPS 139 s 0.205 m(E5)-m(¥})=5 GeV, wino-bino 1911.12606
I ' I ' l aoF miss g ¥0)=0, wino-bi 1908.08215
XX\ viaWw 2e.pu Eq 139 g 0.42 m(¥7)=0, wino-bino
re a e O r a e e X " N L be 0 . Multiple ¢/jets Emiss 139 /\-/1/-0 B e 1.06 m@?):70 GeV, wino-bino 2004.10894, 2108.07586
1X> viaWh T 1/%2 = ot =0
> S XY vial /v 2ep P 139 | X7 1.0 m((,7)=0.5(m(X1 )+"1$)X|)) 1908.08215
o ol 27 EMs 439 |7 [FL.fRL] 0116013 0.12-0.39 m(r?)=0 1911.06660
S AN RV 2e 0 jet: EMs 139 |7 0.7 m(@})=0 1908.08215
ROLR, (=X &y ets . t S !
] . LRILR, (=] ce. i > 1jet Eﬁ“*‘ 139 |7 0.256 m(@)-m(¥})=10 GeV 1911.12606
AHA, A-hG/zG Oe,u >3b  ERS 36t |0 0.13-0.23 0.29-0.88 BR(} — 4G)=1 1806.04030
dep Ojets Epis 139 [ p 0.55 BR(Y) — ZG 2103.11684
Oeu >2large jets EF™ 139 H 0.45-0.93 BR(Y, — ZG)=1 2108.07586
Direct ¥1¥; prod., long-lived YT Disapp. trk  1jet — EP™ 139 | ¥} 0.66 Pure Wino 2201.02472
> X1 0.21 Pure higgsino 2201.02472
_9 Lﬁ Stable g R-hadron pixel dE/dx EP's 139 g 2.05 CERN-EP-2022-029
. = O - i ss 5 %) = 0= -EP-: X
Overview of CMS EXO results ST Metastable g R-hadron, g—qg¥} pixel dE/dx Eps 139 |g @ =10ns] 2.2 m(E})=100 GeV CERN-EP-2022-029
CMS preliminary 16-140 fb~1 (13 TeV) S S - Displ. lep EMS 439 | &p 034 0.7 122:8.} ns gg”g;gg
-~ T K 7({) =0.1ns .
String resonance u B <11.03%47 (2] L7 pixel dE/dx BN 139 [z 0.36 (D) = 10 s CERN-EP-2022-029
Zy resonance M 0.35=4 1712.03143 (2 + 1y; 2e + 1y; 2j + 1y) ) 36 fb )
Y resonance " 0.72=325 | 1808.01257 (1j +1y) HEE et ;Z?gk_ﬂ T W —ze—eee Bepu 139 | ¥7/¥] [BR(Zr)=1, BR(Ze)=1] 0.625 1.05 Pure Wino 2011.10543
. . .72-3. . j + 1y ’ . o v
é zf‘zf gcrtzscin;cnai:' K2=112 : 0:5=37 1 1911.03947 (2)) 137 fb~? TV XS — wwyzeecevy dep Ojets  EPS 139  |G7RS [ 2 0:dik £ 0] 0.95 1.55 m(¥Y)=200 GeV 2103.11684
Scalor Diquark M 0.5-7.51911.03947 (2j) 137 fo~! 38, 399, X = qqq 4-5 large jets 361 |z [m(¥))=200GeV, 1100 GeV] 1.3 1.9 Large A7), 1804.03568
tt+ ¢, pseudoscalar (scalar), g7, x BR(¢~21) > =0.03(0.004) M 0.015-0.075 1911.04968 (3¢, = 40) 137 fb:i N i f—)b??,i? s tbs Multiple 36.1 i [,,=2e-4, 1e-2] 0.55 1.05 m(¥!)=200 GeV, bino-like ATLAS-CONF-2018-003
tt+¢, pseudoscalar (scalar), g7, X BR(¢~21) > =0.03(0.04) M 0.108-0.34 1911.04968 (3¢, = 41) 137 fb a 7 Foblr UF — bbs > 4b 139 i Forbidden 0.95 m(T)=500 GeV 2010.01015
o« i, I=bX7, : 2 4
- ) 2jets +2 5 ] .42 0.61 1710.07171
" quark compositeness (££), nura =1 Nis <24 12103.02708 (2£) 140 fb~t l_] {l’ {l —bs Jets + 25 867 fl lag. bs] . BR(7, —be/bu)>20% 171 44
§-§ quark compositeness (££), N = — 1 N <3612103.02708 (20) 140 fb~1 niy, 11 —qt 2e.pu 2b 36.1 i ) ) 0.4-1.45 . (u—»uo/ bt)>20% 0.055
§E Excited Lepton Contact Interaction M 012=516"712001.04521 (2e + 2j? 77 fbj 1u DV 136 f; [le-10< lnk <1e-8, 3e-10< /lzsk <3e-9] 1.0 1.6 BR(f} —¢u)=100%, cosf,=1 2003.11956
£ Excited Lepton Contact Interaction " B 200104521 (21 + 2)) 77t T 10910, 79 —stbs, X7 —bbs 12eu  >6jets 139 | & 0.2-0.32 Pure higgsino 2106.09609
vector mediator (qq), gq =0.25, gom =1, my =1 GeV M 0.35-07  1911.03761 (=3j) 18 fb’i1
vector mediator (££), gg=0.1, gpy =1,g; =0.01, m, > 1 TeV M 02-1.92 21036052722'“1'921‘;)03947 o %1;(7) Ig-l L . L L L T | . L . N N
(axial-)vector mediator (qq), gq = 0.25,gom = 1, my =1 GeV M D2 3 ) R i : mee | N tatac A -
la:al—):ectormediator (0o, g:=0.25,g::=1,m:=1 Gev M <195 | 2107.13021 (= 1j+p{) 101 fb~? Only a selection of the available mass limits on new states or 107! 1 Mass scale [TeV]
(axial)-vector mediator (£), g =0.1,gou = 1,gs = 0.1, My > Mpmeal2 M 02-4.64 2103.02708 (2e, 2) 140 fb~t phenomena is shown. Many of the limits are based on
5 scalar mediator (+t/tf), g =1,9om =1, my =1 GeV M <0.29 1901.01553 (0, 1¢ + = 2j + py'ss) 36 fb'i simplified models, c.f. refs. for the assumptions made.
£ ; 1
g scalar mediator (fermion portal), A, =1, my =1 GeV M <15 2107.13021 (= 1j + p§'s) %81 ;271
¥ pseudoscalar mediator (+j/V), gq=1,gom=1,m; =1 GeV M <0.47 2107.13021 ( = 1j + pf's*) o . * - o) = - = L.
E ecutoscolr meto (445, -1, gos 1 me-1 GV ; <03 190001553 0,10+ 227 ) % ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits ATLAS Preliminary
complex sc. med. (dark QCD), My, =5 GeV, CTx,, =25 mm M <1.54 1810.10069 (4j) o . 1 _
2’ mediator (dark QCD), Maare = 20 GeV, finy = 0.3, Ggare = a2 M 15-5.1 211211125 (2j + p§'™) 138 fk_)1 Status: JLI/y 2022 fL dt = (36 _ 139) b \/_ =8,13TeV
Baryonic Z/, gq=0.25,gon =1, my =1 GeV M <16  1908.01713 (h+py'ss) 36 fb_l miss ) L.
7/~ 2HDM, g7 = 0.8, gow = 1, tanB = 1, m, = 100 GeV M 0.5=3.1" 1908.01713 (h + p§') 36 fb_l Model £, 4 JetST E f-l: dt[fb™"] Limit Reference
Leptoquark mediator, B=1, B=0.1, Ay, pm = 0.1, 800 < Mo < 1500 GeV M 0.3-0.6 1811.10151 (1 + 1j + py™ss) 77 fb T ——r . ; — . . — . . —
— _ 17 _4i 112TeV n=2 2102.10874
0.08-0.52 1808.03124 (2j; 4j) 36 fb! < ADD Gk + g/q Oe u, 1,y 1-4j Yes 139 Mp
i: . tif Tarksk Z 0:1=072 | 1806.01058 (2j) 38 fo~? 9 ADD non-resonant yy 2y - - 36.7 Ms 8.6 TeV n=3HLZNLO 1707.04147
E RPV S?u‘ar to4 quaL ’ M 0:1=141 | 1806.01058 (2j) 38 fb! ‘é’ ADD QBH - 2j - 139 M 94TeV n=6 1910.08447
s t0.3 o u <157 181010052 6} 36 b $  ADD BH multiet - >3j - 36 [Ma 9.55TeV n =6, Mp=3TeV, rot BH 1512.02586
RPV gluinos to 3 quarks § RS1 Gkk — vy 2y _ _ 139 Gkk mass 4.5 TeV k/MPI =0.1 2102.13405
i <12 1803.08030 (2j) 36 fb! iS) Bulk RS Gk —» WW/ZZ multi-channel 36.1 Gy mass 2.3 TeV k/Mp; =1.0 1808.02380
ADD (j)) HLZ, nep =3 M o o KK . . ™, 160602350
ADD (yy, 1) HLZ, ngp =3 M <9.11812.10443 (2y, 21) 36 fb B Bulk RS Gkx — WV — {vqq 1epu 2j/1J  Yes 139 Gkk mass 2.0 TeV k/Mp; = 10.0 )
ADD Gy emission, ngp =2 M <10:82107.13021 (= 1j + py’s) 101 fb~? < Bulk RS gkk — tt Teu 2102102 Yes 36.1 gkk Mass 3.8 TeV r/m=15% . 1804.10823
ADD QBH (jj), neo =6 M <8121711803.08030 (2j) 36 ﬂ};q W 5yED / RPP leu >2b,23] Yes  36.1 KK mass 1.8 TeV Tier (1,1), B(A®D — tt) =1 1803.09678
Y ADD QBH (et), neo =4 " <51612205.06709 (ep) 137 B " ) 2 B B - 5.1 TeV 1903.06248
2 ADD QBH (€7). nep =4 " <52 12205.06709 (eT) 137 fb,l SSM Z/ - & H - - 139 Zimass 42 TeV 1709.07242
2 2205.06709 (W) 137 fb~1 SSM Z" - 17 27 36.1 Z' mass 2.42Te
E o e " 4 7;5 2103 02703 121‘)l 140 b1 @ Leptophobic Z” — bb - 2b - 36.1 Z' mass 2.1 TeV 1805.09299
a RS Gu(tt), kil =01 " a1 180900327 (2y) 36 fb-! S Leptophobic 2/ — tt Oeu 21b,>2J Yes 139 |Z’mass 4.1 TeV r/m=12% 2005.05138
£ RS Gr(yy), Kl =0.1 M : : 137 fo1 D SOM W — oy Tepu - Yes 139 | W’ mass 6.0 TeV 1906.05609
a RS G(qd, 9g), kiMei=0.1 M 055=2:6"| 1911.03947 (2]) b o ' , ’ ) 009
RS QBH (jj), nep =1 M <5.9'/1803.08030 (2j) 36 fb~! Q SSM W’ — v 17 - Yes 139 W’ mass 5.0 TeV ATLAS-CONF-2021-025
i b1 My = TeV, ngp = 6 2977711805.06013 (= 7j(L, V) 36 fb! o SSM W’ — tb - >1b,>1J - 139 W’ mass 4.4 TeV ATLAS-CONF-2021-043
e ED o 9rg00) o 6.1 =3, £ =05, OG0 g 22431 2201.02140 (2) 137 fo! S INTW S WZotvggmodel B 1en  2j/1J Yes 139 | W’ mass 4.3 TeV e =3 2004.14636
s-lifS:D >92K$?v+g_)ggg)' Jom B ST TR T o 0:4=2.8 | 2202.06075 (£ + py'ss) 137 fb~1 8 HVT W’ - WZ — ¢v ¢’ modelC 3 e, u 2j(VBF) Yes 139 W’ mass 340 GeV gven =1, =0 ATLAS-CONF-2022-005
PILUED. = " HVT W’ — WH — (vbbmodel B 1e,u 1-2b1-0] Yes 139 | W’ mass 3.3TeV av=3 2207.00230
ited li =m; 015261377 1911.03947 (2j) 137 fb~1 HVT Z —» ZH — (t/vvbb model B 0,2 ¢, 12b,1-0] Yes 139 Z’ mass 3.2TeV gv =3 2207.00230
= excited light quark (qg), A=my M ) H J
E% excited electron, f; : M 025319 | 1811.03052 (y + 2e) 36 fb! LRSM Wgr — uNg 2u 1J - 80 Wpg mass 5.0 TeV m(Ng) =0.5TeV, g1 = gr 1904.12679
B2 exaredmuon f- " M 511.03052 ty+ 240 s6f Cl qqqq - 2] - 370 |[A 21.8TeV 7, 1703.09127
_ - - .8 TeV N 2006.12946
UMSM, [Vey|2 = 1.0, [Vi|2 =1.0 M 0.001-1.43  1802.02965; 1806.10905 (3£(p, €); = 1j + 2(, e)) 36 fb~! S Clttqq 2e,pu 139 A Tov — 35.8 Te' m popeatbagid
Va2 Ven? 2 0.02-1.6  1806.10905 (2 1j+ p+e) 36fb! Cl eebs 2e 1b - 139 A 1.8 Te & .
2 UMSM, [VenV|*/(|Ven]? + [Vinl?) = 1.0 M . . - zlj+p B 5 - 2.0 TeV g1 2105.13847
23 Type-Ill seesaw heavy fermions, Flavor-democratic M 0.1-0.98  2202.08676 (3¢, = 4f, 1T+ 31, 2T + 2{, 3T+ 11, 1T + 2/, 2T+ 11) 137 fb=t Cl uubs >1 I >1 1b b>1 : 139 2 : 2 e57 TeV |Cae| = 4r 1811.02305
z E Vector like taus, Doublet M 0.1-1.045  2202.08676 (3(, = 4f, 1T+ 3/,2T+2{,31+1/,1T+2/,21+1/) 137 fb:i Cl tttt =1 eu >1b,>1] Yes 36.1 1 4t .
Vector like taus, Singlet M 0.125-0.15 2202.08676 (3, = 4, 1T+ 31, 2T + 2, 3T+ 14, 1T+ 2, 2T + 1) 137 fb Axial-vector med. (Dirac DM) Oe 1y 1-4 ] Yes 139 Mined 21 TeV 24=0.25, g, =1, m(y)=1 GeV 2102.10874
i fo-1 = Pseudo-scalar med. (Dirac DM) Oe,u, 7,y 1-4j Yes 139 Myed 376 GeV gq=1, gy=1, m(x)=1 GeV 2102.10874
scalar LQ (pair prod.), coupling to 1%t gen. fermions, 8= 1 M <1.44 181101197 (2.e+21). gg fE‘l Q Vector med. Z’-2HDM (Dirac DM) 0 e, u 2b Yes 139 Myed 3.1 TeV tanpB=1, gz=0.8, m(y)=100 GeV 2108.13391
scalarLQ (pair prod.), coupling to 1 gen. fermions, f =0.5 m <127 181101197 (2e+2j; e + 2] + p™) ot Pseudo-scalar med. 2HDM+a  multi-channel 139 | Mimea 560 GeV tang=1, g,=1, m(x)=10 GeV ATLAS-CONF-2021-036
2 scalar LQ (pair prod.), coupling to 2" gen. fermions, B =1 M <1.53 1808.05082 (2u + 2j) N - -
5 scalar LQ (pair prod.), coupling to 2 gen. fermions, B=1 M 0.8-15 1811.10151 (1p+ 1j+ py™) 77 fb71 Scalar LQ 15 gen 2e 22! Yes 139 LQ mass 1.8 TeV =1 2006.05872
g scalar LQ (pair prod.), coupling to 2! gen. fermions, 8= 0.5 M <129 1808.05082 (2 + 2j; p+ 2] + py'™*) 36 fb o Scalar LQ 2™ gen 2u >2j Yes 139 LQumass 1.7 TeV ;{3 = 1u . 2006.05872
& scalar LQ (pair prod.), coupling to 3 gen. fermions, B=1 M <126 CMS-PAS-EX0-19-016 (2T +2j) 137 fb—l o Scalar LQ 3 gen 17 2 b Yes 139 LQY mass 1.2 TeV f;(LQE - br) = 2108.07665
scalar LQ (single prod.), coupling to 15t gen. fermions, =0,A=1 M 1-1.6  2107.13021 (= 1j + p§'™s) 101 fb—l 2 Scalar LQ 3™ gen Oe,pu >2 J.’ >2b  Yes 139 LQS mass 1.24 TeV B('—Qg —tv)=1 2004.14060
scalar LQ (single prod.), coupling to 3 gen. fermions, B=1,A=1 M <0.75 CMS-PAS-EX0-19-016 (2T + b) 137 fb Scalar LQ 3r: gen >2e, o, >1 71 >1 ], .21 [E,) - 139 ::83 mass 1_41:-; '\[}ev 2;8:83 — ZT)) = 11 ;131 1;225
_ Scalar LQ 3™ gen Oe,u, 217 0-2j,2b  Yes 139 mass 1.26 Te g - bv) = .
Zp, narrow resonance M 0.0115-0.075 1912.04776 (2p) }g; :g_i Vector LQ 3" gen 17 2b Yes 139 LQY mass 1.77 TeV B(Loi/ - br) = 0.5, Y-M coupl. 2108.07665
2, M 0.11-02 1912.04776 (2p) .
sgmn;r(r;:v e M 02-5.15  2103.02708 (2e, 21) 140 fb~? ® VLQTT - Zt + X 2e/2u/>3e,u >1b,>1j - 139 T mass 1.4 TeV SU(2) doublet ATLAS-CONF-2021-024
SSM Z'(qq) M 05-2.9 | 1911.03947 (2)) 137 fp~t = E’ VLQ BB —» Wt/Zb+ X multi-channel ) 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343
7(qd) M 0.01-0.125 1905.10331 (1, 1y) 36 fb? LS VLQTs53Tss3/Ts3 > We+ X 2(SS)/>3eu>1b>1] Yes 36.1 Ts/3 mass 1.64 TeV B(Ts;3 — W)= 1, ¢(Ts;3 W)= 1 1807.11883
Superstring Z, M 02-416 " 2103.02708 (2e, 24) 140 fb1 S'E VLQT - Ht/Zt 1eu >1b2>3] Yes 139 | T mass 1.8 TeV SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040
H LFVZ' BR(EH)W= 10% M 02-5 2205.06709 (ep) 137 fot 8 & VLQY — Wh lepu >1b,>1] VYes 36.1 Y mass 1.85 TeV B(Y - Wb)=1, cp(Whb)=1 1812.07343
8 ; =109 02-4.3 2205.06709 (et) 137 fb=t > vLQB - Hb Oeu >2b >1j,>1J - 139 B mass 2.0 Tev SU(2) doublet, kg= 0.3 ATLAS-CONF-2021-018
3 LFV Z' BR(eT) = 10% M . ]
) LFV Z/, BR(ut) = 10% M 0241 2205.06709 (ut) 137 fbl‘ VLL 7" - Zt/Ht multi-channel ~ >1] Yes 139 7’ mass 898 GeV SU(2) doublet ATLAS-CONF-2022-044
e ) - ; 78 fb- . . .
‘; Leptophobic Z M 052045 1909.04114 (29 04-57 075 (1 4+ poiss 137 fp-1 © @ Excitedquark ¢ — qg - 2j - 139 q* mass 6.7 TeV only u” and d*, A = m(q") 1910.08447
H SSM W/(tv) M 4757 2202.06075 (£+ p7™) _ oS ; . 0 _ . TeV only u* and d*, A = m(q") 1709.10440
2 SSM W/(tv) M 0.6-4.8  CMS-PAS-EX0-21-009 (T + pI'™s) 137 fb! 2 O Excitedquark ¢" — qy 1y 1 36.7 q* mass 5.3Te y E q
j 0.5-3.6 | 1911.03947 (2j) 137 fo1 O £ Excited quark b* — bg - 1b1j - 139 b* mass 3.2 TeV 1910.0447
e Y = 211203909 (201 +2] 36 fo-! 5 & Excited lepton &* 3eu z - 203 A=30TeV 1411.2921
LRSM Wi{ue). M, =0.5Mh, " =5 33909 20+ 20 -1 L Excited lepton v* 3ept - - 20.3 A=16TeV 1411.2921
LRSM Wg(eNg), My, = 0.5My, M <47 2112‘03‘949 (2e +2j) gg :E‘l P M, A
LRSM Wi (), My, = 0.5Muy " e o055 23 137 fo-1 Type Il Seesaw 234eu  22]  Yes 139 [Nmass 910 GeV 2202.02039
Axigluon, Coloron, cotd =1 M ! =h - 1 ; LRSM Majorana v 2u 2j - 36.1 Ng mass 3.2 TeV m(Wg) = 4.1TeV, g = gr 1809.11105
0'1 1.0 10.0 “ Higgs triplet H** —» W*W* 23,4 e, (SS) various  Yes 139 H** mass 350 GeV DY production 2101.11961
. o . . ' ’ ICHEP 2022 I Higgs triplet H** — ¢¢ 234e,u(SS) - - 139 H** mass 1.08 TeV DY production ATLAS-CONF-2022-010
Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included). mass scale [TeV] < Hi trinlet H* — ¢ 3e 1 B B 20.3 DY production, B(Hz* — ¢r) = 1 1411.2921
S ggs triple - M, . . . ! L
Multi-charged particles - - - 139 multi-charged particle mass 1.59 TeV DY product!on. |gl = 5e ) ATLAS-CONF-2022-034
Magnetic monopoles - - - 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130
«/§=13TeV ‘/_=13TeV TR | - N L PR S R R A | 1 L PR R ..16 L 1 PR
rtial -
partial data full data 10 1 Mass scale [TeV]

-4 A *Only a selection of the available mass limits on new states or phenomena is shown.
E . TO rro 1 3 S e pt 20 22 T E 20 22 tSmall-radius (large-radius) jets are denoted by the letter j (J).


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-034/fig_01.png
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-013/fig_26.png
https://twiki.cern.ch/twiki/pub/CMSPublic/SummaryPlotsEXO13TeV/CurrentBarChartVersion_v11.pdf

Conclusions

LLPs might be the key for finding BSM physics
LLPs are gaining interest!

Great effort at the LHC experiments to search for LLPs... BUT! still not close to the effort in prompt searches

Run 3 and HL-LHC offer a great opportunity to innovate and plan for new unconventional searches yet to be
explored
Development of new tools and strategies to improve identification of LLPs, pushing the detector beyond its

original design capabilities
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Conclusions

LLPs might be the key for finding BSM physics

LLPs are gaining interest!

Most are young collaborations,
happy to welcome new people

Great effort at the LHC experiments to search for LLPs... BUT! still not close to the effort in prompt searches

Run 3 and HL-LHC offer a great opportunity to

innovate and plan for new unconventional

searches yet to be explored
Development of new tools and strategies to

improve identification of LLPs, pushing the

detector beyond its original design capabilities
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https://lpcc.web.cern.ch/lhc-llp-wg
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Improving object identification: Machine learning

* |ldentification of displaced objects is very challenging CERN-EP-2019-281

» The use of machine learning techniques for the identification of LLPs is getting extended:

* CMS: deep neural network to identify displaced jets CMS
» for charged and neutral LLPs decaying hadronically

» with and w/o DV
* using information from all jet constituents
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http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-011/index.html

LLP decays In the ID - unconventional tracking

» Search for a low-mass dimuon resonance
* The X bosons can either decay promptly or displaced: lifetime O(1) ps

* The searches for displaced®+ U+— decays consider masses up to 3 GeV.
» dataset: run 2: 5.1 fb-1 JHEP 10 (9070) 156

Prompt search limits on cross-section

TR

10

Z 100 b
ut <
-
<
10 fb
-

. ° Exclusion both in the
0.3 0.5 1 prompt and displaced

m(X) [GeV] cases for masses
Displaced search limits on cross-section below 3 GeV!

100 tb

10tb



https://link.springer.com/article/10.1007/JHEP10(2020)156

LLP decays In the ID - unconventional tracking
ATLAS-CONFE-2021-015

@ » Unconventional tracking can be used to search for multiple types of displaced objects

ATLAS - Example: SUSY scenario with very small mass gap between neutrino and chargino:
S » Chargino becomes long-lived
* Pion is too soft to be reconstructed
 MET trigger
* High threshold, not optimal!

» Disappearing track: lacks hits in the outermost silicon layers and no calorimeter activity
» Significant improvement over previous results due to additional track quality criteria and

increase in integrated luminosity J
— Signal tracklet p ~0
— Background tracklef Xl
- = Not reconstructed
~0
o~ X1
X1 \

D \

\
Too soft to e
reconstruct



http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-010/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-015

LLP decays in the calorimeters CERN-EP-2021-04

Search for late decays to hadronic jets from LLPs FXPERIMENT
Benchmark: gluino R-hadrons with very high squark masses inducing large gluino lifetime
Dedicated jet+MET trigger, recorded in empty bunch crossings (BC) to reduce background

All backgrounds are non-collision in out-of-time BCs: cosmic-ray muons, beam-induced, cavern background =0
Require special reconstruction configuration

LLP produced in a paired BC
interacts with detector and stops

LLP eventually decays
during an empty BC: free RecoNSTRUCTION
from collision background

> 4»
Paired Paired

CoLLISION
RECONSTRUCTION

Fig. inspired by C. Sebastiani

E. Torrd 13 Sept 2022 TAE 2022


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-15/
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Similar reach

* Mathusla: Good sensitivity for mass > 5 GeV
and lifetime >> 100 m, even at low masses
» Codex-b 300/tb, complementary to MATHUSLA

at shorter lifetimes

Anubis Cavern + shaft, 3/ab, 50 events
Anubis Cavern + shaft, 3/ab, 4 events
Codex-b 10m x 10m x 10m, 300/fb
Codex-b 20m x 10m x 10m, 1/ab

as Codex 1/at


https://arxiv.org/abs/1911.00481
https://arxiv.org/abs/1909.13022

ANUBIS o)

Instrumenting ATLAS access shaft (56m) for HL-LHC
3 possible configurations using the shaft and/or part

of the cavern

E. Torrd

An Underground Belayed In-Shatft

4 RPC layers for tracking

Can be combined with ATLAS information as veto

and background estimator

Proposal: 1909.13022

Use timing to reject cosmic rays

18.5m

Plan: installing a demonstrator for Run 3

13 Sept 2022

TAE 2022
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https://arxiv.org/abs/1909.13022
https://arxiv.org/abs/1909.13022

Proposal: PRD.99.015023
AI3X A Laboratory for Long-Lived eXotics

» Use ALICE’s cavern and magnet for LLP
searches
* Implies that ALICE is removed!

» Requires upgrading IP2 to run at the nominal J 1

LHC luminosity Al

3 :

* The IP has to be moved so that the LLP has - : Beamline

enough space to decay (would require adjusting CCE
» Use existing magnets for momentum S Bseeeerenaasaaeens i

< am o Approx.
measurements

to scale
» Add absorber, aiming at zero background

* Quite unlikely to be built, but a good example on
how to use existing caverns for LLP detectors


https://journals.aps.org/prd/references/10.1103/PhysRevD.99.015023

2104.07151v1
160/7.04669

MEN

» Target Millicharged particles in dark QED with mass O(GeV)

» 70m underground (shielded from cosmics) and 33m from CMS IP (17m of rock, shiel
from LHC)
» Scintillator bars + PMTs allow small ionisation signal from mCPs to be detected

CMS o

cavern >’ .
| oL

A
N .

* Prototype took data in 2018 (~1% of full detector), confirmed background expectatior surface
. 375"
= [ milliQan 4 Data : * Two detectors for Run 3 » Slab detector
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5 — i demonstrator) scmtlllatqr slabs
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o T l _\ﬁ_ , demonstrator " mCPs *
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https://arxiv.org/pdf/2104.07151v1.pdf
https://arxiv.org/abs/1607.04669

Complementary searches

Searches for signatures in different subdetectors can be complementary

Prompt search Calo/MS displaced
reinterpretation objects searches

Moriond 2021 132-140 fb™ (13 TeV)

106 | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII|

& Prellmlnary(March 2022) 13 T%SG 139 fb Hidden Sector, m, =125 GeV

IS
R
Efp =S

Target decays in:

CMS Preliminary
pp—~§8.3—~>aq¥,
ms = 2400 GeV

||I L LI

e\ Selected ATLAS results
e T R """""/“ : 95% CL observed limits

- - = ~
- - - .
z - NN earches:
- . " ~ L [
- . > .. Y N
- As - a
- o« S % -
hd ~
- .’ o N -
— ) L\ A, DA T T T Ay Y [ S A P em e
. 3 & L
- *n . N ~ -
- e Prat o '~ -
.’ LN Q
[} . » § -
¢ . . - -
4 [ER \ =
0 -
[ ~

Delayed jets (1906.06441) » Calorimeters

Displaced jets (2012.01581) » Tracker
Displaced vertices (EXO-19-O13)E> Beam pipe

B(H—ss)

—..— Muon System (2 Vtx Only), 139 fb™
arXiv:2203.00587

—..— Muon System (1 Vtx + 2 Vtx), 36 fb™
Phys. Rev. D 99 (2019) 052005

—.— Calorimeter, 139 fb™

arXiv:2203.01009

Tracker+Muon System, 36 fb ™

Phys. Rev. D 101 (2020) 052013

-------- Tracker (LRT), 139 fb
JHEP 11 (2021) 229

- .@ - Tracker (b-tag), 36 fb™
JHEP 10 (2018) 031,

- --- Monojet, 139 fb™’ 1
ATL-PHYS-PUB-2021-020

- @ = H— inv, 7-8-13 TeV combination
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