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What is everything made of?

The Standard Model (SM)

Highly successful theory of
fundamental particle interactions

Standard particles



What is everything made of?

The Standard Model (SM) However, there are still many
Highly successful theory of outstanding questions, e.g.:
fundamental particle interactions
Dark matter Matter-antimatter asymmetry
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What is everything made of?

Many theories beyond the However, there are still many
SM (BSM): outstanding questions, e.g.:
SUPERSYMMETRY Dark matter Matter-antimatter asymmetry
e | 10" +1 10 ¢
b b

Standard particles SUSY particles



But no significant sigh of new phenomena at the LHC yet!
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Long-Lived Particles (LLPs)

Standard model particles span a
wide range of lifetimes (7)
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Long-Lived Particles (LLPs)

We expect new phenomena to have a wide

Standard model particles span a range of lifetimes as well

wide range of lifetimes (7 .
& (7) But conventional searches for new phenomena

e (m) 1 é at the LHC are for promptly decaying particles
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We also need to look for new particles with long lifetimes!
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... and we need it now! (LHC Run 3)

e No significant sign of new phenomena at the LHC yet

e BSM phenomena must either be rarely produced or beyond the reach of
our detectors/reconstruction

e LHC already operates close to the maximum center-of-mass energy

e |f we're going to find new phenomena at the LHC, it will be in uncovered
regions of phase space

e We need to search for unconventional signatures now!
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How You Get LLPs

« Mechanisms to produce BSM long-lived particles are the same
ones as those that give us long-lived particles in the SM

e« Three main ways:

e Heavy (off-shell) mediator

« Small couplings

« Compressed spectra

T

e.g. 1t — ,uiyﬂ (ct ~ 7.8m)
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Why Search for New LLPs?

e LLPs appear in many BSM scenarios
— Nearly mass-degenerate states (compressed SUSY, AMSB, etc.)
— Heavy virtual mediators (split-SUSY, heavy neutral leptons, etc.)
— Small couplings (dark photons, freeze-in DM, RPV SUSY, etc.)
— The lifetime is a free parameter of the model, although it can be
constrained by cosmology (Big Bang Nucleosynthesis)

« Can provide a dark matter candidate

— DM could be the LLP itself, or produced in association with the LLP ;((O
« Why not? OIX

— No significant sign of new phenomena at the LHC yet! — Need to look everywhere

— A new massive, long-lived particle would be a clear sign of new phenomena

Great discovery potential!
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What’s a New LLP?

« From an experimentalist’s point of view, it’s a particle beyond the
standard model that:
decays a reconstructable distance from the primary collision
or
is quasi-stable on the scale of the detector

14



What’s a New LLP?

« From an experimentalist’s point of view, it’s a particle beyond the
standard model that:

decays a reconstructable distance from the primary collision
or
is quasi-stable on the scale of the detector

 They can:
— be charged, neutral or have color
— be light or heavy

— travel fast or slow

— decay to anything
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What’s a New LLP?

« From an experimentalist’s point of view, it’s a particle beyond the
standard model that:

decays a reconstructable distance from the primary collision
or
is quasi-stable on the scale of the detector
 They can:
— be charged, neutral or have color
— be light or heavy
— travel fast or slow

— decay to anything

* They often require dedicated searches or dedicated experiments
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The Large Hadron Collider
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LHC Timeline

LHC HL-LHC
L
I
Run 1 ‘ | Run 2 | | Run 3
EYETS Ls2 136 Tev AR 13.6 - 14 TeV
13 TeV energy
Diodes Consolidation
splice consolidation cryolimit LIU Installation -
7 TeV 8 TeV button collimators interaction o . inner triplet . Hlt_ :th?
— R2E project regions Civil Eng. P1-P5 pilot beam radiation limit Installation
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2022 2023 2024 2025 2026 2027 2028 2029 IIIIIII
5to 7.5 x nominal Lumi
ATLAS - CMS —
experiment upgrade phase 1 ATLAS - CMS /
beam pipes . . . . HL upgrade
nominal Lumi 2 x nominal Lumi ALICE - LHCb | 2 x nominal Lumi
75% nominal Lumi upgrade

P
EXd

integrated JCALMR R
luminosity JLIVE{
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Ll.:cHC Timeline

, HL-LHC

Run 1 ‘ | Run 2 ‘ | Run 3

o, D 136 ToV 13- 14 TeV
e

energy

Diodes Consolidation

8 TeV splice consolidation cryolimit LIU Installation _ _ HL-LHC
7 TeV e button collimators interaction ) inner triplet . X
——— R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2022 2023 2024 2025 2026 2027 2028 2029 IIIIIII
5to 7.5 x nominal Lumi
ATLAS - CMS
experiment upgrade phase 1 ATLAS - CMS
beam pipes

. ) . ) HL upgrade
nominal Lumi 2 X nominalLumi, ALICE - LHCb | 2xnominal Lumi

75% nominal Lumi | / upgrade ! 1
MI -1 e 3000 fb
b m Iumignosity 4000 fb!

« More than 10 years of successful operation of the LHC!




Ll.:cHC Timeline

13.6 TeV

13.6 - 14 TeV
13 TeV energy
Diodes Consolidation
8 TeV splice consolidation cryolimit LIU Installation ) ) HL-LHC
7 TeV _e button collimators interaction o ) inner triplet installati
—— R2E project regions Civil Eng. P1-P5 pilot beam radiation limit Installation
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2023 2024 2027 2028 2029 IIIIIII
5to 7.5 x nominal Lumi
ATLAS - CMS
experiment upgrade phase 1 ATLAS - CMS
beam pipes . . ) - HL upgrade
nominal Lumi w ALICE - LHCb } 2 x nominal Lumi I

75% nominal Lumi I / upgrade
MI -1 e 3000 fb
b m Iumignosity 4000 fb!

« More than 10 years of successful operation of the LHC!
e Run 3 is well underway
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LHC Timeline

HL-LHC

13.6 TeV

13.6 - 14 TeV

energy

Diodes Consolidation
splice consolidfion cryolimit LIU Installation

8 TeV button collimaifirs interaction
7Tev regions Civil Eng. P1-P5

2011 2012 2013 2014 2016 2017 2020 2023 2024 2027 2028 2029 IIIIIIIM
5to 7.5 x nominal Lumi
ATLAS - CMS
ATLAS - CMS

upgrade phase 1
HL upgrade

HL-LHC
installation

inner triplet
radiation limit

pilot beam

experiment
beam pipes

nominal Lumi 2 x nominal Lumi ALICE . Lch : 2 x nominal Lumi

75% nominal Lumi I / upgrade
m al integrated JEAMUUAT R
il m Iumignosity 4000 fb"

« More than 10 years of successful operation of the LHC!

e Run 3 is well underway

« Still publishing analyses with the well-understood (and still top-notch!) Run 2 data set, but
beginning to add Run 3 data (more data! new tools! improved reach!)
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LHC Timeline

HL-LHC

13.6 TeV

13.6 - 14 TeV

energy

Diodes Consolidation
LIU Installation

Civil Eng. P1-P5

splice consolidfion cryolimit
7 TeV ﬂ button collimaifirs interaction
regions

2011 2012 2013 2014 2016 2017 2020 2023 2024 2027 2028 2029 IIIIIIIM
5to 7.5 x nominal Lumi
ATLAS - CMS
ATLAS - CMS

upgrade phase 1
HL upgrade

HL-LHC
installation

inner triplet
radiation limit

pilot beam

experiment
beam pipes

nominal Lumi 2 x nominal Lumi ALICE . LHCb : 2 x nominal Lumi

75% nominal Lumi I / upgrade !
m al integrated JEAMUUAT R
il m Iumignosity 4000 fb"

« More than 10 years of successful operation of the LHC!

e Run 3 is well underway

« Still publishing analyses with the well-understood (and still top-notch!) Run 2 data set, but
beginning to add Run 3 data (more data! new tools! improved reach!)

« Superb operation efficiency for the experiments
« Usually > 90% efficient for both CMS and ATLAS (data taking + data quality)
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General-Purpose LHC Experiments

ATLAS B

EXPERIMENT =

Muon Detectors Tile Calorimeter

Liquid Argon Calorimeter

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes.
Overall diameter :15.0m
Overalllength ~ :28.7m
Magnetic field  :3.8T

SILICON TRACKERS
Pixel (100x150 um) ~16m* ~66M channels
Microstrips (80x180 ym) ~200m* ~9.6M channels

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers.
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m* ~137,000 channels

RICH)
FORWARD CALORIMETER

Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC

CALORIMETER (ECAL)
~76,000 scintillating PBWO, crystals

HADRON CALORIMETER (HCAL)
Toroid Magnets

Solenoid Magnet  SCT Tracker Pixel Detector TRT Tracker Brass + Plastc sintllator 7,000 channels
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Anatomy of a General-Purpose Detector

| | | |
Oom im m 4m 5m 6m 7m

Key:
. - Muon

Electron

Charged Hadron (e.g. Pion)

— — — - Neutral Hadron (e.g. Neutron)

“““ Photon

. '-;‘ﬁ;‘", _»‘i 7
Electromagnetic 7 X
)}”" Calorimeter \

Hadron Magnet

Calorimeter

Muon System

Transverse slice
through CMS

D Bamaey, CERN, Febriswry 2004
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Adapted from Heather Russell

Long Lifetimes

Any given particle’s lifetime is sampled from an exponential

p(decay)

>

distance $yravelled
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Adapted from Heather Russell

Long Lifetimes and the Detector

Even particles with a short proper lifetime
can decay far from the interaction:

e.g. forct =5 cm, <By>~ 30

60% in 13% in
calorimeters muon system

‘F(dec’a\j)

10]0919p 8y} SpISINO % |~

Jdwoud, o1
Jaxoel] Ul 9%Gg

distance -Erave\\ed'
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Adapted from Heather Russell

Long Lifetimes and the Detector

But if we want to consider particles with
longer lifetimes, we could benefit from a
different search strategy:

Even particles with a short proper lifetime
can decay far from the interaction:

e.g. forct =5 cm, <By>~ 30 e.g. for ct =50 cm, <By> ~ 30
A
Q 60% in 13% in Q o) o)
> eellonliiliee muon system ‘QO) cal105ri{:1ler:ers mu::)l/so Irs1tem
o e Y

1010918p 8y} 8pISINO % |~
10]0819p 8y} SpISINO %G

Jdwoud, %
1ayoel)} Ul %G2
Jayoel] Ul %¢

Jdwoud, %0

distance -Erave\\ed'
distance travelled

27



Adapted from Heather Russell

Variety of LLP Searches

Any given particle’s lifetime is sampled from an exponential

But if we want to consider particles with
longer lifetimes, we could benefit from a
different search strategy:

Even particles with a short proper lifetime
can decay far from the interaction:

e.g. for ct =5 cm, <By>~ 30 e.qg. for CT = 50 cm, <By>~ 30

P(decay)
P(decay)

ISORI} Ul %G

Jdwoud, %|
4dwouid, %10
19MoRI] Ul %€

distance -l;a e\led
" Y distance tyavelled

Lifetime, mass, decay products, boost, etc. dramatically affect the detector signature,
and thus we use all subdetectors... and also dedicated/auxiliary LLP detectors!

28



Long-Lived Particle Searches

Wide varietyof:  [== neutral disappearing | TR
charged track kinked track M lepton
Charges any charge v 4 m quark
—_ ’ K oton
1 R o ] gnything
— Final states teolaced
isplace
— Decay locations HSCP lepton
— Lifetimes
PR WL IR\ %
Design signature-driven searches
. displaced,
diﬁé"’t‘gﬁd \ delayed jets

Often interpret results with a
benchmark model, but can displacad
expand to a variety of scenarios

Not pictured:

.
" emerging -
vertex jet out of time decays




Long-Lived Particle Searches

Can search for LLPs that decay: e el
e Outside of the detector

any charge
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Long-Lived Particle Searches

Can search for LLPs that decay:

« Within the detector

...... neutral : . B BSM
disappearin .
::argr?:rge ?rF;ck g kinked track ] |eptol?
y 1 M quar
Y:o, K photon
A ..” M anything
displaced
lepton
PR W IR\ X
displaced,
displaced .
delayed jet
photon elayed jets
displaced " emerging Not |_3ictured:
vertex jet out of time decays
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Long-Lived Particle Searches

Can search for LLPs that decay: e nodtal dsappearin
 Within the detector oy e

e Outside of the detector

Can search for:
e The LLP itself
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Long-Lived Particle Searches

Can search for LLPs that decay: st
epton
« Within the detector o reton
W anything
e Qutside of the detector displaced
lepton
Can search for:
e The LLP itself S
 Its displaced decay products
displaced displacgd,
[ photon delayed jets
displaced ~“emerging Not Pictured:
vertex jet out of time decays
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Long-Lived Particle Searches

Can search for LLPs that decay:
« Within the detector

e Qutside of the detector

Can search for:

e The LLP itself

« Its displaced decay products
e Both

kinked track
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Long-Lived Particle Searches

Can search for LLPs that decay: [+~ neutral disappearing | m BSM
charged track kinked track M lepton
. . any charge uar
« Within the detector Sk Y A = ohoton
".. .." M anything
e QOutside of the detector displaced
HSCP lepton
Can search for:
e The LLP itself
( .....................
 Its displaced decay products
. displaced,
e Both “ohoton \ colayed joi
gy Temerdng o e decsys




Wide range of signhatures, models, and lifetimes explored at the LHC

Overview of CMS long-lived particle searches

CMS Preliminary March 2024
UDD, g-+tbs, mg =2500 GeV g 2104.13474 (Jets with displaced vertices) [N 00006=0/09m| 140 fb~*
UDD, g—tbs, my =2500 GeV § 2012.01581 (Displaced jets) [ OG05=Tm 13267
UDD, t-dd, m: = 1600 GeV t 2104.13474 (Jets with displaced vertices) [N G 60035=0008m] 140 b~
UDD, t-ad, m: = 1600 GeV t 2012.01581 (Displaced jets) [ o00z=1520m 132 fb?
LQD, £-bl, mé = 600 GeV ¢ | 180805082(2u+2jets) <003lm e
LQD, £-bl, m: = 460 GeV t 211004809 (Displaced leptons)  00001-10m 118~
LQD, =B/, mi = 1600 GeV t 2012.01581 (Displaced jets) [N 0005=024m] 132 fb~?
GMSB, §~gG, my = 2450 GeV g 2012.01581 (Displaced jets) | 0.006-055m 1322
GMSB, §-gG, my = 2100 GeV g 1906.06441 (Delayed jet+MET) [ G534 m| 137 fo~?
Split SUSY, §»adx?, m;=2500 GeV i 2012.01581 (Displaced jets) [/ 0.007-0.36'm| 132fb7
Spit SUSY, §dxg. mg= 1300 Gev i | wsoomogesswen  am 360
Split SUSY (HSCP), fi, = 0.1, m; = 1600 GeV § 132
mGMSB (HSCP) tanf =10, u>0 , m: =247 GeV T 13fb7?
Stopped £, t-ty2, mi =700 GeV i 1801.00359 (Delayed jet) 39 b2
Stopped §, §~qax3. f5,=0.1, my= 1300 GeV § 1801.00359 (Delayed jet) 39fb?
Stopped &, §-aax2(uuxd), fy, = 0.1, m; = 940 GeV § 1801.00359 (Delayed pp) 39fb?
AMSB, x *=xin*, m,- =700 GeV x: 2004.05153 (Disappearing track) | 07-30m 140 fb~?
§-ax3 or 4,4, X5 X5 2X3m . m; = 1600GeV,m ;= 1575GeV = 1909.03460 (Disappearing tracks + jets with Mz) | 011-10m 137 fb~?
Goaxd or gy, XS oX3m s, m; = 2000 GeV, mye=1000 GeV  y= 1909.03460 (Disappearing tracks + jets with M) | 026-2 m 137 fb?
totyd or bys, i =xin*, mi=1100 GeV, mg=1000GeV & 1909.03460 (Disappearing tracks +jets with M) | 025-9'm/ 137 fb~?
GMSB, X3=HG (50%)/ZG(50%), myz = 600 GeV x 2212.06695 (Trackless jets + MET) [ 004-12m| 138 fb~?
GMSB, x2=HG (50%)/ZG (50%), my = 300 GeV © 2212.06695 (Trackless jets + MET) | 0p5-04m 138 fb~?
GMSB SPS8, x2+yG, my = 400 GeV © 1909.06166 (Delayed y(y)) [ 02=6m| 77 o7
GMSB, co-NLSP, /16, mj =270 GeV i 211004809 (Displaced leptons) ~ 5e05-265m 118 b
H-Z0Z5(0.1%), Zoit, my = 125 GeV, my = 20 GeV X 220508582 (Displaced dimuon)  Sed5-5m 98 b
H~2Z525(0.1%), Zo=up(15.7%), my =125 GeV, my=5GeV  x 2112.13769 (Displaced dimuon scouting) [ 00001025 m| 101 b~
H-XX(10%), X~+ee, my =125 GeV, my =20 GeV X 14116977 (Displaced dielectron)  000012-25m 2007 (8 Tev)
H-XX(0.03%), X~II, my = 125 GeV, mx =30 GeV X 2110.04809 (Displaced leptons) [ 0001=012 M| 118 b~
H=XX(10%), X~bb, my = 125 GeV, my =40 GeV x 2012.01581 (Displaced jets) [ 0.001-0.53 W 132
H-XX(10%), X=bb, my = 125 GeV, my = 40 GeV X 2110.13218 (Displaced jets +2) [ 0.004-0248m | 117 b
H-XX(10%), X-bb, my = 125 GeV, mx = 40 GeV X 2107.04838 (Hadronic decays in CSCs) [ 012-450m) 137 b~
H-XX(10%), X=TT, my = 125 GeV, my =7 GeV X 2107.04838 (LLPdecaysin CSCs) | 000-23m 137 fo~?
dark QCD, mx,,, = 1500 GeV, m.,,, = 10 GeV, agonstic Yool 2403.01556 (Emerging jet +jet) [ 0.003-0.3 m | 138 b~
dark QCD, my,,, = 1500 GeV, ms,,, =10 GeV, GNN Yoo 138 b~
H-XX(10%), X=bb, my = 125 GeV, my = 40 GeV X CMS-PAS-EX0-23-013 (Displaced Jets Run3) [ 0.0005-2.5 m) 35 b~ (13.6 TeV)
H-XX(10%), X=dd, mw = 125 GeV, my = 40 GeV X CMS-PAS-EX0-23-013 (Displaced Jets Run3) | 0 0005-2.5 m) 35 fb~* (13.6 TeV)
H=XX(10%), X>T7, my = 125 GeV, myx = 40 GeV X CMS-PAS-EX0-23-013 (Displaced Jets Run3) |11 0 i001-0/5'm)| 35 b7 (13.6 TeV)
1 1 1 1 1
107 10-3 103 101 10! 10°

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.



Dedicated triggers

LHC

Level 1
trigger

High Level
Trigger

Offline
reconstruction
and analysis

LLP Challenges
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LLP Challenges

Dedicated triggers Unique object reconstruction
and/or observables

LHC
I I 1 I 1 1 1 I
Level 1
trigger
High Level
Trigger
Transverse slice
through CMS
] Muon
Offline Electron
) Charged Hadron (e.g. Pion)
reconstruction — — — - Neutral Hadron (e.g. Neutron)
N - 27y’ [ Photon
and analysis
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LLP Challenges

Dedicated triggers Unique object reconstruction Atypical backgrounds
and/or observables

LHC

Cosmic rays

Level 1
trigger

High Level
Trigger

Transverse slice
through CMS

Muon

Electron

Charged Hadron (e.g. Pion)

-~ — — - Neutral Hadron (e.g. Neutron)
----- Photon

Offline
reconstruction
and analysis

I’ll now describe a recent LLP search with several of
these ehallenges opportunities for innovation
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CMS

e No tracks, no jets,

Neutral LLPs with ctau> 1m could decay beyond the calorimeter with:

Essentially, we use the muon system as a sampling calorimeter

Unique signature due to the presence of steel in the CMS muon system

Sensitive to hadronic, tau, photon, and electron decays

Muon Detector Showers (MDS)

in the muon system

Excellent background suppression from shielding material (background rejection of 1e6)

arXiv:2402.01898

138 fo' (13 TeV)
T T ‘ T T T | T

I\'l

Signal region
_’

Fraction of events

=3 GeV
=7 GeV
=15 GeV
=40 GeV
s = 55 GeV -
=== OOT data (time <-12.5ns) J

S —dd
ct=1m

PRI R
600

.\I
800



https://arxiv.org/abs/2402.01898

> MDS Latest Result: Vector-Like Leptons

CMS-EXO-23-015

e [n SM, fermions are chiral:

q

e Left- and right-handed fermions experience
different interactions

e However, BSM scenarios with additional chiral
fermions: largely excluded

¢ Therefore, if new elementary fermions exist, Z/’}/*
they must be of vector-like (non-chiral) nature

e VVector-like fermions: simple and well-
motivated extension of the SM

o]

e Vector-like leptons (VLLs) produced via
electroweak processes

|


https://cds.cern.ch/record/2905042

CMS,

Vector-Like Leptons
CMS-EXO-23-015
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https://cds.cern.ch/record/2905042

CMS,

Vector-Like Leptons
CMS-EXO-23-015
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https://cds.cern.ch/record/2905042

CMS,

Vector-Like Leptons

CMS-EXO-23-015

hadronic
tau

ﬂ|'\

w

hadronic
tau
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https://cds.cern.ch/record/2905042

CMS,

Vector-Like Leptons

CMS-EXO-23-015

hadronic
tau

ﬂ|'\

w

hadronic
tau

Detect

y as
MDS
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https://cds.cern.ch/record/2905042

10

G [pb]

107"

102E

VLL Results

CMS-EXO-23-015

10°E

CMS Prel/m/nary 138 fo' (13 TeV)
Sl e i CSC+DT Combination E
Ll Median expected : : N
| BN 68%expected A " =2 GeV_
%51/ expected CT,= 0 025 m E

eoretlcal predlctlon : § 5 3

.........................................................................................................................

I | IIIIIIII

1 l 1 1 1 L I 1 L L 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1

4 L
0200 300 400 500 600 700 800

my,, [GeV]

0 CMS Preliminary

138 fb (3 TeV)

95% CL upper limits
Observed
...... Median expected

I 68% expected
95% expected

o CSC+DT Combination

. Theoretivcalvpredictionv

Exclude VLL masses:
¢ < 690 GeV observed
e < 640 GeV expected
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https://cds.cern.ch/record/2905042

CMS/

Twin higgs model ;f

Higgs to LLPs i
arXiv:2107.04838 5 L £

-
. H " Ss_
arXiv:2402.01398 | S ( f
f
CMS 138 b (13 TeV)
(/E 1; T IIIIII TTTTYT '_“ TTTTTIT T TTTTTT T |||||||| "l'lllllll"ll T 3
o | :
T R i
L 107 =
- §
C - i
(o) R i
E107°F ) 3
5 C A ]
8. sl £ |
S107°F N ~ =
| - S S — dd =
(@) C ]
32 i , —my=3GeV [+ 1o expected]
';8 1074 Median expected mz =7GeV []* 1o expecteds
. —mg = 15 GeV []+ 10 expected]
- — Observed — mg = 40 GeV []+ 1o expected
i — mg =55 GeV [[_]+ 10 expected |
10—5 AT BRI B SRR R AT RSN B SRR ATTI BN SRR AT B S E R
10° 102 10" 1 10 10®> 10® 10

ct [m]

Other MDS Results

Dark Showers »

—

arXiv:2402.01898 >>-

138 fb™

(13 TeV)

T T T TTTTT

1

—
<

95% CL upper limit on B(H - ¥¥)

T T T TTTTT T IIIIIIII

T T TTTTTH

L1111l

Il llllllll

1073 * QLLP - 2 ggg Vector portal 1

= LLP — =

[ —h— mLLP= 10 Gev (&wi &A) = (15 1) E

L myp=15GeV ]

o mLLP=20 GeV .

10—4 Lol Lol Lol L1111l
107 107" 1 10 102

ct [m]

Heavy Neutral

Leptons
arXiv:2402.18658
Long lived displaced
CMS 138 fb~! (13 TeV)
- Observed B +1 std. deviation
- - Expected +2 std. deviation
A N s
— 1n-3L _
2107 Muon HNL -
= i Dirac ]
1074F E
107°F =
10—6 [EE R IR RN ST N U A ST T SN SN NN S SN N AN SR
1.0 1.5 2.0 2.5 3.0 3.5 4.0
my [GeV]
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https://arxiv.org/abs/2107.04838
https://arxiv.org/abs/2402.01898
https://arxiv.org/abs/2402.18658
https://arxiv.org/abs/2402.01898

CMS,

Twin higgs model f

Higgs to LLPs

Other MDS Results

Dark Showers »

Heavy Neutral

7
p ~
i J
arXiv:2107.04838 SL f : ‘F% @ Leptons
. W, | arXiv2402.01898 Pt 8 | arxivi2402.18658
arXiv:2402.01898 U . & i
f @
—~ 1—C||M||§I TTTT || |||||||| T TTTTTT T |||‘!|ﬁ8 lflbl l|||13|-||-eV) 1 CMS " 138 fb (13 Tev) CMS 138 fb_1 (1 3 TeV)
n g & = =\ T AT T T BRRE v
c%\) - \ ‘i ‘i \ / // - E i \ ‘\ - W Observed W +1 std. deV|at|or:
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Latest results
® From the LHC and beyond

Intro to Long-Lived

Particles

e Why

e What

e How (basically)
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What’s Next?

A

HiLuMI

LARGE HADRON COLLIDER

¢:) LHC/HL-LHC Plan

LHC HL-LHC
Run 3
LSt EYETS LS2 ERR VA EYETS 13.6- 14 TeV
13 TeV energy
Diodes Consolidation
splice consolidation cryolimit LIU Installation . . HL-LHC
7 TeV 8 TeV_ ‘yutton collimators interaction » . inner triplet . . ;
— R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation
2040
5to 7.5 x nominal Lumi
ATLAS - CMS
experiment upgrade phase 1 ATLAS - CMS
beam pipes

) . . . HL upgrade
nominal Lumi w ALICE - LHCb . 2 x nominal Lumi

75% nominal Lumi | /_ upgrade ! A 1 A
m m | integrated

luminosity JEE {3

We are here, in Run 3 High-Luminosity LHC
taking data in ~2029
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CMS

« New L1 & HLT triggers for
showers in the muon system Ny

« New triggers for delayed jets:

o Using HCAL depth and
timing (thanks to HCAL
upgrade): L1 & HLT

e Using ECAL timing: HLT

New HLT triggers for displaced
taus

New L1 & HLT algorithms forw

displaced muons

Efficiency

New LLP Triggers in CMS for Run 3

At both L1 (hardware) and HLT (software) levels

CMS Preliminar, (13.6 TeV)
> [ T [ T T T T T T T ]
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High-Luminosity LHC

14 TeV center-of-mass energy
About 20 times more data by the end

Expect up to 200 interactions per proton-
proton collision, unprecedented amount
of radiation

Will have substantial upgrades to the
ATLAS and CMS detectors:

o To cope with the increased data rate
and radiation

« To improve and maximize the physics
potential

High pileup: about 200 additional proton collisions per bunch crossing
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CMS Phase 2 Upgrade

Level 1 Trigger TDR DAQ & High Level Trigger (HLT) TDR
e New track trigger at 40 MHz e Heterogeneous architecture Barrel Calorimeter TDR
e 750 kHz L1 output e 7.5 kHz HLT output e ECAL crystal granularity readout at 40 MHz

with precise timing for e/gamma at 30 GeV

e 40 MHz data scouting (real time
analysis)

’ — Muon System TDR
/4
i

//% 'A = 94 e New Gas Electron Multipliers

——
J ) —

New MIP timing detector (MTD) ~
TDR

e 30 ps timing resolution

(GEMs) & new iRPCs 1.6 < |n7| < 2.4

e Extended coverage to ||~ 3

New High-Granularity Endcap
Calorimeter (HGCAL) TDR

* Imaging calorimeter

Replaced Tracker TDR
* Increased granularity
e Extended coverage to ||~ 4

e 3D showers and precise timing
e Designed for tracking in L1T

56


https://cds.cern.ch/record/2714892
https://cds.cern.ch/record/2759072
https://cds.cern.ch/record/2283187
https://cds.cern.ch/record/2283189
https://cds.cern.ch/record/2293646
https://cds.cern.ch/record/2272264/
https://cds.cern.ch/record/2667167

From G. Unal

ATLAS Phase 2 Upgrade

Upgraded Trigger and
Data Acquisition system

Level-0 Trigger at 1 MHz

Improved High-Level Trigger
(150 kHz full-scan tracking)

Electronics Upgrades
LAr Calorimeter

Tile Calorimeter

Muon system

High Granularity Timing
Detector (HGTD)

Forward region (2.4 < |n| < 4.0)

Low-Gain Avalanche Detectors (LGAD)
with 30 ps track resolution

New Muon Chambers New Inner Tracking Detector (ITk) Additional small upgrades

Inner barrel region with new All silicon, upto|n| =4 Luminosity detectors (1% precision goal)
RPC and sMDT detectors HL-ZDC 57


https://agenda.infn.it/event/28874/contributions/171901/attachments/94797/130025/ichep-atlas-gu.pdf

HL-LHC Upgrades and LLPs

A Few Highlights

e ATLAS and CMS: All-silicon trackers with extended
coverage to ||~ 4

4

\
“ A\

e CMS: Tracking info in L1 trigger
e ATLAS: Improved pointing by using HCAL info

e CMS: New high-granularity silicon calorimeter in endcap
(3D imaging + timing)

e CMS: New single layer MIP timing detector in barrel and
endcap

e ATLAS: New High-Granularity Timing Detector in multiple
layers in the endcap (track-to-vertex association,
identification improvements)




LLPs at the HL-LHC

Lots of potential ! L1 ML trigger for nonpointing particles

30 1 E C
) .o L) . . - . .- . = 4: i
Delayed photons in timing detectors Nonpointing |. s >
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CMSPhase Il Simulation (13 TeV) 104 E_ _E
N T E E
T m(H)=125 GeV, m(®P)=30 GeV E 7
=10 - 10° - =
] o ’ = 3
© I T e g A F i e mimim e e -
o 102§— i =
10f- T oy o
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e 120, b £ Run 2 Limit (arXiv:1712.02118)
— ct=d, extanded ] E. 1 v b b e 1 T
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e Just a sampling!
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Some Dedicated LLP Experiments

o Besides the more general purpose LHC experiments, there are approved and
proposed experiments dedicated to looking for LLPs

« Just afew examples:

FASER: searches for long-lived dark
photons and similar particles in the
extreme forward direction

MilliQan: searches for millicharged
particles with a detector pointed at the
CMS interaction point

drainage gallery

MoEDAL: searches for monopoles

stopped in the beampipe with a SQUID
precision magnet

MoEDAL

MATHUSLA: searches for (very) long-

lived weakly interacting neutral particles
with a large-volume, air-filled surface
detector

200m

100m [ }20m Surface Detector, 1

-
-
-
-
-
pes

G\

-
-

Opp X 1/area
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Kinetic Mixing €

Results from Dedicated LLP Experiments

Dark photons: FASER
PLB (2023) 138378

--------- Expected Limit ( +15,,;,, 90% CL)

|v\|VV vuv\j[{:

L ASeR i
L =27.0fb" |

T T 17T

Observed Limit (90% CL)
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| L1 1 1IT
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N:
o/
>
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Millicharged particles: milliQan

107!

Q/e

1072

1073 4

PRD 104 (2021) 032002

arXiv:2311.06509

Monopoles and HECOs: MoEDAL

milliQan
oy 105§| —
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103 ; RN\
1o [} P
0 rg e

107" £

95% CL Limits LODY Spin0.5 |

g - E
-2 | ey iy ]
o bl I

,,—"‘,/ = Run 3 slab (200/fb) 10—3 [ | MoEDAL | | P PR B > 0% T

__________________ /’,-’ == HL-LHC slab (3000/fb) 0 1000 2000 3000 4000 5000 6000
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Future Colliders and LLPs

e Past the HL-LHC, it’s unclear what future collider
project we will have

e But it’s clear it will be a Higgs factory

e Given both the European Strategy Report and
Snowmass

e One option: Future Circular Collider (FCC) at CERN
e One 100 km tunnel, two stages:

e Stage 1: FCC-ee (Z, W, H, tt) as Higgs EW and top
factory at high luminosities

e Stage 2: FCC-hh (~100 TeV) as natural
continuation at energy frontier, with ion and eh
options

e Studying future sensitivity of the FCC to LLPs

* One example: Heavy Neutral Leptons sl .

10~

1072

10—1()

1
1
1

s Schematic of an

4§ 80-100 km

¢ long tunnel
\‘

2cays at the

CLD/IDEA DYera-Z run of the FCC-ee
HECATE DV

1
1

M (GeV] 62


https://arxiv.org/abs/2203.05502

What Else?

« The previous slides were far from exhaustive — many other searches for LLPs
have been done or are in progress

« But here are some other things we can try:

— Soft displaced objects

— Displaced taus

— Kinked tracks

— Quirks

— Data-taking strategies like data scouting and data parking
— New triggers

— And many more!
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Take Home Points
Lots of reasons to search for new physics at the LHC: unexplained observed
phenomena like dark matter, neutrino masses, the hierarchy problem, etc.
Performing a variety of searches for exotic particles at the LHC

We have many theoretical models to guide experimentalists now, but
there’s no longer a big shiny beacon like there was before the Higgs boson
discovery

—> We should look for anything and everything that we’re sensitive to,
including long-lived particles

Exciting time for searches at the LHC!

Maybe YOU will be the next to discover something!
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Approved and Proposed LLP Experlments
CODEX-b: searches for long-lived weakly interacting neutral particles with a new ‘ / |
detector near LHCb i |

FASER: searches for long-lived dark photons and similar particles in extreme
forward direction

MilliQan: searches for millicharged particles with a detector pointed at the CMS
interaction point

MAPP: searches for low-charged particles and long-lived neutrals that decay
outside of LHCb

MATHUSLA: searches for (very) long-lived weakly interacting neutral particles S
with a large-volume, air-filled surface detector '

MOoEDAL: searches for monopoles stopped in the beampipe with a SQUID
precision magnet

NAG62: searches for vertices of long-lived neutral particles
SeaQuest: dark-sector searches

SHIP: searches for neutral hidden particles at the beam dump

And more!

nnnnnnnnn

> 102! POT/Year
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Transverse Detectors at the HL-LHC

Transverse, shielded detectors like CODEX-b are sensitive to
uncovered regions of LLP phase space

LHC coverage LHC coverage

(ATLAS, CMS, LHCb) \ (ATLAS, CMS, LHCb)
3
© o, D

= o C TS Transverse
a R Forward
= (Kq. Wy K = ' (CODEX-b,

4o e ‘ NA62, ...)

)

SCHEMATIC SCHEMATIC



CODEX-b
COmpact Detector for EXotics at LHCb

DELPHI -~ CODEX-b

e Tracking volume off-axis to the beam,
and aligned with LHCb

e Several locations about 25 m from

GAS DISTRIBUTION RACKS
+ COOLING SYSTEMS

I | —

al | LHCb being studied
“ICo | ?(iMk)A"i "N e Active and passive shielding
T HE lmH\ TN "_ e Integration with LHCb triggerless DAQ
[ e /] } et o Aim for 0 background experiment
. ¢ Very competitive or world-best
I shiedveto—/ /- sensitivity in a wide range of

scenarios



CODEX-b Detector

« 10m3 box of Resistive Plate Chamber (RPC) tracking layers

« Well-known technology, same as for ATLAS Muon
Upgrade (BIS78)

o« Medium size, low cost

o Triplet of RPCs form a panel:
o ~1 mm spatial resolution in X-Y
o ~100 ps timing resolution

X-strips
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> VLL Event Selection and Backgrounds

CMS-EXO-23-015

Event selection:

e Trigger on missing transverse momentum
.pyfiss > 120 (200) GeV online (offline)
e Require > 1 hadronic tau with p; > 30 GeV

e Require > 1 MDS
Backgrounds:

e Punch-through jets
e Muons that undergo bremsstrahlung

e |solated hadrons from pileup, recoils, or
underlying events

e Cosmic muon showers


https://cds.cern.ch/record/2905042

> VLL Event Selection and Backgrounds

CMS-EXO-23-015

Event selection:

e Trigger on missing transverse momentum
.pyfiss > 120 (200) GeV online (offline)
e Require > 1 hadronic tau with p; > 30 GeV

e Require > 1 MDS
Backgrounds:

* Punch-through jets /" Suppress by rejecting clusters near jet or muon
e Muons that undergo bremsstrahlung

e solated hadrons from pileup, recoils, or—s Suppress by requiring clusters to be in time with the

underlying events bunch crossing
—> Suppress by rejecting clusters with significant number of

hits within A¢ < /4

e Cosmic muon showers —


https://cds.cern.ch/record/2905042

CMS,

VLL Results

CMS-EXO-23-015

CMS Preliminary 138 fb™ (13 TeV) CMS Preliminary 138 b (13 TeV)
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CMS arXiv:2402.14491

First CMS Run 3 Search: Displaced Dimuons

. Generic, inclusive search for long-lived particles decaying into pairs of oppositely-charged muons
(displaced dimuons) within the tracker and beyond

e Uses 36.7 fb-1 of 13.6 TeV data taken in 2022

Hidden Abelian Higgs

Tracker muon pair Search for long-lived R PV S U SY M Od e I
ZA uuuuuuuuuuuuuu d in the muon particlesdecayingto uons recon ul MOdEI (HAHM)
etectors as well as the tracker
a pair of muons o ,L_L

p q
;LLP ~
LLP / z

Muon detectors
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CMS

Displaced Dimuons: Triggers

arXiv:2402.14491

o Improved triggers — Substantial increase in acceptance x trigger efficiency compared to Run 2

o Improve signal efficiency at low mass and large displacements up to a factor of 4

Trigger Coverage
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https://arxiv.org/abs/2402.14491

CMS

Displaced Dimuons: Sensitivity

arXiv:2402.14491

o With partial Run 3 data, comparable or better sensitivity than Run 2 (only 38% of the data!)

LLP

HAHM Model

= CMS
107 H-o2Z7,
E | m(Z,) =60 GeV

95% CL upper limit on B(H—>Z_Z,)
S
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