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What are long-lived particles?

* For our purposes today:

* Long-lived particles:
* live long enough to travel measurable distance within detector
* lifetime longer than b-quark
 (generally) unstable
« can detect particle or decay products within detector

 We exclude neutral particles that escape completely without
being directly observed

« generally part of missing transverse energy searches
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Searches for New Physics

 We know the standard model (SM) of particle physics does not
answer all of our questions

* it does an amazing job

* Theorists have come up with MANY ideas that extend the
standard model

* But what matches reality?
- data must point the way

* In my opinion, discovery of new physics not described by the

standard model is the most important physics result particle
physics can achieve
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We have
searched
many,
many
times
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Extra Dimensions

Leptoquarks

Heavy Gauge Bosons

Overview of CMS EXO results
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Why Long-lived Particles?

« Standard model has many long-lived particles
 muon, pion, kaon, neutron, etc.

 Why not?

 We haven’t found evidence in the obvious places
- we started with the easy searches
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Assumptions

* Most physicists expected new particles would:

Data recorded: 2018-Jul-14 21:03:24 EDT

* decay immediately into or - be stable and neutral
standard model particles - escape undetected
g “[ ( 1'\\5/1 CMS Experiment at the LHC, CERN

p,=54.1 GeV/c |
n=0.70

= 1 Run / Event / LS: 319639 / 1418428259 / 986

M(ep):
86.5 GeV/c?

Electron

p;=50.1 GeV/c
n=0.60

Jet
p;=55.3 GeV/c
n=2.22
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Oom
Key:
Muon
Electron
== Charged Hadron (e.g.Pion)
- = — - Neutral Hadron (e.g. Neutron)

S

Silicon
Tracker

‘ Electromagnetic
};’ ‘l Calorimeter
4

Hadron Superconducting
Calorimeter Solenoid

Iron return yoke interspersed

Transverse slice with Muon chambers

through CMS

D 8amaey, CERN, Febricuy 2004

Lt
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Displaced
cks

sssss neutral displaced

B BSM
—_— Chill'ng HSCP

Secondary di|cplon =5 |cpl()n
Vertex
— any charge W quark
, photon
| anything

Primary
Vertex

displaced
lepton

disappearing
track

long-lived
particle
searches

. displaced
. photon

displaced
dijet

not pictured:
displaced out-of-time decays
conversion

<

displaced

veriex

From “Searching for long-lived particles at the Large Hadron Collider and beyond, Volume: 377, Issue: 2161, DOI: (10.1098/rsta.2019.0047)”
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CMS Experiment at the LHC, CERN - Staridalone miiohs
Data recorded: 2018-Aug-06 20:55:09.982700 GMT
b Run / Event / LS: 320917 / 2808532235 / 1776 Interaction point

Unique Si gnatures o e

* Displaced decays — particles that decay e
far from where they were produced =  —T— ¢~ i
« observe decay products
» displaced reconstructed vertex

» observed particles don’t point back to center
of detector

« Slow moving particles
« delayed signature in detector

* Unique detector interactions
* bend in a different direction in magnetic field
» too muchl/too little ionization
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Detector Capabilities

 LHC experiments were designhed with assumptions in mind
 But sometimes detector capabilities can be used in new ways

« ECAL timing S50 (15 o0

- electromagnetic calorimeter measures
the arrival time

* Possible scenario
* massive, long-lived particle — slow moving

- decay involves a photon

* Silicon tracker energy deposit
- can look for anomalous energy deposition

* Possible scenarios
- charge >1e (or <1e)
« slow moving means higher ionization

—_
o
™

CMS

Preliminary
— 4 Data [p;”‘ss <100 GeV] (Scaled x 0.039)

——+4—— Data [p:iss =100 GeV]

GMSB A: 200 TeV, ct: 200 cm [p’T"‘“ =100 GeV]

< Event/ns >
5 © o o o o
nN w » [¢;] [] ~

—
o
warem)
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Software Capabilities

« Sometimes software can be re-engineered to do more than
originally planned
 Displaced tracks g Fiaced
- expand range of tracks that can be found ’

* break assumption that track comes from Secondary } '
Vertex

interaction region

displaced B BSM
dilepton M lepton
MW quark
photon
@ anything

Primary

displaced Vertex |

lepton
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Some Example Searches



Displaced Vertices - Jets

» Search for neutral, long-lived particle
(LLP) decaying to jets

* Produce them in pairs

 Signature:

- jets arises from two vertices well away
from collision point
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http://dx.doi.org/10.1103/PhysRevD.104.052011

V - jets

 Each cone represents a jet
from the decay

* Note, most particles don’t
point back to the origin

101 fb' (13 TeV)
|||||||||\|||||||||\|||||||||||||
CMS [_] Background template |
Multijet signals, m = 1600 GeV 1

......... ct=0.3mm
......... ct=1.0mm

IS
1S
o
=
]
[
()
>
LUl
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101 fb ' (13 TeV) 101 fb ' (13 TeV)

¢ Data CMS { Data

ck + 3-track —— Background 7: 4-track + 3-track —— Background 7:
template template

Events/0.1 mm
Events/0.1 mm

Results

* Require 22 jets with &/

& 11 o
25 tracks AN = ] z N

Ag SRTRL: . ORI -
VV(‘ . . : 35 % 05 s 555 5 2
d,y (mm) d,y, (mm)

* PrediCt baCkg round §\\J N . 101 fo™ (13 TeV) 101 fo' (13 TeV)
and signal in dyy, 7 | oms  fom 1 JE ©  ows  fom
regions

ck + 4-track ~ —— Background >5-track + 25-track —— Background
template template

Events/0.1 mm
Events/0.1 mm

signal
region

9:..

Lo b b b b b v |

No events observed In signal region

o
L

Predicted multijet signal yields
dyy range Predicted background yield 0.3mm 1.0mm 10 mm
0-0.4mm  0.243 +£0.003 (stat) = 0.061 (syst) 4.4+05 15£0.1 0.26=£0.02
0.4-0.7mm 0.097 £ 0.003 (stat) = 0.032 (syst) 4.1£05 21+£02 0.14+0.01
0.7-40mm  0.012 £ 0.001 (stat) + 0.006 (syst) 3.0£0.3 7.6=£0.7 12+1
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Heavy Stable Charged Particles (HSCPs)

* Heavy: mass > 100 GeV/c?

 “Stable”: lifetime long enough to pass through detector before
decaying

* Charged: Q # Oe

* like a muon
(sometimes)
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Slow Moving - Unique Signatures

Om
Key:
Muon
Electron
Charged Hadron (e.g. Pion)
— — — - Neutral Hadron (e.g. Neutron)

N

| y\*.’k"%%%\\‘\

il

Large _
ionization \

Silicon
Tracker

_ Electromagnetic
);’ ]' Calorimeter
4

ey 2004

Hadron Superconducting
Calorimeter Solenoid

Iron return yoke interspersed

Transverse slice with Muon chambers

through CMS

L
D.Bamaey, CERN, Febr
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HSCP Models

* Lepton-like
* interacts electromagnetically
- acts like a muon traversing detector
* eX. supersymmetry - stau

« R-hadron

* interacts electromagnetically and strongly

* binds together with quarks and gluons
(R-hadron)

e eX. supersymmetry — stop or gluino

« complication - R-hadrons can exchange
quarks with detector material
« charge exchange — charged < neutral

June 28, 2022 Searches for LLPs at CMS - T. Adams 19



HSCP Analysis Channels

* Tracker + time-of-flight
« use dE/dx in silicon + time-of-flight to muon system

* Tracker-only
« use dE/dx in silicon (no requirement on muon system)

* Muon-only
* use time-of-flight to muon system (no track required)

 Fractionally-charged (|Q| < 1e)

 use small dE/dx in silicon + muon track

* Multiply-charged (|Q| > 1e)

« use very large dE/dx in silicon + muon track

June 28, 2022 Searches for LLPs at CMS - T. Adams
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2.4 " (13 TeV)

lonization

[ | Data (13 TeV)
B MC: Q=1e 1000 GeV

7] MC: Q=2e 400 GeV
I MC: Q=1e 400 GeV
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Mass Extraction

 Use dE/dx and
momentum to calculate
mass

 “Loose” selection
* verify technique

* “Tight” selection
 signal region

Tracks / bin
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Cross-section Limits
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Overview of CMS long-lived particle searches

CMS Preliminary 3-140f71 (8,13 TeV)

2104.13474 (Jets with displaced vertices) — 140 fb~* (13 TeV)
2012.01581 (Displaced jets) [ Gos=rm 132 fb~* (13 TeV)
2104.13474 (Jets with displaced vertices) [N 000035=0087 140 fb~* (13 TeV)
2012.01581 (Displaced jets) [ oo0=Eam 132 fb~* (13 TeV)

| 180805082 (2u+2jets)  <003m 36571 (13 TeV)
211004809 (Displaced leptons)  00001-10m 118 (13TeV)
2012.01581 (Displaced jets) [INGG0=024m 132 fb~* (13 TeV)

2012.01581 (Displaced jets) 0.006-0.55 m 132 b~ (13 TeV)
1906.06441 (Delayed jet + MET) 137 b~ (13 TeV)
2012.01581 (Displaced jets) 0.007-0.36 m 132 fb~* (13 TeV)
1802.02110 (Jets + MET) <lm 36 fb~? (13 TeV)
CMS-PAS-EX0-16-036 (dE/dx) >0.7m 13fb~* (13 TeV)
CMS-PAS-EX0-16-036 (dE/dx + TOF) >75m 13fb~? (13 TeV)
1801.00359 (Delayed jet) 60-1.5e+13 m 39fb~* (13 TeV)
1801.00359 (Delayed jet) 50-3e+13m 39fb~* (13 TeV)
1801.00359 (Delayed pp) 600-33e+12m 39fb~? (13 TeV)
2004.05153 (Disappearing track) 07-30m 140 fb~* (13 TeV)
1909.06166 (Delayed y(y)) 02-6m 77 b7 (13 TeV)
2110.04809 (Displaced leptons) 5e-05-2.65 m 118 fb~* (13 TeV)

RPV UDD, §~tbs, ms= 2500 GeV
RPV UDD, §-tbs, ms= 2500 GeV
RPV UDD, t-dd, mi= 1600 GeV
RPV UDD, t-dd, mi= 1600 GeV
RPV LQD, t-bl, mi= 600 GeV
RPV LQD, t-bl, mi= 460 GeV
RPV LQD, t-bl, mi= 1600 GeV

e e R PO T

GMSB, §~gG, mg= 2450 GeV

GMSB, §-gG, ms= 2100 GeV

Split SUSY, -ggx?, m; = 2500 GeV

Split SUSY, G-qdx?, m; = 1300 GeV

Split SUSY (HSCP), f5,= 0.1, m; = 1600 GeV
mGMSB (HSCP) tanB =10, >0, m;: = 247 GeV
Stopped t, t-ty?, mi = 700 GeV

Stopped g, §-q4x?, fy =0.1, my=1300 GeV
Stopped g, G-qgx2(uux?), f5,=0.1, m; = 940 GeV
AMSB, x *-xin*, m,= =700 GeV

GMSB SPS8, x°=yG, myp = 400 GeV

GMSB, co-NLSP, I=IG, mi= 270 GeV

"

>OL Qs oA O Qs Q9 Qs

=%

H~Z0Zp(0.1%), Zo=p, my = 125 GeV, my = 20 GeV
H-Z0Zp(0.1%), Zo-uu(15.7%), my =125 GeV, my =5 GeV
H-XX(10%), X—ee, my = 125 GeV, my = 20 GeV
H-XX(0.03%), X-II, my =125 GeV, mx=30 GeV
H-XX(10%), X-bb, my = 125 GeV, my = 40 GeV
H-XX(10%), X-bb, mux = 125 GeV, my = 40 GeV
H-XX(10%), X=bb, mx =125 GeV, my = 40 GeV

dark QCD, ms, =5 GeV, my,, = 1200 GeV

2205.08582 (Displaced dimuon) 5e-05-5m 98 fb~* (13 TeV)
2112.13769 (Displaced dimuon using scouting) 0.0001-025m 101 fb~* (13 TeV)
1411.6977 (Displaced dielectron) 0.00012-25m 20fb* (8 TeV)
2110.04809 (Displaced leptons) | 0.001-0.12m 118 fb~* (13 TeV)
2012.01581 (Displaced jets) | 0.001-0.53 m 132 fb~* (13 TeV)
2107.04838 (Hadronic decays in CSCs) 137 b~ (13 TeV)
2110.13218 (Displaced jets + Z) 0.004-0.248 m 117 fb~* (13 TeV)
1810.10069 (Emerging jet + jet) 0.0022-03m 16 fb~ (13 TeV)

10-5 1073 1071
ct [m]
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et
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-~

ICHEP 2022

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.
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New Dedicated Experiments
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Review

 Many reasons to look for long-lived
particles

* Challenges
- need to adapt detectors and software =g V

to different signatures
 Many searches done and ongoing

* Dedicated experiments proposed
and running

* There is a lot of interest in LLPs at
the LHC

 may be the window on new physics

disappearing
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