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Context

o Search for new physics with models predicting long-lived particles (LLPs)

o LLPs travel a macroscopic distance before decaying inside the detector

Context » Because of small couplings, phase space suppression, etc.
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Context

o Search for new physics with models predicting long-lived particles (LLPs)

o LLPs travel a macroscopic distance before decaying inside the detector

» Because of small couplings, phase space suppression, etc.

e Such particles are predicted in many new physics models

SUSY sector

Dark sector

Neutrino sector

e Split SUSY
o R-parity violating SUSY

o Models with gauge-mediated
SUSY breaking

... and many more!

Inelastic dark matter
Hidden Abelian Higgs model

Dark showers
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Context

o Search for new physics with models predicting long-lived particles (LLPs)

o LLPs travel a macroscopic distance before decaying inside the detector

Context » Because of small couplings, phase space suppression, etc.

e Such particles are predicted in many new physics models

SUSY sector Dark sector Neutrino sector
e Split SUSY o Inelastic dark matter e Neutrino Minimal Standard
o R-parity violating SUSY O HElklm AbeiHom B maesk Model
o Models with gauge-mediated e Dark showers °

SUSY breaking

... and many more!

o They leave unique experimental imprints that differ from prompt decays ...
@ ... coming with their lot of experimental challenges!

» Triggers, event reconstruction, analysis techniques, etc.

= CMS has a rich physics program in the long-lived sector
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Searches overview

o Several new results have recently become public

Overview

| Analysis | Data™) | LLP decay position Reference
i. LLPs with displaced vertices Run Tracker PAS-EX0-22-020
ii. Search for inelastic dark matter Run Tracker 2305.11649
iii. LLPs with trackless and delayed jets Run Calorimeter PAS-EXO-21-014
iv. LLPs decaying in the muon detectors Run Muon chambers PAS-EX0-21-008
v. HNLs decaying in the muon detectors Run Muon chambers PAS-EX0-22-017
vi. LLPs decaying to a pair of muons [ 1*' Run 3 results! Run Tracker PAS-EX0-23-014

| Outlook: long-lived triggers for Run 3 [ NEW

DP-2023/043

*
( )Run 2: data collected in 2016-2018 at /S = 13 TeV

Run 3: data collected in 2022 at /S = 13.6 TeV
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‘ Outlook: long-lived triggers for Run 3 [ NEW

DP-2023/043

*
( )Run 2: data collected in 2016-2018 at /S = 13 TeV

Run 3: data collected in 2022 at /5 = 13.6 TeV

o They will be organised as follows

@ Run 2 searches for LLPs decaying
within the tracker
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( )Run 2: data collected in 2016-2018 at /S = 13 TeV

Run 3: data collected in 2022 at /5 = 13.6 TeV

o They will be organised as follows

@ Run 2 searches for LLPs decaying
within the tracker

@ Run 2 searches for LLPs decaying
within the outer tracker or calorimeter

ceeer LLP

trackless and delayed jet
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*
( )Run 2: data collected in 2016-2018 at /S = 13 TeV

Run 3: data collected in 2022 at /5 = 13.6 TeV

o They will be organised as follows

(1]

(2]
(8]
Q

Run 2 searches for LLPs decaying
within the tracker

Run 2 searches for LLPs decaying
within the outer tracker or calorimeter

Run 2 searches for LLPs decaying
within the muon detectors

Run 3 searches for LLPs decaying
within the tracker

displaced muons
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Searches overview

o Several new results have recently become public

‘ Analysis ‘ Data™*) ‘ LLP decay position Reference
i. LLPs with displaced vertices Run 2 Tracker PAS-EX0-22-020
ii. Search for inelastic dark matter Run 2 Tracker 2305.11649
Overview
iii. LLPs with trackless and delayed jets Run 2 Calorimeter PAS-EXO-21-014
iv. LLPs decaying in the muon detectors Run 2 Muon chambers PAS-EX0-21-008
v. HNLs decaying in the muon detectors Run 2 Muon chambers PAS-EX0-22-017
vi. LLPs decaying to a pair of muons [ 1" Run 3 results! Run 3 Tracker PAS-EX0-23-014
‘ Outlook: long-lived triggers for Run 3 [ NEW DP-2023/043
(%) ;
Run 2: data collected in 2016-2018 at /S = 13 TeV,
Run 3: data collected in 2022 at /5 = 13.6 TeV
displaced muons displaced jet

o They will be organised as follows

@ Run 2 searches for LLPs decaying
within the tracker

Run 2 searches for LLPs decaying
within the outer tracker or calorimeter

Run 2 searches for LLPs decaying
within the muon detectors

Run 3 searches for LLPs decaying e LLP

within the tracker
muon chamber clusters trackless and delayed jet

e ©6 © o

Outlook: long-lived triggers in Run 3
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ovwier ] Run 2 searches for LLPs decaying in the tracker

displaced muons displaced jet
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i. LLPs with displaced vertices and missing energy
[EX0-22-020]

o Search targeting signatures of split SUSY models, with long-lived gluinos
» Small mass splitting between the gluino and neutralino (compressed scenario)

o Final state with at least one displaced jet and large missing energy (triggered)

at least one
displaced jet

Search i.
large hadronic

q activity (jets)

long-lived

o Displaced vertices reconstructed with an algorithm based on tracks

» Transverse displacement within the beam pipe, to reduce background
originating from material interactions

o Signal significance further enhanced with machine learning (ML) using an
interaction network

o Background originates from unrelated tracks that coincidentally overlap

Anne-Mazarine Lyon
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Context
Overview
Search i.
Search ii
Search iii.
Search iv.
Search v
Search vi
Outlook
Summary

o The observed data is consistent with the SM background prediction
within 1.50

i. LLPs with displaced vertices and missing energy
[PAS-EX0-22-020]

o Limits are set at 95%CL on the product of the cross section with the square

of the branching fraction

e Most stringent limits to date for proper decay length (c7) up to 100 mm

CMS Preliminary 137 fb (13 TeV) CMS Preliminary 137 fo' (13 TeV)
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ii. Search for inelastic dark matter
[arXiv:2305.11649]

o First search for inelastic dark matter at
a hadron collider! X1 and X2 nearly mass degenerate

displaced muons
collimated with
missing energy

» More details in talk of F. Eble

o Signal signatures:

» Large missing energy (triggered)

Search ii.

P> At least one energetic jet initial-state
radiation jet

» Pair of displaced muons collimated
with missing energy vector

Anne-Mazarine Lyon 7
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ii. Search for inelastic dark matter
[arXiv:2305.11649]

o First search for inelastic dark matter at
a hadron collider! X1 and X2 nearly mass degenerate >

displaced muons
collimated with
missing energy

» More details in talk of F. Eble long-lived .
o Signal signatures:

» Large missing energy (triggered)

jet X1 X1

Search ii.
L. undetected
P> At least one energetic jet initial-state (missing energy)
radiation jet gl

» Pair of displaced muons collimated
with missing energy vector

o Sensitivity enhanced by a dedicated displaced muon reconstruction algorithm

. (13 TeV) CMS 138 fb" (13 TeV) 0
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- B A=01m,
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2. Run 2 searches for LLPs decaying in the
calorimeters

Search ii.

trackless and delayed jet
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iii. LLPs with trackless and delayed jets

[PAS-EX0-21-014]

o Search for LLPs decaying in the outer tracker or in the calorimeters

> At least two jets with low track
multiplicity, and delayed with
respect to the collision time

> Large missing energy (triggered)

Search iii.

decay hadronically
Z/H

long-lived ‘/,fﬂ (jets)
p %1 L )

Neutralino pair production in the GMSB simplified model

Anne-Mazarine Lyon 9
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iii. LLPs with trackless and delayed jets
[PAS-EXO-21-014]

o Search for LLPs decaying in the outer tracker or in the calorimeters

long-lived ‘J.'f

Context ~0 ~
.. > At least two jets with low track P Xl s S G undetected

multiplicity, and delayed with (:”lsfr‘";geer”;rgy)
respect to the collision time P bl \\\ TG

decay hadronically
Z/H (ets)

earch ii

> Large missing energy (triggered) Z/H

Search iii

Search iv Neutralino pair production in the GMSB simplified model

corehn o Up to a factor 20 increased sensitivity compared to previous searches

Search vi

188 fo! (13 TeV) 138" (13 TeY)
Outlook 2 T CIIVIS 3 E ‘ @
3 E e =
ummary 3 100F i oe 3
5 E «  Prediction E © <
5 b —5— Dataobs. 1 0 3
3 10 — m,-400GeV,ct=05m g 10 5
E m, =400 GeV, ct=3m o
E 2
€
1 10 =
] = 1
i (&)
. R*
3 107" 8
;o
102
10"
10" o t;gs Ttag >2tags
> m, (GeV)

Number of TD-tagged jets
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3. Run 2 searches for LLPs decaying in the muon

detectors

Search iii.

\ uon chambers

m
muon chamber clusters
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iv. LLPs decaying in the muon detectors
[PAS-EXO-21-008]

o Muon detectors used as a sampling calorimeter
to identify particle showers from LLP decays

» Sensitivity to LLPs decaying to hadrons, taus, h( " il . -

electrons and photons ";_F -

LLP B
» Background significantly reduced from the H \
shielding material

/

» Equal sensitivity to all LLP masses =

Search iv.

Anne-Mazarine Lyon 11
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iv. LLPs decaying in the muon detectors
[PAS-EXO-21-008]

o Muon detectors used as a sampling calorimeter
to identify particle showers from LLP decays

» Sensitivity to LLPs decaying to hadrons, taus,
electrons and photons

» Background significantly reduced from the
shielding material

» Equal sensitivity to all LLP masses =

Searchiv. @ Muon cluster algorithm yields a high reconstruction efficiency

£ .-
= 08 o
S 08
= ©
@
8_ 0.7 i)
% F 0.6 3
3 B1 ][ 05 O
©
= olenoid E 0.4
300 == = 0.3
0.2
200 S
L | ) 0.1
. .
1000 200 400 600 800 1000 0

|z| decay position [cm]
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iv. LLPs decaying in the muon detectors
[PAS-EXO-21-008]

o No significant deviation with respect to the SM background prediction is

observed
Search iv.

138 fb" (13 TeV)

@ 10° aatauat: ‘aé iy

5 CMS Preliminary " ms27 Gev

> Ap <1 ired oemg=15GeV.

k1 6 < 1 require mo g:¥
o me =55 GeV

, it — Bickground
107 B(H—8S) = 1% ¢ Da 3

1
Lol Ll
50 100 150 200 250 300 350 400 450 500

hits .
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Search iv.

Events

10?

L Lol Ll
50 100 150 200 250 300 350 400 450 500

LLPs decaying in the muon detectors

[PAS-EX0-21-008]

o No significant deviation with respect to the SM background prediction is

observed

o Limits are set on two families of benchmark models

» Twin Higgs model

@ Long-lived scalar S decays to a pair of
fermions or photons

o Most stringent limits to date for twin-Higgs model

138 b’ (13 TeV)
T T
CMS Preliminary
Ao < 1 required
Soe = Ba;(ground
Fe— B{HASS) 1% ¢ Data E|

hits

95% CL upper limit on BR(H > SS)

106 .
10° 102 107 1 10 10° 103 10*
cr[m]

b

1 CMS Preliminal

0% : S dd |

04k mq=3GeV []:10 Expected

..+ Median Expected m;. 7GeV [ =10 Expected

— Observed
- SsGeV 10 Expected

138 fb’ (13 TeV)
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LLPs decaying in the muon detectors
[PAS-EXO-21-008]

o No significant deviation with respect to the SM background prediction is
observed

o Limits are set on two families of benchmark models

» Twin Higgs model P S/¥Y
7
@ Long-lived scalar S decays to a pair of ,,/’
fermions or photons -———%
H %
» Dark showers model Yo
Search iv. P s/v ®
@ Dark quark ¥ hadronises into a dark shower
o Most stringent limits to date for twin-Higgs model
o First LHC limit set on such a dark model!
4 CMS Preliminal 181" (13TeV) . 1CMS Preliminary 138 fbo (13 TeV)
— i L )
@ 10%g P iR 1 (10 TeY 2 e
= g2 + 1
S CMS Preliminary Efjgg I 0k Iz
g waen CRIE ] E g
Sﬂdd <55 = S
| o — Biagond 1 s 5
102, B{HHSS) 1% ¢ Data =102 £
""""""""""""""""""" Tg_ 102 E
5 3
Q403 — 4 2
g10 S- dd 5
] 3 prt — =266V
o %10‘?, — iy, =5GeV
B107F o tosn prpeces —mec7ay SIEICRD b =106V
3 3 My =15 Gev
s ’l o L . _omm"l _m,.sssevmqusxpema T Mup =206V
50 100 150 200 250 300 350 400 450 500 101073 102 100 1 10 10? 10° 10° 102 107 10 107
hits . ct [m] cr[m]
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Search v.

v. HNLs decaying in the muon detectors

[PAS-EX0-22-017]

o Apply similar techniques as the
previous analysis to a search for
heavy neutral leptons (HNLs)

o More details in talk of M. Komm

prompt lepton
£ (triggered)

194%

long-lived

W /z*

o No significant excess over the SM background prediction is observed

o Limits set on both Majorana and Dirac scenarios

o Most stringent limits between 2 and 3 GeV

CMS Preliminary 137 fo™! (13 TeV)
T T T

CMS Preliminary 137 fo™' (13 TeV)
T SRR Emman

=

Electron Channel 102l Majorana Muon Channel 1
102 Majorana — opgerved E| = J — Observed

- Expected - Expected

= :1 std. deviation 103k W 1 std. deviation i
107 42 std. deviation § +2 std. deviation
1074 N 107 4
10 4 105 B
10° - L 108 .

my[GeV]

6 L
10 15 20 25 30 35 40

mn[GeV]
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CMS Preliminary 137 fb™' (13 TeV)
T T
Tau HNL

Observed

- Expected

W :1 std. deviation |
+2 std. deviation
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4. Run 3 searches for LLPs decaying in the tracker

displaced muons displaced jet

Search v.

Anne-Mazarine Lyon 14



vi. LLPs decaying to a pair of muons

[PAS-EX0-23-014]

o Analysing data collected in 2022 at /s = 13.6 TeV (36.7 fb—1)
o Search targeting models with displaced di-muon in the final state
e Data collected thanks dedicated displaced di-muon trigger

» Substantial improvement in efficiency compared to previous Run 2 search

Prliy), Pylsy) [GeV] CMS Simulation Preliminary
> T T =
§ Run 2 (2018) mH) =125Gev
95, o5 | RUn 2 (2016) $ Run3 (2022) mz)=20Gev 7
hij Run 3 (2022, L3) ]
Run 2 (2018) 8 1
) 2 23 B (2018) E Run 3 (2022, 12) 3
Search vi. = 4
x .
Run 3 (2022-2023, -
16,10 = ¢ L) ]
N3 T T T T T g
SR 4F =
Run 3 (2022-2023, L2) ola 3f- E
10,10 = 2ls
2lé 2f _
1 -
| | ! - " L . L L "
Y ¥ ! 10° 10" 1 10 10° 10° 10
0.01 1 Tracker end d, [em] ctcm]
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vi. LLPs decaying to a pair of muons * Run 3 results!
[PAS-EX0-23-014]

o Analysing data collected in 2022 at /s = 13.6 TeV (36.7 fb—1)
o Search targeting models with displaced di-muon in the final state
e Data collected thanks dedicated displaced di-muon trigger

» Substantial improvement in efficiency compared to previous Run 2 search

Prliy), Pylsy) [GeV] CMS Simulation Preliminary
R B A L T =
g F Run 2 (2018) mH) =125Gev
95, o5 | RUn 2 (2016) $ Run3 (2022) mz)=20Gev 7
hij Run 3 (2022, L3) ]
Run 2 (2018) 8 1
) 2 23 B (2018) E Run 3 (2022, 12) 3
Search vi. = 4
x .
Run 3 (2022-2023, R e 3
16,10 = ¢ L) E E
N3 T T T T T g
SR 4F =
Run 3 (2022-2023, L2) ola 3f- E
10,10 = 2ls
2lé 2f _
1 -
| | ! - L L L L n "
Y ¥ ! 10° 107" 1 10 10° 10° 10
0.01 1 Tracker end d, [em] ctcm]

o Employ both the standard and displaced (see Search ii.) muon reconstruction
algorithms
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Run 3 results!

vi. LLPs decaying to a pair of muons
[PAS-EX0-23-014]

o Number of observed data events consistent with SM background predictions

36.7 0" (13.6 TeV)
T

BRASERRsAsEasssRasSs
CMS Prelim. # Observed |
~—— (125 GeV)—qy, (50 GeV, ct = 2.2 mm) x 4
TMS-TMS s ooty afrt0 oV 04 mmyes
0| < w4 | Drell-Yan (predicted)
QCD (predicted)
B89 Stat. uncertainty

Events / bin
3

il Ly cod vl o vd 1

) -
Search vi. o "5 10 15 20 25

o
30 35 40
mm(dnlcdw)
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Run 3 results!

vi. LLPs decaying to a pair of muons
[PAS-EX0-23-014]
o Number of observed data events consistent with SM background predictions

o Two sets of benchmark models targeted

36.7 0" (13.6 TeV)
T

displaced muons
(triggered)

T T T T T
CMS Prelim. # Observed |
~—— (125 GeV)—qj, (50 GeV, ct = 2.2 mm) x 4
TMS-TMS G50 GeV)-5a,(150 GeV, ox = 0.4 mm) x 3
A®| < w4 (B Drell-Yan (predicted)
QCD (predicted)
38 Stat. uncertainty

Events / bin
3

(400 Gev)

bl Ly cd v v 4
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o Improved sensitivity on the probed models with respect to previous results
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Search vi.

vi. LLPs decaying to a pair of muons

[PAS-EX0-23-014]

o Number of observed data events consistent with SM background predictions

o Two sets of benchmark models targeted
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Search vi.

Outlook: Long-lived triggers during Run 3
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Outlook - Triggers in Run 3

[DP-2023,043]

o A series of triggers targeting LLP decays have been designed for Run 3

» More details in talk of E. Yigitbasi

© Displaced jet triggers o [T
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. . . > F El
» Using track information O [ Run-3displaced-ets trigger efficiency ]
GC, E Run-2 displaced-jets trigger efficiency -
» Efficiency improved for low-mass LLPs S 1
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Outlook - Triggers in Run 3
[DP-2023/043]

o A series of triggers targeting LLP decays have been designed for Run 3

» More details in talk of E. Yigitbasi

@ Displaced jet triggers

» Using track information =

(]’Wy
» Efficiency improved for low-mass LLPs ,,é)
compared to Run 2 displaced jet trigger il
@ Delayed jet triggers i
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@ Displaced and delayed jets triggers

» Target LLPs decaying in the HCAL

@ Cluster in muon chambers triggers

P Select events with a large number of hits
in the muon chambers
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Outlook - Triggers in Run 3

[DP-2023/043]
o A series of triggers targeting LLP decays have been designed for Run 3
» More details in talk of E. Yigitbasi

@ Displaced jet triggers

» Using track information

» Efficiency improved for low-mass LLPs
compared to Run 2 displaced jet trigger

@ Delayed jet triggers

> . R . 4
Outlook Using ECAL timing information . "

@ Displaced and delayed jets triggers

» Target LLPs decaying in the HCAL

@ Cluster in muon chambers triggers

P Select events with a large number of hits
in the muon chambers

= Sensitivity to LLPs will be further enhanced during Run 3!
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Summary

o CMS has established a vast physics program for searches for LLPs

o Results recently made public target
» LLPs decaying in the tracker
» LLPs decaying in the calorimeters
» LLPs decaying in the muon chambers

o Many analyses techniques have been designed to improve the sensitivity to

LLP decays
» New event reconstruction algorithms
» New particle reconstruction algorithms
Summary » Advanced signal significance enhancement techniques (e.g. using ML)

» New triggers

o Searches for LLPs will be at the core of the CMS physics program during
Run 3
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Summary

o CMS has established a vast physics program for searches for LLPs

o Results recently made public target
» LLPs decaying in the tracker
» LLPs decaying in the calorimeters
» LLPs decaying in the muon chambers

o Many analyses techniques have been designed to improve the sensitivity to

LLP decays
» New event reconstruction algorithms
» New particle reconstruction algorithms
Summary » Advanced signal significance enhancement techniques (e.g. using ML)

» New triggers

o Searches for LLPs will be at the core of the CMS physics program during
Run 3

Thank you!
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Summary

List of acronyms

o ECAL electromagnetic calorimeter
o HCAL hadron calorimeter

o HLT high level trigger

o ML machine learning

e SM standard model

o SUSY supersymmetry
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