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Long lived particles (LLP)

 Particles with a macroscopic lifetime, ct 21 mm.

* Theoretical ingredients:
* small couplings,
* compressed phase space, or
* heavy off-shell mediators

* Predicted in many BSM models.

* Searched therefore by many experiments...

| will focus only on CMS searches
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Particle signatures in CMS
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Long lived particle sighatures in CMS

Very rich LLP
search program !

Rather unusual signatures...
— Experimental challenges:
* Trigger and reconstruction
* Background estimate

Caroline Collard (IPHC Strasbourg) IRN Terascale, November 2024
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1) Heavy charged LLP

Quasi-stable
charged particle

Caroline Collard (IPHC Strasbourg) IRN Terascale, November 2024 6



Heavy charged LLP

* Typical signature associated to a charged particle: an isolated track of high pT
 How to separate it from background ?
e Larger ionization deposit in the tracker: dE/dx information
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http://arxiv.org/abs/2405.13778
https://arxiv.org/abs/2410.09164

Heavy charged LLP

* Typical signature associated to a charged particle: an isolated track of high pT
* How to separte it from background ? ]

* Larger ionization deposit in the tracker: dE/dx information | Hscp
* Longer time of flight: B information in the muon chambers (or in calorimeter)
* If small ct, short track with missing hits at the end. — Disappearing track
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Heavy charged LLP

* Typical signature associated to a charged particle: an isolated track of high pT
* How to separte it from background ?

* Larger ionization deposit in the tracker: dE/dx information | Hscp
* Longer time of flight: B information in the muon chambers (or in calorimeter)
* If small ct, short track with missing hits at the end. — Disappearing track

Recent results on the Heavy Stable Charged Particle search: [2410.09164]

* Signature: An isolated track of high p; (pr>55 GeV, |n|<1) with

large dE/dx deposits in the tracker, selected in 2017-2018 data
(101 fb!) with a muon trigger

* Two approaches with data-driven background estimate

 Interpretations for many stable signals, considering |Q|=1e or 2e
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https://arxiv.org/abs/2410.09164

HSCP

[2410.09164]

Approach 1: Independence of dE/dx in Pixel and Strip tracker for background

101 fb' (13 TeV)
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https://arxiv.org/abs/2410.09164

HSCP

Approach 2: Mass spectrum
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HSCP

Approach 2: Mass spectrum [2410.09164]
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https://link.springer.com/article/10.1007/JHEP06(2023)158
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-044/
https://arxiv.org/abs/2410.09164

HSCP

[2410.09164]
Can we say something about the ATLAS excess ? Using [HEPData], o™= 0.0453 fb/(A¢)
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http://dx.doi.org/10.17182/hepdata.127994.v1
https://link.springer.com/article/10.1007/JHEP08(2022)012
https://arxiv.org/abs/2410.09164
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2) Displaced muons
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Displaced muons

* Signature: 21 dimuon pair (global or standalone muons,

\, A\
LIy~ 7 Bl

Muen N ke [T

Hidden Abelian Higgs mode+l
[JHEP 05 (2024) 047]

1]

p> 10 GeV), selected in 2022 data (36.6 fb?) . 7 M
. H----- *-----
- First Run3 CMS search ! B vz, o
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http://dx.doi.org/10.1007/JHEP05(2024)047
https://cms.cern/news/detector-far-far-away-searching-elusive-long-lived-travellers-tracing-pairs-muons
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3) Displaced dijets
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Displaced dijets = <

£ [2409.10806]

* Signature: 21 displaced dijet candidate (jets pt> 40 GeV,
|n]<2), selected in 2022 data (34.7 fb!) P S -

* New displaced jet triggers at Run 3
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https://cds.cern.ch/record/2865844
https://arxiv.org/abs/2409.10806

Displaced dijets <

. £ [2409.10806]
* Improved vertex reconstruction L
p S 7
H - f
____K\\.
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Displaced dijets <

H >SS >4b H - SS 241
[2409.10806]
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4) Emerging jets
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Emerging jets
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Dark QCD model

During hadronization, the roduces LL
5 Adark P [JHEP 07 (2024) 142]

dark mesons 14,4, Which then decay to SM
particles

* Signature: 2 emerging jets (EJ) and 2 SM jets, all jets with p;>100 GeV, |n|<2, selected in 2016-2018
data (138 fb1) with jet and H; triggers
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https://arxiv.org/abs/2403.01556

Emerging jets
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* Two approaches for EJ taggers using track displacements and jet

constituents: [JHEP 07 (2024) 142]
 model-independent cut-based (agnostic) [2405.13778]
* model-specific ML-tagger ( ) E105CMS — 1381071 (13 TeV)
E | My, . = 10 GeV
g i Mdark = 10 GeV
% 104? E Unjlavored model
. TWO models : - 7 95% CL upper limits
» unflavour: Dark Sector coupling to d ol 1 o oo w101
* flavor-aligned: Dark Sector coupling sy ] - |
i Emerging jets (agnostic)
to d’ b’ S s T arXiv:2403.01556
102k - Emerging jets (GNN)
s E arXiv:2403.01556
___ Muon system showers (CSC-only)
. . . L 5 arXiv:2402.01898
* GNN significantly improves the sensitivity 10k i
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5) Showers in Muon detectors
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Shower in muon detectors
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Showers in muon detector P, Pt

[Phys. Rev. D 110 (2024) 032007]

e The muon system =a sampling calorimeter, thanks to the steel of the magnet flux-return yoke.
Sensitive to any LLP decay (producing EM or hadronic showers, so except muons) at large ct
Muon Detector Shower = high multiplicity of hits (>50 hits) with no association to a muon or a jet.

CMS Simulation Supplementary

DT
* Signature: 1 or 2 MIDS, at least 1 jet (pr>30 GeV),

selected in 2016-2018 data (138 fbt) with a MET ,
trigger. [+ Run 3 dedicated triggers for Run3 analysis] CSC

* Excellent background suppression from shielding
material, and additional veto in inner chambers.

[Phy. Rev. Lett. 127 (2021) 261804]
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https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-015/index.html
Phys.%20Rev.%20D%20110%20(2024)%20032007

Showers in muon detector

H—>SS—>4f
/.
p o /'S//, 3
____K\s
p S\\‘Tf
f

9 decay modes with hadronic
shower (bb, dd, K*K~, K°K°,
n*n), EM (n°n0, vy, e*e’), or
both (t717)

Caroline Collard (IPHC Strasbourg)

[Phys. Rev. D 110 (2024) 032007]
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Showers in muon detector %

[CMS PAS EXO-23-015]

* Search for Vector-like lepton (VLL) T’ — T a,

a_is a light long-lived pseudoscalar (m(a,)= 2 GeV),
which produces a EM shower as MDS

CMS Preliminary 138 fo™' (13 TeV)
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New results ! 1

* Signature: 1 MDS and at least 1 prompt T, 102 ~ _________________________ — S— —

jet (pr>30 GeV, |n|<2.3), selected in 2016-
2018 data (138 fb!) with a MET trigger. 10°°
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-23-015/index.html

Summary

* The LLP program at LHC is a very active and dynamic field of research,

* highlighting the diversity in how to use the signals recorded by the CMS detector,
* with the use of new triggers,

* improved reco algorithms,
* machine learning taggers,
o different analysis strategies/techniques, ...

* all based on new ideas and high dedicated commitment, already exploiting Run3 data

e And much more to come... ©
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More information ?
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Search for massive long lived charged particles

ATLAS analysis with large ionization (dE/dX) in Pixel

ATLAS

EXPERIMENT
JHEP 06 (2023) 158

* Signature: An isolated track of high p; (p;>180 GeV, |n|<1.8) with large dE/dx deposits in
the Pixel, and E{™s > 170 GeV, selected in 2015-2018 data (139 fb!) with E;™s trigger.
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o 104
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Data / Pred.

—
<
—_ —

Caroline Collard (IPHC Strasbourg)

SR-Inclusive_High
m(g) =2.2 TeV, m

-'r-m(x1 =13TeV, t(} 10 ns
m(T) = 4

Vs=13TeV, 139 fb™
p‘Trk >120 GeV, < 1.8

1) =100 GeV, t(g) = 10 ns

|Iv||v||||||v|||v|||v||v|||v||v|:
1000 2000 3000 4000 5000

m [GeV]

3.30 global (3.60 local) excess for the target mass of 1.4 TeV:
7 events observed for 0.7 + 0.4 predicted in the mass
window [1100, 2800] GeV.

The time-of-flight measured (in calorimeter or muon
chambers) for these events is compatible with 3=1.

IRN Terascale, November 2024 29


https://link.springer.com/article/10.1007/JHEP06(2023)158

Search for massive long lived charged particles ATLAS

EXPERIMENT

ATLAS-CONF-2023-044
ATLAS analysis with large ionization (dE/dX) in Pixel and low f3 in the calorimeter

* Signature: An isolated track of high p; (p>120 GeV, |1|<1.6) with large dE/dx deposits in the Pixel
and low (o in hadronic calorimeter, and E;™* > 170 GeV, selected in 2015-2018 data (140 fb!) with
E.™° trigger

* Data-driven background estimate, normalization and shape predicted using dedicated Control
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< SARRRRRRRRRRARE | RN RN RARRE %) o) o ~ ;
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w 800 W o5 3 10° 200 GeV, T =3 ns f osene
C T s -+-T200 GeV,t=30ns o
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600F- ~ 0.2 5 10 E
500F- .- 1 R L N g °
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-044/

Search for massive LL multi-charged particles
RATLAS
ATLAS analysis targeting |Q|=2e to 7e Phys. Lett. B 847 (2023) 138316

e Signature: An isolated track of high p; (pt*/z > 50GeV, |n|<2) with large ionization measured
in the Pixel, Transition Radiation Tracker and Monitored-Drift-Tube chambers, selected in

2015-2018 data (139 fb!) with a mix of Muon, late Muon and E;™s triggers.

Recently, an excess of events in a signal region in the ATLAS search for heavy long-lived z = 1 particles
identifiable by their unusually large pixel dE /dx values [18] was observed. Two of these observed events
feature candidates with pixel dE /dx values compatible with those satisfying the z = 2 tight-selection
requirement in the current analysis, but not ending up in the corresponding signal region. A dedicated check
was performed to understand the reason for this. It was demonstrated that neither of the two candidates
have high enough ionization loss in TRT or MDT to make it into the signal region — in fact, both of them
belong to the A control region (see Figure 4(a)).
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Limits for the Fraternal Twin Higgs model in the neutral-
naturalness scenario

* The scalar S = the lowest-mass glueball G, in the hidden
sector.

* The branching fraction B(H - G,G,) and the ct, of G, can
be estimated according to the glueball mass m, and the
top-partner mass m+in the hidden sector. The
dependencies of B(H - G,G,) and ct,(G,) on myand my are
taken from arXiv:1610.07922, assuming B(H - G,G,) is the
same as the branching fraction for the Higgs boson to
decay to hidden gluons multiplied by a phase space factor

\/1 — 4 ms/ms,.

* For simplicity, it assumes a B(G, > bb )=100%
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Limits for the flavor-aliened model

Three dark quark flavors that couple
to the SM down-type quarks (d, s, b)

Dark hadron decays to heavier SM
particles are favored, typically
resulting in a large number of b
quarks in the decays when
kinematically allowed.

ct™* = maximum lifetime for any

Tdark

dark pion
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Emerging jets (agnostic)
arXiv:2403.01556

Emerging jets (GNN)
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Muon system showers (CSC-only)
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Search for LLP using out-of-time trackless jets SMS |

\ \

A\ ]
H JHEP 07 (2023) 210

* Analysis targeting ct ~ 1 m (outer tracker /
electromagnetic calorimeter ECAL)

~0 I

Xlo’ ........ é

N \\_\G

* Tracking efficiency decreases with displacement
—> jets appears as trackless

* Slow-moving LLPs and/or path length increase due to
displacement = jets are delayed wrt p-p collision!
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LLP Summary plot

Overview of CMS long-lived particle searches

EXO Summary Plots

CMS Preliminary March 2024
UDD, g-tbs, mg = 2500 GeV g 2104.13474 (Jets with displaced vertices) [IN010006 =009
UDD, g-stbs, mg = 2500 GeV § 2012.01581 (Displaced jets) [ o003 =1
UDD, {-dd, m; = 1600 GeV i 2104.13474 (Jets with displaced vertices) [IIN0100035=01081il
UDD, -dd, m; = 1600 GeV t 2012.01581 (Displaced jets) [ 0002=132))
LQD, b, m; =600 GeV t
LQD, b1, mg = 460 Gev f 211004809 (Displaced leptons) ~ 0.0001-10m
LQD, -bl, m;=1600 GeV ; 2012.01581 (Displaced jets) [[IN0005=0:24m]
GMSB, §~gG, mg = 2450 GeV g 2012.01581 (Displaced jets) | 0.006-0.55m
GMSB, §-gG, mg = 2100 GeV g 1906.06441 (Delayed jet+MET) [ 032-34m
Split SUSY, g-qdx3, mg = 2500 GeV § 2012.01581 (Displaced jets) | 0.007-0.36m
Split SUSY, §-qdx?, mg=1300 GeV g
Split SUSY (HSCP), f34 =0.1, mg = 1600 GeV g
MGMSB (HSCP) tanB =10, >0 , mz = 247 GeV T
Stopped £, t-tx?, mi =700 GeV 3 1801.00359 (Delayed jet)
Stopped g, §-qqx?, fzg= 0.1, mz=1300 GeV g 1801.00359 (Delayed jet)
Stopped §, §-qdx3(uux?), fzo=0.1, mg = 940 GeV g 1801.00359 (Delayed pp)

AMSB, x *-x9n*, my- =700 GeV Xt
G-qax? or q,,,,X5 X5 =xIn*, mg=1600GeV,my» = 1575GeV y*
G-qx? or g'xi", xiF=xIn*, mg=2000 GeV, mye = 1000 GeV  y
ttx? or by, X -xIn*, mi=1100 GeV, mye =1000 GeV  y*

2004.05153 (Disappearing track) _

1909.03460 (Disappearing tracks +jets with My;) | 0.11-10m

1909.03460 (Disappearing tracks + jets with Mr;) | 0.26-2m|

1909.03460 (Disappearing tracks + jets with M;) | 025-9m

2212.06695 (Trackless jets + MET) | 0.04-12m
2212.06695 (Trackless jets + MET) [ 0.05-24m
1909.06166 (Delayed y(y)) _
211004809 (Displaced leptons)  5e:05-265m

I e ==

2112.13769 (Displaced dimuon scouting) [ 0.0001=0.25 m!

[ENEOACESICCOEES e OS2
2110.04809 (Displaced leptons) [ 10,001-0.12m
2012.01581 (Displaced jets) [/ 0.001-0.53 m |
2110.13218 (Displaced jets +2) [ 0.004-0248m |
2107.04838 (Hadronic decays in CSCs) [ 0.12-450 m)
2107.04838 (LLP decays in CSCs) [ 002-23m|
2403.01556 (Emerging jet+jet) [ 0.003=0.3m

CMS-PAS £X0-23-013 (Displaced Jots Run3) [ 00005257
CMS-PAS-£40-23-013 (Displaced Jots Run3) [ 010005251
CMS-PAS-EXO0-23-013 (Displaced Jets Run3) [/ 0.001=05m
1 1

GMSB, x{-HG(50%)/2G(50%), mye = 600 GeV x°
GMSB, x8-HG(50%)/ZG(50%), mye = 300 GeV X0
GMSB SPS8, x{-YG, mys =400 GeV X0
GMSB, co-NLSP, -IG, mj=270 GeV T
H-ZpZp(0.1%), Zp=pp, my =125 GeV, my =20 GeV X
H-ZpZp(0.1%), Zp=uu(15.7%), my =125 GeV, my=5GeV X
H-XX(10%), X~ee, my =125 GeV, my = 20 GeV X
H-XX(0.03%), X~ll, my =125 GeV, my =30 GeV X
H-XX(10%), X-bb, my = 125 GeV, my = 40 GeV X
H-XX(10%), X~bb, my; = 125 GeV, my = 40 GeV X
H-XX(10%), X~bb, my = 125 GeV, my = 40 GeV X
H-XX(10%), X-»1T, my =125 GeV, my =7 GeV X
dark QCD, my,, = 1500 GeV, my,,, = 10 GeV, agonstic Xdar
dark QCD, my,,, = 1500 GeV, my,,, =10 GeV, GNN Xgar
H-XX(10%), X~bb, my =125 GeV, my =40 GeV X
H-XX(10%), X~dd, my = 125 GeV, my = 40 GeV X
H-XX(10%), X~TT, my = 125 GeV, my = 40 GeV X
1077

1075 1073 1071 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.
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HNL Summary plot

UMSM, [Vey|? = 1.0, [Vuwl?=1.0

Type-lll Seesaw Heavy Fermions, Flavor Democratic
Type-lll Seesaw Heavy Fermions, B, =1.0, B, =B =0.0
Type-lll Seesaw Heavy Fermions, B, =1.0, B, =B;=0.0
Type-lll Seesaw Heavy Fermions, B;=1.0, Be =B, =0.0
UMSM, [Vey|? = 1.0, [Vul?=0.0

Multilepton

LRSM Wg(eNg), My, < My,(=200GeV)
LRSM Wp(eNg), My, = 0.5My,

LRSM Wi(uNg), My, < My,( = 200GeV)
LRSM Wi(uNg), My, = 0.5My,

LRSM Zg(eNg), Mz, < 0.5My,(=100GeV)
LRSM Zg(eNg), My, = 0.25Mz,

LRSM Zg(uNg), Mz, < 0.5My,(=100GeV)
LRSM Zg(uiNg), My, = 0.25Mz,
Composite Fermions Ne, My, <A
Composite Fermions Ny, My, <A

Dilepton
+
Jets

LRSM Wq(TNg), My, = 0.8My,
LRSM Wr(TNg), My, = 0.2My,

Fully
Hadronic

Displaced Majorana HNL, |Vey|? =1.0 x 1073
Displaced Majorana HNL, [Vyy|? =1.0 x 10~°
Displaced Dirac HNL, |Vey|?=1.0 x 10~%
Displaced Dirac HNL, |V,y|?=1.0 x 10°
Displaced Majorana HNL, |Vey|? = 1.0 x 107>
Displaced Majorana HNL, [Vyy|? =1.0 x 10~°
Displaced Dirac HNL, |[Vey|? =1.0 x 107>
Displaced Dirac HNL, |Vyy|?=1.0 x 107>
Displaced Majorana HNL, |Vey|? =5.0 x 1073
Displaced Majorana HNL, |V|? =5.0 x 107>
Displaced Majorana HNL, |Vqy|? = 1.0 x 1073
Displaced Dirac HNL, |Vey|? =5.0 x 107
Displaced Dirac HNL, |V,y|? =5.0 x 107>
Displaced Dirac HNL, |Vqy|? =1.0 x 1073
Displaced Majorana HNL, [Vey|? =1.0 x 107>
Displaced Majorana HNL, [Vyy|? =1.0 x 107>
Displaced Dirac HNL, |Vey|?=1.0 x 1073
Displaced Dirac HNL, |V,y|?=1.0 X 10~°
Displaced HNL from B meson decay, |Vyy|? =5.0 x 107>

VBF

Type | Seesaw VBF SSWW, |Vy|2 =1.0

T T X=X XX

T T T XTTX=X==X*=X

T =

T T TXXXXXXXXXX=X=X=xX=xX=x=x=x=<x-*X
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0.04=124TeV' 1806.10905 (= 1j +2p)
100-980 GeV. 2202.08676 (31, = 4L, 1T + 31, 2T + 21, 3T + 11, 1T+ 24, 2T+ 10)
100-990 GeV.  2202.08676 (31, = 4L, 1T + 31, 2T + 21, 37 + 14, 1T + 24, 2T+ 10)
0.1-1.065TeV| 2202.08676 (3¢, = 4f, 1T + 3, 27 + 21, 3T+ 11, 1T+ 2/, 2T+ 10)
100-890 GeV. 2202.08676 (31, = 4L, 1T + 31, 2T + 21, 37 + 14, 1T+ 24, 2T+ 10)
0.01-1.24TeV| 2403.00100 (3e)

36 fb!

137 fb~?!
137 fb~?!
137 fb~?!
137 fb!
138 fb!

0.1-47TeV. 2112.03949 (2e +2j)
0.1-4.8TeV 2112.03949 (2e +2j)
0.1-5TeV| 2112.03949 (2p +2j)
0.1-5.4TeV 2112.03949 (2p +2j)
0.1-2.79 TeV. 2307.06959 (2e, = 4j)
0.1-359TeV. 2307.06959 (2e, = 4j)
0.1-4.38TeV. 2307.06959 (2y, = 4j)
0.1-4.1TeV 2307.06959 (2, = 4j)
0.5-6TeV| 2210.03082 (2e +2j)
0,5-6.1TeV| 2210.03082 (2 +2j)

137 fb?
137 fb?
137 fb!
137 fb!
137 fb!
137 fb!
137 fb~?!
137 fb?
137 fb~?!
137 fb~?t

1-3.52TeV 1811.00806 (2T +2j)
1-375TeV 1811.00806 (2T +2j)

36 fb~!
36 fb?

1.3-2.6 GeV
1.3-27 GeV
125-1.9 GeV

1.45-2.9 GeV
1.45-3.1 GeV

1.3-2.1GeV

1.1-3 GeV

4.36-12.52 GeV.  2201.05578 (2e +11)
2.37-13.24 GeV 2201.05578 (2p +14)
4.58-14.11 GeV  2201.05578 (2e + 11)
2.63-14.93GeV|  2201.05578 (2u +11)
2.9-11 GeV CMS-PAS-EX0-21-013 (1e, = 1j)
2.1-12.4 GeV CMS-PAS-EX0-21-013 (1, 2 1j)
3-122 GeV CMS-PAS-EX0-21-013 (1e, = 1j)
27-128GeV  CMS-PAS-EX0-21-013 (1p, = 1j)

CMS-PAS-EX0-22-017 (e + MDS)
CMS-PAS-EX0-22-017 (p + MDS)
CMS-PAS-EX0-22-017 (e/p + MDS)
CMS-PAS-EX0-22-017 (e + MDS)
CMS-PAS-EX0-22-017 (p + MDS)
CMS-PAS-EX0-22-017 (e/p + MDS)

4.1-13 GeV CMS-PAS-EX0-21-011 (2e, 1j)
3.5-15.5GeV ~ CMS-PAS-EX0-21-011 (2, 1j)
45-141GeV  CMS-PAS-EX0-21-011 (2e, 1j)
4-16.5GeV  CMS-PAS-EX0-21-011 (2p, 1j)

2403.04584 (BParking)

137 fb?
137 fb?
137 fb!
137 fb!
137 fb!
137 fb!
137 fb~?!
137 fb~?!
137 fb~?t
137 fb~?!
137 fb!
137 fbt
137 fb?
137 fb?
138 fb!
138 fb~!
138 fb~!
138 fb~!
42 fb~1

0.05-23TeV| 2206.08956 (2 + 2j)

137 fb~?!

Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included).
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