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Particle Mass m [MeV]

Why search for long-lived particles

Long-Lived Particles in the SM
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[JPPNP 3695 (2019)] - LL, C. Ohm, A. Soffer, T. Yu
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The proper lifetime of a particle
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But if the decay of a particle is suppressed

by some reasons...

» Small couplings
» Nearly Mass-Degenerate Spectra

> highly virtual intermediate states

Giving rise to potentially macroscopic proper
decay lengths (ct = 100 um).

Those are defined as long-lived particles (LLPs)

Yz iE

T <2>


https://arxiv.org/abs/1810.12602
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Why search for long-lived particles

Many BSM predict the existence of long-lived particles
» Supersymmetry (SUSY)

> Neutral Naturalness
» Mechanisms of producing dark matter (DM)

> Portal interactions hidden sector & SM

» Twin Higgs models
standard

Higgs boson can be a Portal to New Physics
model

Dark

sector

Particle and Nuclear Physics Division
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Why search for long-lived particles

LLPs can be produced at LHC

» Distinctive signature — Zero or Low SM Bkg

> Sensitivity gain promised with accumulating luminosity
» Unconventional / Dedicated reconstruction + trigger

» Instrumental backgrounds: Beam-induced backgrounds, Cosmic rays, Fake Vertices, etc.

Mass Reach

A BG-free
Collider Search sensitivity ccarches

Fixed Target

BG-dominant
searches

Beam Energy

Integrated luminosity

Particle and Nuclear Physics Division . S sEm 4m L s .
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ATLAS Long-lived Particles searches

SHANGH Al JIAO TONG UNIVERSITY Tsung-Dao Lee Institute

Model Signature  [Ldt[b™] Lifetime limit Reference —

ATLAS Preliminary RPV E - uq displaced vix + muon 136 | § lifetime ' " IR IR u.tl)os-ls.t; m ) I m(t): 1'-‘; Te{f S 2003.11956
RPV,{z? — eev/euv/uuv displaced lepton pair 32.8 ,ﬂ lifetime 0.003-1.0 m m(§)=1.6TeV, m(¥})= 1.3 TeV 1907.10037
fL dt = (32-8 -1 39) ﬂT1 RPV £ - qqq displaced vix + jets 139 ﬂ lifetime 0.00135-9.0 m m(i3)=1.0TeV 2301.13866
GGM i} » ZG displaced dimuon 32.9 ,ﬂ lifetime 0.029-18.0m  m(g)=1.1TeV, m(¢{)=1.0 TeV 1808.03057
VE = 1 3 TeV GMSB non-pointing or delayed y 139 }2 lifetime 0.24-2.4m m(i3, G)= 60, 20 GeV, By= 2% 2209.01029
95% c L EXCIUSion S GMSB ¢ — g("_; displaced lepton 139 { lifetime 6-750 mm m(.f)= 600 GeV 2011.07812
_ g GMSB#% — 16 displaced lepton 139 | % lifetime 9-270 mm m(£)= 200 GeV 2011.07812
Status: March 2023 P AMSBpp o pii0.itw;  disappearingtrack 136 | & lfetime 0.06-3.06 m m(¥5)= 650 GeV 2201.02472
AMSB pp — #i), 7 k1 large pixel dE/dx 139 | &7 lifetime 0.3-30.0 m m(i:)= 600 GeV 2205.06013
Stealth SUSY 2 MS vertices 36.1 § lifetime 0.1-519 m B(g — Sg)= 0.1, m(&)= 500 GeV| 1811.07370
Split SUSY large pixel dE/dx 139 | g lifetime >0.45m m(g)= 1.8 TeV, m(i%)= 100 GeV 2205.06013
Split SUSY displaced vtx + EM'ss 32.8 g lifetime 0.03-13.2m m(g)= 1.8 TeV, m(?)= 100 GeV 1710.04901

Split SUSY 0¢,2-6jets +EM= 361 | g lifetime 0.0-2.1m m(g)=1.8TeV, m(i?)= 100 GeV | ATLAS-CONF-2018-003

/ H—ss 2 MS vertices 139 s lifetime 0.31-72.4 m m(s)= 35 GeV 2203.00587 \
° H-ss 2 low-EMF trackless jets 139 | s lifetime 0.19-6.94 m m(s)=35 GeV 2203.01009
= VHwith H - ss - bbbb  2¢ + 2displ. vertices 139 | s lifetime 4-85 mm m(s)=35GeV 2107.06092
EI:; FRVZ H — 2y, + X 2 u—jets 139 | ya lifetime 0.654-939 mm m(yq)= 400 MeV 2206.12181
é FRVZ H — 4yq + X 2 u—jets 139 ¥4 lifetime 2.7-534 mm m(y4)= 400 MeV 2206.12181
T HoZ2Zy displaced dimuon 329 | Z4 lifetime 0.009-24.0 m m(Zy)= 40 GeV 1808.03057
H—- ZZy 2 e, u + low-EMF trackless jet36.1 Z,4 lifetime 0.21-5.2m m(Z)= 10 GeV 1811.02542
— o200 CeVr—=ss—fow-EMF trk-fessTets MS Vi 3E T QUL UAT-5T.5 TX B TpO, T 50 GEY TS0 0309% /
E (600 GeV) — ss low-EMF trk-less jets, MS vtx 36.1 | s lifetime 0.04-21.5m & % B=1pb, m(s)= 50 GeV 1902.03094
O(1TeV) - ss low-EMF trk-less jets, MS vix36.1 | s lifetime 0.06-52.4 m @ x B=1pb, m(s)= 150 GeV 1902.03094
W — NE N — bty displaced vitx (upu,ue, ee) + u 139 N lifetime 0.74-42 mm m(N)= 6 GeV, Dirac 2204.11988
W — N¢, N — ety displaced vtx (upue, ee) +u 139 N lifetime 3.1-33 mm m(N)= 6 GeV, Majorana 2204.11988
% W — NE N — ety displaced vix (iu.pe, ee) + e 139 | N lifetime 0.49-81 mm m(N)= 6 GeV, Dirac 2204.11988
W — Nt N — Ety displaced vtx (uuue, ee) + e 139 N lifetime | | 0.39-51 mm | | | m(N)=#8 Ge\:v Majorana 2204.11988
0.001 0.01 0.1 1 10 100 cT [m
Vs=13TeV  y5=13TeV T
Particle and Nucle partial data full data OIDO1I = ““01101 = ....0.11 = “'“: = ““1':) = ““1':)0 =
R F SRR *Only a selection of the available lifetime limits is shown. “* : . [ ,I <5>
ATL-PHYS-PUB-2023-008 Tins



https://cds.cern.ch/record/2853754/files/ATL-PHYS-PUB-2023-008.pdf
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Signatures of long-lived particles at LHC

In the inner tracking detector
> Displaced Vertex (DV): neutral LLPs ->charged x
» disappearing track: charged LLPs -> neutral x
> low velocity: Larger enerqgy loss (dE/dx)

> kinked track

In the calorimeters

> displaced jets: LLPs -> Quarks/gluons

» emerging jets: Dark QCD

» delayed jet, non-pointing photons

In the muon spectrometer

» Displaced Vertex (DV), Very displaced hadronic jets

Particle and Nuclear Physics Division
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Search for long-lived particles at the ATLAS

Explore the Higgs portal model at the ATLAS, in which the Higgs boson exotic decays to a

pair of long-lived s particles.

A new “Large-Radius Tracking” algorithm (LRT) was implemented in Phys. Rev. Lett. 133
(2024) 161803 to boost sensitivity.
» An additional track finding only using the left-over hits.

» Extending up to |dy| < 300 mm (near the 1st strip layer).

Particle and Nuclear Physics Division
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https://doi.org/10.1103/PhysRevLett.133.161803
https://doi.org/10.1103/PhysRevLett.133.161803

95% CL Limit on BR(H — ss — 4q)
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Search for long-lived particles at the ATLAS

ATLAS (s=13TeV,37.5-140fb"
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102 k —m=55GeV| g E (5=13TeV, 139 fb" o e Egg;g} 23 3 5 |  m.=16GeV -
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Phys. Rev. Lett. 133 (2024) 161803 Phys. Rev. D 106 (2022) 032005 JHEP 11 .(2021) 229

95% CL exclusion limits on BR(H - ss) as a function of the mean proper decay length ct
provided by ATLAS experiment at 2024, 2022, 2021.
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https://doi.org/10.1103/PhysRevLett.133.161803
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.032005
https://link.springer.com/article/10.1007/JHEP11(2021)229

Search for long-lived particles at the CMS
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Search for Higgs decays to LLPs at the CMS using 138 fb-! of pp collision data with /s = 13

TeV. In which LLPs (S) described by the Twin Higgs model or dark shower model.
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Twin Higgs model

» Higgs boson decays to a pair of neutral long-lived
scalars (S), each of which decays in turn to a pair of
fermions or a pair of photons.

Dark shower model

» Higgs boson decays to a pair of dark-sector quarks (¥).

Phys. Rev. D 110 (2024) 032007
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.032007

95% CL upper limit on B(H — SS)

Search for long-lived particles at CMS detector

H - SS, S: neutral long-lived scalars

1 CMS 138 fb' (13 TeV)
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’ CMS 138 fb' (13 TeV) ’ CM 138 fb™ (13 TeV)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.032007

H - YY, ¥: dark-sector quarks

95% CL upper limit on B(H — ¥V¥)

Search for long-lived particles at CMS detector

138 fb™' (13 TeV)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.032007

sSummary

» Long-lived particles (LLPs) are natural predictions of many BSM

» Higgs boson can be a portal to New Physics

» The ATLAS provided the most stringent constraints to date on BR(H — SS)
form, <40 GeVand 1 < ct, <100 mm

» The CMS provided the first limits at the LHC on a dark quantum
chromodynamic sector, branching fractions of H - Y% as low as 2x10-3 at
95% CL

» Improved analysis techniques and higher luminosity at the HL-LHC will

enhance the sensitivity of LLP searches.

Particle and Nuclear Physics Division . S sEm 4m L s .
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% Reconstruction & Data Production workflow have largely changed from Run 1 to Run 3.

Disk / PC

% Data flow scheme is largely determined by available computing resources.

Local Disk

% Major impacts on LLP search analysis timeline and available features.

from Hideyuki Oide s slides



https://indico.cern.ch/event/1381368/contributions/5963275/attachments/2887313/5060674/LLP2024_ATLAS_Overview.pdf
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EPJC (2023) 83:1081

Technical Advancement: Track Reconstruction

% LLP-dedicated extended tracking (large-d, tracking)
— ATLAS Jargon: Large-Radius Rracking (LRT)
» An additional track finding only using the left-over hits.

T T
ATLAS
ATLAS Tracking Disk Space vs <p>
Run 2 Data Reconstruction

LHC Fill 6291

—#— Legacy LRT Reconstruction

—e— Updated LRT Reconstruction

N £
o (=1
o O

Disk Space [kb/event]

» Extending up to |dy| < 300 mm (near the 1st strip layer).

% LRT in Run 2: specially processed for exclusive RAW data samples
reserved for LLP searches.

While efficiency for real particles is high, both the CPU cost and the
amount of fake track rate were high.

Acceptable in Run 2, as this “distilled” data sample size is small.
Somewhat vulnerable against pileup: CPU cost and fake rate.

[%]
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Active layers

&
&

Vertices / 8.0 mm

% Run3: re-optimization of the LRT algorithm.
» Strategy-#1: Find & quit seeking the fake tracks as early as possible.
» Strategy-#2: Significantly reduce fake tracks by optimizing selections.
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< Significantly robust against pileup.
> “Standardizing” LRT as a part of the nominal reconstruction. ;ﬂ:";.a;" surteneaterty

gts, o
‘i"’. .

» Opening up wide opportunities for LLP searches (also for Run 2 datal) E i on e
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% A number of strong initiatives towards Run 3 for devising LLP-dedicated triggers in High-Level Triggers.
» Combined with L1, these help to lower thresholds for conventional trigger signatures.

% Much flexibility in implementation of filters for LLP derivation in Run3.
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