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Signature first, model second
a.K.a.

What are we missing?
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Start with the Large Hadron Collider:
The LHC is a big-data exploration machine

CMS B L HC delivered: 286.21 fb™!
CMS recorded: 263.97 fb™
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Heroic amount of data, hundreds
of published BSM searches
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New physics “X” at colliders

The overwhelming majority

5 of the work of collider
/ experimentalists

A discovery could

be hiding here
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The Standard Model is filled with long-lived particles!
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https://indico.fnal.gov/event/43776/contributions/188481/attachments/129394/156945/snowmass_knapen.pdf
https://indico.cern.ch/event/863077/contributions/3850699/attachments/2044003/3423877/LHC_LLP_Craig.pdf
https://doi.org/10.1088/1361-6471/ab4574

Particle lifetime

The proper lifetime T of any particle is given by the inverse of its

decay width (or decay rate) ', the probability per unit time that it
will decay
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Particle lifetime

The proper lifetime T of any particle is given by the inverse of its

decay width (or decay rate) ', the probability per unit time that it
will decay

|
2 Phase space
M = mass of dF X @ for this deca
«—_ - Y
the particle \_/ (

Matrix element
governing the decay

Small right side —> long-lived particle

Long lifetimes typically arise in the SM when approximate symmetries make
the particle stable — same principles generically apply in BSM theories
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at the LHC

The observed lifetime of a particle is sampled from an exponential with a shape set by its
oroper lifetime 1T (often expressed as proper decay length, cT)
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As a result, we use multiple search strategies targeting all subdetectors of ATLAS,
CMS, and LHCb — and beyond the detectors
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oroper lifetime 1T (often expressed as proper decay length, cT)

51%
15% in the 31% in the outside
calorimeters muon system the

detector
cT = 50 cm

Probability of decay

<By> ~ 30

-
O
—
@)
b
—
b
=
-
b
-
-
>
N

Travel before decay

As a result, we use multiple search strategies targeting all subdetectors of ATLAS,
CMS, and LHCb — and beyond the detectors

. Beacham PLANCK2024 // Lisbon // 5 June 2024 11



Long-lived particles mean many atypical detector objects

disappearing or
displaced kinked tracks
multitrack vertices ‘ ’ ;
non-pointing
__.--="" (converted) photons

displaced leptons, i emerging jets
lepton-jets, or — }
lepton pairs

: trackless,
low-EMF jets

guasi-stable

charged particles
multitrack vertices in the J p\

muon spectrometer

Heather Russell
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https://hrussell.web.cern.ch/hrussell/graphics.html

The central detectors of the LHC
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LHCb designed for precision

measurements of b-hadrons
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A sampling of LLP searches with
ATLAS, CMS, and LHCb at the LHC
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Neutral decaying to leptons

ldentifying displaced charged particles requires the capacity to find tracks
with large impact parameters

 If LLP decay occurs in the inner tracker, can use large-dO tracking
« CMS has good tracking for such cases by default

« ATLAS previously needed to run special re-tracking [ ATLAS large radius
tracking note ] and re-vertexing on a subset of events

« Both approaches require customized triggering strategies

« Can lead to various signatures involving one displaced lepton, a pair of
separately displaced leptons, or a combination of prompt and displaced

ATLAS obs 95% CL
Majorana, 2QDH (IH) exp 95% CL

+1o
+20

ATLAS (April 2022) PRL 131 (2023) 6, 061803
| 14 16
CMS (Jan. 2022) JHEP 07 (2022) 081 n y [GeV]
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https://cds.cern.ch/record/2275635
https://cds.cern.ch/record/2275635
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-022/
https://doi.org/10.1103/PhysRevLett.131.061803
https://doi.org/10.1007/JHEP07(2022)081
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Neutral

_epton-jet = highly-collimated grouping of
eptons from a low-mass (O(GeV)), boosted
BSM particle like a dark photon / Zgark

« Confounds standard lepton isolation criteria

PLB 796 (2019) 131
ATLAS-CONF-2016-042
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decaying to lepton-jets
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-042/
https://www.sciencedirect.com/science/article/pii/S0370269319304691?via=ihub
https://arxiv.org/abs/2311.18298
https://doi.org/10.1103/PhysRevLett.124.041801

Disappearing tracks

Charged BSM LLP decays to neutral BSM
particle with nearly degenerate mass and a
very low-momentum charged SM particle that
curves around in the magnetic field

—> a disappearing track
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https://doi.org/10.1103/PhysRevD.109.072007

Neutral decaying to
hadronic jets

Hadronic LLP decays in different parts of the detectors require different
search strategies

* Inner tracker —> Look for displaced multi-track vertices
 Calorimeters —> Look for large Enad / Eem

« Outer muon system —> Look for MS vertex

ATLAS, CMS, and LHCb use slightly different and complementary
methods to isolate such potential signals

ATLAS, March 2022: JHEP 06 (2022) 005

Regions where B(H" — mymy) > 50% is excluded at 95% CL

w— ATLAS 20.3 fb~! at 8 TeV
w== [, HCb 2.0 fb~! at 7-8 TeV
 CMS 18.5 b~ ! at 8 TeV

(125, 5) GeV, CTy, = 0.41 m
(125, 16) GeV, c7,, =058 m  ATLAS

— (125,35) GeV, ¢74,=1.31m  Vs=13TeV, 139 fb"
(125, 55) GeV, ¢ty = 1.05 m — Obs. ---Exp.

One benchmark scenario:

hee A - h125 —> 2xLLP —> jets
CMS: PRD 104 (2021) 1, 012015 LHCb: EPIC 77 (2017) 812

J. Beacham PLANCK2024 // Lisbon // 5 June 2024 18



https://doi.org/10.1007/JHEP06(2022)005
https://link.springer.com/article/10.1140/epjc/s10052-017-5178-x
https://doi.org/10.1103/PhysRevD.104.012015
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Where do prompt and long-lived searches meet?

. ATLAS
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https://link.springer.com/article/10.1007/JHEP10(2018)031

Where do prompt and Iong—lived searches meet?

ATLAS
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https://link.springer.com/article/10.1007/JHEP10(2018)031

Where do prompt and long-lived searches meet?

1 ATLAS Prellmlnary(March 2022) 13 TeV, 36-139 fb Hidden Sector, m, =125 GeV
A ", Selected ATLAS results
: 95% CL observed limits

Searches:

—.— Muon System (2 Vtx Only), 139 fb
arXiv:2203.00587
Muon System (1 Vix + 2 Vix), 36 fb™
Phys. Rev. D 99 (2019) 052005
Calorimeter, 139 fb™
arXiv:2203.01009
Tracker+Muon System, 36 fb "’

Phys. Rev. D 101 (2020) 052013
Tracker (LRT), 139 fb™’
JHEP 11 (2021) 229

. Tracker (b-tag), 36 fb™
JHEP 10 (2018) 031
Monojet, 139 fb ™
ATL-PHYS-PUB-2021-020
H— inv, 7-8-13 TeV combination
ATLAS-CONF-2020-052

LLP masses:

1074 3 BlssGev [ 1520Gev | 25-35 Gev
10° 10* 10° 102 10" 10 10° 10 |

40 GeV 45-60 GeV An
ot [m] e . e . y

ATLAS LLP summary plots
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-007/

Where do prompt and long-lived searches meet?

2022) 137TeV, 36-139fb" Hidden Sector, m, = 125 GeV
L \ Selected ATLAS results

|

- By Ay 95% CL observed limits

Searches:

—.— Muon System (2 Vtx Only), 139 fb
arXiv:2203.00587
Muon System (1 Vix + 2 Vix), 36 fb™
Phys. Rev. D 99 (2019) 052005
Calorimeter, 139 fb™"
arXiv:2203.01009
Tracker+Muon System, 36 fb "’

Phys. Rev. D 101 (2020) 052013
Tracker (LRT), 139 fb™’
JHEP 11 (2021) 229

. Tracker (b-tag), 36 fb™
JHEP 10 (2018) 031
Monojet, 139 fb ™

: ATL-PHYS-PUB-2021-020
Startin 2 H— inv, 7-8-13 TeV combination
to plug g ATLAS-CONF-2020-052
t h > LLP masses:
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ATLAS LLP summary plots
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-007/

Where do prompt and long-lived searches meet?

ATLAS Preljatiary (Marsh 2022) 13 TeV, 36-139fb”'  Hidden Sector, m, = 125 GeV
o: 4 , 5 Selected ATLAS results

|\t b 959% CL observed limits

y), 139 fb
Vix), 36 fb™

All of these searches and |
more will also be pursued fkew-

and expanded in the y 20272
HL-LHC, but the detectors
will stay the same size... |

Starting
to plug _
this LLP masses:
hole!
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ATLAS LLP summary plots
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-007/

Very long-lived particles at the LHC

. ATLAS Preliminary (March 2022) 13TeV, 36-139fb "
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Very long-lived particles at the LHC

. ATLAS Preliminary (March 2022) 13TeV, 36-139fb "
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Very long-lived particles at the LHC

. ATLAS Preliminary (March 2022) 13TeV, 36-139fo "
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Dedicated detectors for very long-lived particles at the LHC
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Dedicated detectors for very long-lived particles at the LHC
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Dedicated detectors for very long-lived particles at the LHC
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Dedicated detectors for very long-lived particles at the LHC
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Dedicated detectors for very long-lived particles at the LHC
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Dedicated detectors for very long-lived particles at the LHC

LHC coverage
(ATLAS, CMS, LHCb)
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https://indico.cern.ch/event/863077/contributions/3850629/attachments/2043952/3423788/codexb.pdf
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FASER / FASERNuU

A small-ish (7m-long, 20cm-wide)
detector about 0.5 km downstream
from ATLAS to catch very far-forward

LLPs that ATLAS can’t catch

......... >

90 m rock
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FASER / FASERNuU

A small-ish (7m-long, 20cm-wide) Was approved and installed in time for
detector about 0.5 km downstream LHC Run 3 and has already produced
from ATLAS to catch very far-forward results (here for dark photons)...

LLPs that ATLAS can’t catch

rdScr
Preliminary
L = 27.0 fb™

€
=

Expected Limit ( +1 6,5, 90% CL)

480 m

Observed Limit (90% CL)

—h
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N
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i
v -.,. "-’k ;I.‘A.’ }“K— . - "I"—_ ?

) e S )
B

KLOE Limit
LHCb Limit
NA48 Limit
NAG64 Limit
E141 Limit

Orsay Limit
NuCal Limit
E137 Limit
CHARM Limit

Relic Target m x:O.GmA,, 0.,=0.1

Public Aug. 2023: PLB 848 (2024) 138378
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https://doi.org/10.1016/j.physletb.2023.138378

FASER / FASERNuU

A small-ish (7m-long, 20cm-wide)
detector about 0.5 km downstream
from ATLAS to catch very far-forward

LLPs that ATLAS can’t catch

[
¥

...including the first collider neutrinos
ever directly detected

LHC Fill 8315, Event 47032829,

@ 2022-10-27 08:52:45 ]

g %'
Jo
———

-—
Sl

Was approved and installed in time for
LHC Run 3 and has already produced
results (here for dark photons)...

rdScr
Preliminary
L = 27.0 fb™

€
=

Expected Limit ( £1 o,,,, 90% CL)
Observed Limit (90% CL)

—h
=
N

I BaBar Limit

Kinetic Mixin

KLOE Limit
LHCb Limit
NA48 Limit
NA64 Limit
E141 Limit
Orsay Limit
NuCal Limit
E137 Limit
CHARM Limit

Relic Target m x=0.6mA., 0.,=0.1

Public Aug. 2023: PLB 848 (2024) 138378
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https://doi.org/10.1016/j.physletb.2023.138378

MilliQan

Small (3m x Tm2) detector near CMS
for new BSM dark fermions with very
small amount of electric charge

milliQan

Colliders

milliQan
demonstrator
(37.5/fb)

Drainage ga'llery milliQan

CMS ((\ R : -~" __# == Run 3 slab (200/fb)
R . . f — = HL-LHC slab (3000/fb)
cavern 7 .

= Run 3 bar (200/fb)
.0 ~ g 0/ =2 —'

SLAC Mi||iQ+___—-—-l == = HL-LHC bar (3000/fb)
- 2016 milliQan LOI (3000/fb)

101 100 102 102
mass [GeV]

Demonstrator ran in Run 2 with physics

results [ PRD 102 (2020) 3, 032002 |

and this year, in Run 3, with detector
improvements — results soon

surface
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https://doi.org/10.1103/PhysRevD.102.032002

MoEDAL / MoEDAL-MAPP

MoEDAL is the LHC’s first dedicated LLP experiment,
approved in 2010 and taking data since 2015

- = _v:"‘ - i~ g .‘;‘ iy ; 3 .;-:
: MOED&L"M AF 3 s

\/ LOCATION - = ..

> g- \."3\ .;

Shares the cavern with LHCb and
searches for magnetic monopoles
and highly-ionizing particles

NOSIIN A

Proposed extensions to search for
neutral LLPs and millicharged
particles, a.k.a. MoEDAL-MAPP

(2022 Snowmass contribution)
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https://arxiv.org/abs/2209.03988

Dedicated detectors for long-lived particles at the LHC

CODEX-b

A medium-sized (10m3) detector
for neutral LLP decays a few
meters from LHCDb

DELPHI CODEX-b box

GAS DISTRIBUTION RACKS

shield veto
UXA shield Pb shield

Building a demonstrator, CODEX-, right
now, to hopefully take data in Run 3

MATHUSLA

A big (100m x TO00m x 25m),
mostly-empty box near the surface
above CMS to catch displaced vertices

Physics case document
Letter of Intent

Multi-layer tracker

Double layer tracker

Wall/floor detector

Proposed, with a demonstrator
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https://doi.org/10.1088/1361-6633/ab28d6
https://cds.cern.ch/record/2631491
https://indico.cern.ch/event/1216822/timetable/#9-update-on-the-codex-b-experi

Dedicated detectors for long-lived particles at the LHC
SND@[HC ANUBIS

About 0.5 km away from ATLAS on the side Proposal to instrument bottom of access

opposite FASER, sensitive to similar things shafts above ATLAS cavern, as well as
cavern ceiling

Iy

¥ o "w

ATLAS
pp collisions

Already installed and has also already ProANUBIS installed in March 2023
seen the first collider neutrinos:
PRL 131 (2023) 031802 Commissioning now

Beacham PLANCK2024 // Lisbon // 5 June 2024
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https://indico.cern.ch/event/1216822/timetable/#52-installation-of-anubis-prot
https://doi.org/10.1103/PhysRevLett.131.031802

Forward Physics Facility

NEW
UNDERGROUND p»

NEW "
SURFACE .

BORDER

.

Proposal for a new facility, about 600 m from Proposed for the High-Luminosity
ATLAS, to house multiple experiments LHC (HL-LHC), 2027 or later
dedicated to LLP searches in the forward region

arXiv:2203.05090
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https://doi.org/10.48550/arXiv.2203.05090

LLPs from the SPS at CERN

The CERN accelerator complex
Complexe des accélérateurs du CERN

' Neutrino |

: Platform

LHC ! :
2010 (27 km) : !

N\ HiRadMat
TT66
T LU MEDICIS
AD
\ 1 ISOLDE
1 =] > | (1992

REX/HIE E East Area
ISOLDE ;

_
||\\m |
/%
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LLPs from the SPS at CERN
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Uses 100 GeV electron beam to search
for dark sector particles in the MeV-
GeV range using active-beam-dump

plus missing-energy approach

Recent light dark matter result:
PRL 131 (2023) 16, 161801

NAG6Z

250-meter-long experiment that uses
450 GeV protons from SPS to do
precision measurements of kaon decays
and also search for BSM LLPs

New exotic decays results (Sept. 2023):
PoS FPCP2023 (2023) 073
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https://doi.org/10.1103/PhysRevLett.131.161801
https://doi.org/10.22323/1.445.0073

J.

LLPs from the SPS at CERN

NAG64

Uses 100 GeV electron beam to search
for dark sector particles in the MeV-
GeV range using active-beam-dump

plus missing-energy approach

Recent light dark matter result:
PRL 131 (2023) 16, 161801

NAG6Z

250-meter-long experiment that uses
450 GeV protons from SPS to do
precision measurements of kaon decays
and also search for BSM LLPs

New exotic decays results (Sept. 2023):
PoS FPCP2023 (2023) 073

0 events observed in CR and SR

Beacham PLANCK2024 // Lisbon // 5 June 2024

90% CL UL
Past experiments
NA62 A’ = ee, exp.

A’ - ee, exp.
A’ - ee, exp.

NA62 Preliminary
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https://doi.org/10.1103/PhysRevLett.131.161801
https://doi.org/10.22323/1.445.0073

LLPs from the SPS at CERN

Nota bene:

NAG6Z

Currently in a hall called ECN3 in the
North Area at CERN, but approved to

operate until LHC Long Shutdown 3, from
2026-2028

What to do with ECN3 — which has an
excellent beam — afterward?

J. Beacham PLANCK2024 // Lisbon // 5 June 2024



LLPs from the SPS at CERN: SHIiP

Dark photons (BC1)

SHIiP: Search for Hidden Particles —

—— FASER

Originally proposed as a new standalone facility FASER?

(new beamline and hall) at CERN; now a
beam-dump experiment in ECN3

Em——
==
-— —

June 2023 talk

“_h“-\-~
e

0.05 0.10 0.50
my, [GeV]

Projected exclusion for 15
years of running

e
i 1 -
. —~ H‘,_ .

-—
= O
dad
—

.
——
——
—— .
—— —
———
—

J. Beacham PLANCK2024 // Lisbon // 5 June 2024 33


https://indico.cern.ch/event/1216822/timetable/#47-ship

LLPs from the SPS at CERN ProtoDUNE

—

Thomas Struth, 2023
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https://www.maxhetzler.com/exhibitions/thomas-struth-2023

LLPs from the SPS at CERN — ProtoDUNE
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https://www.maxhetzler.com/exhibitions/thomas-struth-2023

LLPs from the SPS at CERN — ProtoDUNE
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ProtoDUNE
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Prototype cryostats at
CERN, preparing for the
full DUNE neutrino
experiment in the U.S.,
can be used as a beam-
dump facility to search | f AT
s for BSM LLPs (HNLs, dark EEETiaee | S
matter, millicharged g oy A | | | R
particles, etc.)
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months of running

arXiv:2304.06765
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https://www.maxhetzler.com/exhibitions/thomas-struth-2023
https://arxiv.org/abs/2304.06765

J.

Short Baseline Neutrino Program at Fermilab

Three liquid argon neutrino
detectors along the Booster

Neutrino Beam (BNB)

Designed to prepare for DUNE,
but can also be used for BSM LLPs

Results expected soon(?)

1072
Projections for
Higgs portal
scalar, for
example, but
other scenarios,
as well

See also DarkQuest, DAMSA

Beacham
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https://doi.org/10.1103/PhysRevD.100.115039
https://doi.org/10.48550/arXiv.2203.08322
https://indico.cern.ch/event/1216822/timetable/#51-damsa

LLPs 1n Japan
SUBMET at J-PARC

Neutrino
Wi Monitor
s building
Search for millicharged particles inspired by
MilliQan (with some of the same people)

Beam Dump

30 GeV
Decay volume proton
Stage 2 approval already given

Recent talk

Belle-1l at
SuperKEKB

Only ys (and neutrinos) reach the detector

Clean e+e-

Super-Kamiokande
environment at
SuperKEKB allows

for substantial
probing of many
dark sector

signatures...

3 i “\«xj‘ : ph £ -"‘;.‘i 3 r_.'¥ -._,‘. %
fy ”t 30“ :f % \ ?’ R S ‘-", Via
: 4 e U B SO
v 5 1 als

Long-lived light ALPs produced from =
air showers, travel towards the Earth’s += >

#. 4 surface, and decay into two photons «i3 3

inside Super-Kamiokande 2

& :“-\.‘. "/ 
3 NTRBEVAEE ¥ .
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...including dark QCD
arXiv:2203.08824

‘\ O B

arXiv:2208.05111
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https://indico.cern.ch/event/1216822/timetable/#11-status-of-submet-at-j-parc
https://doi.org/10.48550/arXiv.2208.05111
https://doi.org/10.48550/arXiv.2203.08824

Broad international effort

getector si "ﬁ";eM*FT:V::CS briver | Modest upgrades enable transformative physics
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International facility

HL-LHC & FPF

Snowmass “accelerator-based dark sector searches” report:
arXiv:2206.04220
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https://doi.org/10.48550/arXiv.2206.04220
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Dark photon (A") Millicharged particles

FIPs 2022 workshop report
arXiv:2305.01715
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https://arxiv.org/abs/2305.01715

Looking forward to LLPs in the future

~

. production, H

( N T
COLLIDER u*u collisions B HL-LHC 95% CL limit
\s=10TeV, 10 ab™ MuC3 95% CL limit
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---- SR}, 95% CL limit SR, 56 - SR, 50 (N, _x10)
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Discussions already well underway to ensure LLP

signatures are covered at future machines, including Disappearing tracks at a future
digging caverns for very LLPs at FCC, both ee and hh Muon Collider at 10 TeV
Snowmass study for FCC-ee; CLIC |IHEP 06 (2021) 133
See also: DELIGHT, FOREHUNT for FCChh
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https://doi.org/10.1007/JHEP06(2021)133
https://doi.org/10.48550/arXiv.2203.05502
https://indico.cern.ch/event/958135/contributions/4038438/attachments/2113712/3556608/UlrikeSchnoor_LLP_DM_CLIC.pdf
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J.

Long-lived particle searches at LEP and the Tevatron

Tevatron

Ruh.1010 Evly18\02May-2006
\C - ‘

\ - \

Calorimeter

beampipe

Tracker

Vie_iw 1/Front(X/Y)

10cm

M. Fanti talk about <’

LLPs at LEP at first
LHC LLP Mini-
workshop, 2016

A. Haas talk about
LLPs at Tevatron at
the same
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https://indico.cern.ch/event/517268/contributions/2041301/attachments/1272370/1886064/fanti_160512_LLPworkshop_LEP.pdf
https://indico.cern.ch/event/517268/contributions/2041301/attachments/1272370/1886064/fanti_160512_LLPworkshop_LEP.pdf

Neutral decaying to lepton-jets

_epton-jet = highly-collimated grouping of
eptons from a low-mass (O(GeV)), boosted
BSM particle like a dark photon / Zgark

« Confounds standard lepton isolation criteria

PLB 796 (2019) 131
ATLAS-CONF-2016-042

35.9 fo' (13 TeV)

BaBar LHCDb
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-042/
https://www.sciencedirect.com/science/article/pii/S0370269319304691?via=ihub

Neutral

_epton-jet = highly-collimated grouping of
eptons from a low-mass (O(GeV)), boosted
BSM particle like a dark photon / Zgark

« Confounds standard lepton isolation criteria

PLB 796 (2019) 131
ATLAS-CONF-2016-042
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decaying to lepton-jets

1072 >
(g . 2)6 AP I
)

107

107 : LHCb exclusion in
never-before-covered
LLP space, with 5.5/fb

1 0—5 Orsay

PS191
NOMAD

v-CAL T
CHARM
E137

1072 107! 0
m(A") [GeV]

LHCb: PRL 124, 041801 (2020)

e

Projections for LHCb upgrade
arXiv:1808.08865
arXiv:1509.06765

my |GeV]

LHCb: PRL 120, 061801
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-042/
https://www.sciencedirect.com/science/article/pii/S0370269319304691?via=ihub
https://arxiv.org/abs/1808.08865
http://arxiv.org/abs/1509.06765
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.061801
https://doi.org/10.1103/PhysRevLett.124.041801

Neutral decaying to leptons

— can still point back toward the interaction point ATLAS

for small displacements of the potential LLP EXPERIMENT

PRD 99, 012001 [2019] AN ' Run: 302265

Event: 18449422
2016-006—-17 02:10:00 CEST

ATLAS result using tracks only in the muon system

\s=13TeV 3291b"

mz = 20 GeV

> Observed

--- Expected
+10
+20

95% CL upper limit oxB [pb]

MS-only tracks extrapolated back to
di-muon vertex at ryix = 2.2 cm
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.012001

JHEP (2015) 2015: 59

J.

High-multiplicity neutral

Dark QCD

Xq

asym mk
sharing

Pd, Nd, - - -

annihilation |

708 .o
D, N *///////////,///' dy Pd,

T, K,...

Thus, this is neither
prompt jets nor a pair
of displaced jets
pointing to the same
displaced vertex, but
emerging jets

Beacham

Hidden-valley-style
dark sector with
complex dynamics:

Dark quarks
hadronize first in the
hidden sector and,
e.g., long-lived dark
pions then decay to
the visible sector via
multiple displaced
vertices of varying
displacements within
the same jet object

PLANCK2024 // Lisbon // 5

decaying hadronically: Emerging jets

p

Coni

Emerging Jet

16.1 b (13 TeV)

— Observed limit
= Expected limit

==== Expected limit + 1 o

95% CL upper limit on cross section [fb]

1000 1200 1400 1600 1800 2000
my [GeV]

First results for this dark QCD model at the
LHC from CMS — ATLAS search in progress

June 2024

6/£1 (610¢) ¢O ddHI
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https://link.springer.com/article/10.1007/JHEP05(2015)059
https://link.springer.com/article/10.1007/JHEP02(2019)179
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Delayed or non-pointing photons

Single photons or pairs of photons that enter

the electromagnetic calorimeter (Ecal) at

unusual angles

* Benchmark gauge-mediated SUSY-breaking

scenario with long-lived neutralino
« Combination of standard photon and

deposits with an elliptica

e 2019 result from CMS wit
TeV

dedicated triggers looking for Ecal

shape

n 77.4/ftb at 13

Beacham

CMS expected (= 10) 77.4 o' (13 TeV), v, vy
CMS observed 77.4 fo' (13 TeV), v, vy
ATLAS observed 20.3 fb™' (8 TeV), vy

CMS observed 4.9 fb™' (7 TeV), y

_1

100

M),Zo (GeV)

UJJJLLLLLLLLUJ_LLLLLLLUJ_LLLLLLLULLLLLLLLULLLLLLLLULLLLLLLLULU_L
100 150 200 250 300 350 400

A (TeV)

CMS, 13 TeV
PRD 100, 112003 (2019)
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https://doi.org/10.1103/PhysRevD.100.112003

Delayed or non-pointing photons

Recent ATLAS search for displaced / delayed photons or
electrons from Higgs or Z decays, where the H or Z is itself

the decay product of an LLP (in the context of a gauge-
mediated SUSY-breaking model

ATLAS —— Observed
Vs =13 TeV, 139 fb™! Expected

BN Expected = 10

Z7p
Back Layer

Middle Layer -
=R — H+G)

l—e=%B() —Z+G)
~ Front Layer

Here, LAr Calorimeter
proportions have been
stretched horizontally 4x

Secondary
Vertex (SV)

Primary / LI
Vertex (PV)

z=0

Beamline (z-axis)

100 ] | 600 700 800
m(%;) [GeV]

Vz

ATLAS: PRD 108 (2023) 1, 012012
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https://doi.org/10.1103/PhysRevD.108.012012

Quasi-stable charged particles

A new high-electric-charge object would sort of behave the ATLAS 2
: )

. . 1 DY Spin-1/2
opposite of an electron in ATLAS — would leave a road of A Fe=13Tev. 13810 m - 1500 GeV, Ig - 1g, o
Y]
©
A

—_
-
N

high-threshold hits in the transition radiation tracker and
very little shower in the electromagnetic calorimeter and
wouldn’t curve in the same way in the magnetic field

Example: A magnetic monopole with charge 68.5 times the
electron charge (Dirac monopole argument)

ATLAS [ JHEP 11 (2023) 112 ] search,

Monopole Aug. 2023, for high-electric-charge objects

See also CMS [ EXO-16-036 ] and
LHCb [ EPJC (2015) 75: 595 ]

Other BSM charged particles can move much at speeds much
slower than the speed of light or leave high ionization

.

> e LA R E L A
TR rwAFE ey b
Sbé*RmAaway

ID them via atypical ways that the charged particle interacts
with the detector material
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https://doi.org/10.1007/JHEP11(2023)112
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-036/index.html
https://link.springer.com/article/10.1140/epjc/s10052-015-3809-7

Forward Physics Facility

FLArE: LAr TPC (neutrinos + DM scattering) FASERv2: Emulsion (neutrinos) FORMOSA: Scintillators (milicharged
_10tn fiduciales™

For FLATE, cf
LUXE at DESY

i

PAOQ

FASER2: tracking spectrometer (LLPs)

Upstream Downstream EM Hadronic Iron Muon

Muon filter > Veto system tracker . tracker Calorimeter  Calorimeter Detector
Magnetized Had Cal -

}
Vertex det - / l l l l l l
0.5m ™ 7 N |

5tn target
Off-axis - : 10 10.5 13 17 17.5 20.6 21 23 s

Physics case is strong; as

Site investigations ongoing Goal is to submit
we’ve seen, most of these (already drilled |l etter of Intent to
have predecessors that 100-meter-deep earth cores) LHCC in early 2025

already have results
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https://indico.cern.ch/event/1216822/timetable/#45-update-on-the-planned-forwa
https://indico.cern.ch/event/1216822/timetable/#12-probing-new-physics-at-the
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We're still learning about LLPs from past experiments

ARGONEUT BEBC
Was the first LArTPC in a neutrino beam in the Beam dump experiment on the SPS from
U.S. (Fermilab), designed as a test experiment 1982, recently with results re-analyzed
that took data in 2009-2010, recently re- for BSM signatures

analyzed for BSM LLP signatures
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