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111 participants
« CMS Theory and Pheno
* ATLAS

Dedicated experiments

* MoEDAL-MAPP

* Beam dump experiments
* ProtoDUNE-SPS

* LUXE experiments

« MATHUSLA

« CODEX-b

« ANUBIS

 SHIFT

* SHIP

* milliQan

* Forward Physics Facility

All plenary, 5 days.

Total no of talks: 65 talks
Experiments — 15+

Participants from 20+ countries
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LLP2025 Session Types Distribution

Theory & Phenomenology
21.7%

Overview Talks
17.4%
Trigger Streams

17.4%

B Dedicated Experiments
Theory & Phenomenology
Overview Talks

B ATLAS/CMS/LHCb Results
Trigger Streams




Long-lived particles (LLPs):

Long living particle are a excellent probes for new physics searches in SM and beyond.

o Particle lifetimes in the SM range from t ~ 2 x 10725 s (the Z boson ) through to T ~ > 1034 years
(stable) (proton, electron).
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LLPs beyond the SM:

Some BSM scenarios which can include LLPs:

/ Hidden Sector particles / Heavy Neutral Leptons (HNLs) \
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The Long-Lived Particle projects at the LHC J.Phys.G 47 (2020) 1, 010501
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The Long-Lived Particle projects at the LHC
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+ an active community inside ATLAS, CMS, and LHCDb collaborations




The Long-Lived Particle projects at the LHC
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Experiment lab beam particle yield/L technique | portals timescale
current

ATLAS [1382] CERN pp, 13-14 TeV up to 3ab—? visible, invis. | (1,2,3.4) 2042
Belle IT [ 1 KEK ete, 11 GeV up to 50 ab~ 1 visible, invis. (1,234 2035
CMS [1383] CERN pp, 13-14 TeV upto3ab—! visible, invis. | (1,2,3.4) 2042
Dark(Spin)Quest [1256] FNAL p, 120 GeV 10'% — 1020 visible (1,2,34) 2024
FASER [1052] CERN pp, 14 TeV 150 fb—1 visible (12,34 2025
LHCb [1384] LHC pp, 13-14 TeV up to 300 b1 visible (1.2,3.4) 2042
MicroBooNE [1385] FNAL | p, 120 GeV (NuMi) ~ 7 % 1020 pot visible (2.4) 2015-2021
NAG62 [ ] CERN K+,75 GeV a few 1013 K decays visible, invis. (1,23.4) 2025
NA62-dump [1386] CERN p, 400 GeV ~ 108 pot visible (1234 2025
NA64, [1387] CERN e~ leT, 100 GeV uptol. 1013 = Jet K visible (1,3) < 2032
PADME [ ] LNF et, 550 MeV 5-1012 etot missing mass (8] < 2023
T2K-ND280 [1388] JPARC p, 30 GeV 102! pot visible @) running
proposed

BDX [1389] JLAB e~, 11 GeV ~ 1022 eotfyear recoil e 1,3 2024-2025
CODEX-b [1030] CERN pp, 14 TeV 300 fb—1 visible (1.23.4) 2042
Dark MESA [1390] Mainz e, 155 MeV 150 pA visible 8] < 2030
FASER2 [1068] CERN pp, 14 TeV 3ab—1 visible (1,2,3.4) 2042
FLaRE [1068] CERN pp, 14 TeV 3ab—1 visible, recoil ) 2042
FORMOSA [1068] CERN pp, 14 TeV Jab—! visible ) 2042
Gamma Factory | ] CERN photons up to 1025 ~/year visible (1,3) 2035-20387?
HIKE-dump [1392, 1 | CERN p, 400 GeV 51019 pot visible (1,234 <2038
HIKE-K™* [1392, 1 CERN K+,75GeV 10'* K decays visible, inv. (1,234 <2038
HIKE-Kj, [ 1 CERN Kp,,40 GeV 10'* K decays visible, inv. (1,234 <2042
LBND (DUNE) [1393] FNAL p, 120 GeV ~ 102! pot recoil e, N (1,234 < 2040
LDMX [1271] SLAC e”, 4,8 GeV 2-10'8 ot . visible (8] < 2030
M3 [1304] FNAL .15 GeV 100 (10'%) mot ¥ () proposed
MATHUSLA [1395] CERN pp. 14 TeV 3ab—! visible (1.2,3.4) 2042
milliQan [1070] CERN pp, 14 TeV 0.3-3ab~1 visible 8)] < 2032
MoeDAL/MAPP [1396] CERN pp, 14 TeV 30fb 1t visible @) < 2032
Mu3e [1397] PSI 29 MeV 108 — 1010,/5 visible () < 20387
NAG64, [ 1 CERN i, 160 GeV up to 2 x 1013 mot ﬁ n < 2032
PIONEER [ 1 PSI 55-70 MeV, rt 0.3 - 10%7/s visible 4) phase I approved
SBND [1400] FNAL p,8GeV 6- 1020 pot recoil Ar (1 < 2030
SHADOWS [1401] CERN p, 400 GeV 51019 pot visible 2,3.4) <2038
SHiP [1402] CERN p, 400 GeV 2-1020 pot visible, recoil | (1,2,3,4) <2038
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Long-lived particles (LLPs)

arXiv:2110.14675v1 [hep-ex] 27 Oct 2021

10.48550/arXiv.2110.14675
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Abstract

CrossMark

In this paper, we describe the potential of the LHCb experiment to detect stealth physics. This
refers to dynamics beyond the standard model that would elude searches that focus on
energetic objects or precision measurements of known processes. Stealth signatures include
long-lived particles and light resonances that are produced very rarely or together with
overwhelming backgrounds. We will discuss why LHCb is equipped to discover this kind of
physics at the Large Hadron Collider and provide examples of well-motivated theoretical

models that can be probed with great detail at the experiment.

Keywords: LHCb, stealth physics, BSM physics, hidden sectors, long-lived particles, dark

matter
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Effect of the high-level trigger
for detecting long-lived
particles at LHCb

Lukas Calefice?, Arthur Hennequin®, Louis Henry?,
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Nuclear Science. Massachusetts Institute of Technology. Cambridge. MA. United States, *European
Organization for Nuclear Research (CERN). Geneva. Switzerland, *Instituto de Fisica Corpuscular
(IFIC). Consejo Superior de Investigaciones Cientificas. University of Valencia, Valencia. Spain

Long-lived particles (LLPs) show up in many extensicns of the Standard Model,
but they are challenging to search for with current detectors, due to their very
displaced vertices. This study evaluated the ability of the trigger algorithms
used in the Large Hadron Collider beauty (LHCb) experiment to detect long-
lived particles and attempted to adapt them to enhance the sensitivity of this
experiment to undiscovered long-lived particles. A model with a Higgs portal
to a dark sector is tested, and the sensitivity reach is discussed. In the LHCb
tracking system, the farthest tracking station from the collision point is the
scintillating fiber tracker, the SciFi detector. One of the challenges in the track
reconstruction is to deal with the large amount of and combinatorics of hits
in the LHCb detector. A dedicated algorithm has been developed to cope with
the large data output. When fully implemented, this algorithm would greatly
increase the available statistics for any long-lived particle search in the forward
region and would additionally improve the sensitivity of analyses dealing with
Standard Model particles of large lifetime, such as Kg or A? hadrons.

Development of reconstruction strategies and algorithms at high level trigger to detect long-lived particles

03-10-2024
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LLP Community

José Zurita

2nd June 2025

Community is :

open: just by being here, you are already a member!

collaboration: get in touch with your colleagues, exchange
ideas, engage in discussions.

curiosity: “the only stupid question is the one you don’t ask!”
creativity: let your wildest ideas fly!

respect: no place here for harassment of any kind.

What is the LLP Community?

Group of scientists interested exploring long-lived signatures. Operating since 2015.

LLP also links to other experiments (e.g. DUNE, KM3NET), and to other collectives, e.i
Feebly Interactive Particles (FIPs), Long-Lived Particle Working Group.

Organizes Community Workshops since 2017 (currently: yearly meeting)
Milestone: LLP@LHC White Paper: J.Phys.G 47 (2020) 9, 090501, 448 citations.

- Simplified models based on signatures.

- Assessment of the coverage of current searches, making the gaps explicit.

* Recasting of LLP studies (recommendations for presentation).

* Explored capabilities of detector upgrades, future dedicated experiments and future

LLP frontier: dark showers, emerging and semi-visible jets, etc.

Long-Lived Particles

« LLPs: New Particles with macroscopic lifetimes (t~ns, ct~cm)

T Exist in the SM!
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+ Compressed spectra

* Large mass hierarchies

BSM Models: Supersymmetry, dark QCD,
sterile neutrinos , Neutral Naturalness,
Higgs Portal, Z’ Portal, Hidden Valleys, ...

Sensitivity of “background free” studies

scales with L (instead of L12):
room for surprises in LHC datal!

+ Small couplings
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Challenges in LLP Realm

Problem: original LHC detectors not built with LLPs as main target (except LHCb)

/ V-

ASFAE

MINISTERIO
DE CIENCIA, INNOVACION
Y UNIVERSIDADES

a) Triggers: Existing menu not optimal for LLPs! LLP WG Trigger Document: * |CERN—LF’CC-2021 -01, 211 0_14575_\

b) Analysis Strategies: Within experiments, a lot of creativity is needed!

¢) Reinterpretation: Use search based on model X to set constraints on model Y.
i) there is no standard definition of LLP objects.

ii) LLP backgrounds are often not possible to simulate with Monte Carlo.

d) New signatures: dark showers (emerging jets, semi-visible jets, dark jets, etc). *

Reinterpretation Forum, 2003.07868
SciPost Phys. 9 (2020) 2, 022

“Snowmass Dark Showers”, 2203.09503
Eur. Phys. J. C 82 (2022) 12, 1132

e) New Experiments: Place external detectors to catch all LLPs produced at LHC (or other sources!).

+ FASER, SND@LHC are an official LHC experiments.

* SHiP (approved March 2024).

+ Other proposals updating Eol, TDRs (MATHUSLA, Codex-B, ANUBIS, ...).
* Proposal to build a Forward Physics Facility (FPF)

*[... your idea goes here!]
T l--- YUUI IUEA YuES TIe1e!]




Theory and Pheno

~18:10 Theory and pheno Il 0930 IRLETY

Conveners

IEZEZR - 1100 Theory and pheno It

Conveners: Jan Hajer (c

Theory and pheno IV

Conveners

o Lopez Pavon

‘Status of GeV-scale LLPs ® IEET)  ong-tived Light Mediators in a Higgs Portal Model at the FCC-s¢ and FEC-hh

ETERN - 1830 Theory and pheno1 Cosmology and Long-Lived Partli

Conveners: James Beacham (max i ety (oK), Dr José Franci;

In this talk, I will provide a (non-exhat e edge of current abse
m Heavy Neutral Leptons In Ice, Water and Rock Martter, touching upon Heavy Neutral inos are affects
driven freeze-out mechanisms (from Speaker: Majsym O

Heavy neutral leptons (HNLS) are well-motivated cand

¥ a B wp_work
states can couple to their left-nanded Standard Model Speaker: Jose Miguel No (Fruamsc - —
transition magnetic moments. This talk discusses sea 2025 ol
as lceCube and KM3NeT can search for mass-mixed ¢ T EEE  Leptophiic ALPs in Laboratory Experiments
present the first attempt at an HNL-induced double ca _LLP_JMNo.p e I } - Long-Lived Porticle Searches ot s Future Higgs Factory with the ILD experiment
cascade searches. Second, far-forward experiments a e ot e R a ivod particle L) searches. Wo presont  fullsimulation study of L
chas ptons. Loops of charged leptons indu hich depend on the mor
proton-proton collisions. To this end, we introduce twe particles and — MEEETH - 1300 Theory and pheno V
the Surface-based Integrated Neutrino Experiment (SI Exploring Long-Lived Hidden Vall s Conveners: Dr José Francisco Zurita (i - uni. of vle ) Lisa Benato (s
prospects for HNL searches at SINE and UNDINE usin
Speaker D Nichoas . Hidden Valley (HV) scenarios featurir |  placing Bounds on New Physics with Displaced Photons ®17m
peaker: Dr Nicholas Kamp (Harvara University . )
confinement gives rise to dark mesor If a neutral long-lived particle decays predominantly into photons and another stable particle, its presence can be reconstructed at the LHC
LLP@Valencia_202. lifetimes where it is necessary to rein in the form of displaced photons. These are recognized as such in terms of their delayed arrival time £, and a non-pointing parameter Az
@ y -
approach, we show that the existing | [y
S edele
m UHE muons at KM3NeT In the context of the ano their influence on the LLP multiplicity In'this work we present a detailed racast of a search for displaced photons in ATLAS, and show how it can be used to constrain new
\ y v nysics. In particular, we use the search to put bounds on the Dimension-5 Seesaw Portal (which can explain neutrino masses) and on a
motivates new pathways 1o explore F Tl underex P
plored Challenges In LLP/FIP Searches at Colliders and Cosmology

Recently, the KM3NeT collaboration announced the de
Nevertheless, the observation of this event is in 2.5-3.. Speaker: Joshua Lockyer
In fact, this is not the first anomalous measurement o
events, compatible with a tau neutrino, and in strong &
In this talk | will review under which conditions can BS

dark photon model coupling via a scalar portal to the Standard Model (which can explain dark matter)

Speaker: Dr Joel Jones-Perez

LLPJJPV1 pdf

Lockyer_LLP2025.pdf

anergy neutrino telescopes at constraining models wit m Long-lived particles In a seotogenic-like model ®17m
Speaker: Antoni Bertélez-Martinez (oep e Fisica m Dark showers from sneaky dark n Neutrino masses and dark matter (DM) might have a common origin. The scotogenic model can be considered the proto-type model
o N realizing this idea, but many other variants exist. In this talk, | will comment on long-lived particles predicted in a scotogenicike scenario,
LLP 2025 - Bertolez 1 will present a minimal composite dz i containing a triplet scalar. We calculate the relic density and check for constraints from direct detection experiments. The parameter space
mediator. For ny > 4, the dark flavor . of the mode], allowed by these constraints, contains typically a longlived or quasi-stable doubly charged scalar, that can be searched for at
m Probing long-lived HNLS vi -philic I I rks. Sub-GeV FIPs the LHC. We reinterpret existing searches to derive limits on the masses of the scalars of the model and estimate future sensitivities in the
g long-live Via top-philic Interactio candidates. Their relic abundance is: o O(1) gaps in m. high-luminosity phase of the LHC.
Heavy Neutral Leptons (HNLs) provide a well-motivate decay. Due to their degenerate mass¢ HCh's vertexing with ATLAS/CM! d cosmological likelinoads for er ‘Speaker- Giovanna Cotin (= Iversidad Catolica de
and potential new physics at the TeV scale. In this talk constraints from indirect detection ar for pecific statistical frameworks ana
focusing on top-philic dimension-six operators. We ide AR
top quarks and production via exotic top decays. For Speaker: Adrian Carmona Bermudez

as ATLAS) and far-detector experiments (including M/ o [EZ1]  Using BDTs as Surrogate Models for BSM searches In ATLAS ®17m
probe new physics scales up to 12 TeV for certain ope A_Cammona_LLP25 o

regions of HNL parameter space. These findings highl —

In‘this talk, | will present a novel approach for the reinterpretation of LHC searches for long-lived particles (LLPs) using Boosted Decision

m 11:40 Th d phy Trees (BDTs). This method allows us to estimate the likelihood that events from a new physics model would have been selected in a prior
the discovery potential for HNLs at the LHC — Theory and pheno VI analysis, based solely on truth-level information. | will discuss the development and validation of method, including its integration within
Speaker Rebeca Belran Probing conversion-driven freeze-out at the LHC Conveners: Albert De Roeck (cern), Laura Molina Bueno (univ. of valencla CESH the HackAnalysis framework. Furthermore, | will explore its application to an extended version of the HAHM model with asymmetric LLPs

(in mass and lifetime), and highlight the promising results obtained

RebecaBeftran_LLP.. Conversion-driven fr eeze-out is an appealing mechanism to ex| m Dark Higgs Interpretation of H -> LLP LLP searches ©17m Speaker: Abdehamid Haddad T
results from direct and indirect detection due to a very weak dz
o d Hived BDT as  Surrogat
m Probing HL properties through thelr Ifetime di decaying into dark matter with lifetimes favorably coinciding w In this talk, | will present a reinterpretation of selected LHC searches for Higgs boson decays into long-ived particles (LLPs) in the context asa Surogate

of a Standard Model plus scalar (SMrs) Dark Higgs model. The analysis is based on public data available in HEPData and focuses on
comparing the sensitivity of different search strategies and final states. The aim is 1o explore how various approaches can probe different m Probing exotic long-lived particles from the prompt side using the CONTUR method ®17m
regions of the model parameter space and to examine the extent to which they provide complementary information.

splitting between the long-lived particle and dark matter render

Extensions of the standard model of particle physics \
‘We consider four different classes of searches covering the em

masses as well as the baryon asymmetry of the Unive . .
Amethod to derive constraints on new physics models featuring exotic long-ived particles using detector-corrected measurements of

do-| d \ displaced vertices, and missing energy searches. We discuss tl
FSEUJ‘D D."a.c pair, Jéaléﬂefﬂle in mass with nearly ider P R 9 h 9 : - Speaker: Alberto Escalante Del Valle (ciemaT . - prompt states is presented. The CONTUR workflow is modified 1o either account for the fraction of long-ived particles which decay early
decay law, with the only parameter that can be extract current constraints highlighting their complementarity. For the enough to be reconsiructed as promp, or to be sensitive to the recoil of such particles against a prompt system. This makes it possible 1o
. } current analysis significantly improves its sensitivity to the scel LLP. 2025 H_10.LL determine how many of signal events would be selected in the RIVET routines which encapsulate the figucial regions of dozens of
If the seesaw scenario is extended by a third HNL, this R measurements of Standard Model processes by the ATLAS and CMS collaborations. New canstraints are set on several popular exotic
picture, and leading to a much richer phenomenology. Speaker: Lucas Magno Dantas Ramos long-ived particle models in the very short ifetime or very longif gimes, which are often p vered by direct searches. The
mass differences, even in scenarios where these are t robed models include feebly-interacting dark matter, hidden sector models mediated by a heavy neutral scalar, dark photon models and a
Revealing the Origin of Neutrino Masses through Displaced Shower Searches In the CMS Muon System ®@17m ’ . :
Speaker: Juraj Klaric unersiett v et talkl MDR_LLP2025 9 9 9 P ¥ model featuring photo-phobic axion-like particles
Remote Spesker: Bruna Pascual (u iemont A

A 20250601 Kiarict . [& 20250601 KiaricLL

We study the potential to probe the origin of neutrino masses, by searching for long-lived right-handed neutrinos (RHNs) N inthe B — L 20250605_LLP2025.

model and in the RHN-extended Standard Model (SM) Effective Field Theory (EFT). Despite the small active-sterile mixing | Ven|?, RHNs

Lepton Number Violatlon In Symmetry-protected Seesaw Models ©17m are produced abundantly via SM and exotic Higgs production, as long as the Higgs mixing or EFT operator coefficient is sufficiently large.
Type | seesaw models, which pravide an explanation for the observed small neutrino masses, additionally predict the existence of heavy We reinterpret a search for displaced showers in the CMS muon system and we find that it is sensitive to parameter space at and below
neutral leptons (HNLs). In collider-observable scenarios, these HNLs must form nearly mass-degenerate pseudo-Dirac pairs, as captured the seesaw floor, [Vy|? =2 10 12 (¢ = e, 7) for my = 40 GeV. With existing data constraining such well-motivated scenarios of neutrino
by symmetry-protected seesaw models. The mass splitting within these pairs induces heavy neutrino-antineutrino oscillations, leading to mass generation, we determine the projected sensitivity at the HL-LHC, motivating dedicated searches for long-ived RHNs with decay
observables that are sensitive o lepton number violation. We explore the potential of current and future collider experiments to quantify lengths = 10 m

the amount of lepton number violation.
Speaker: Wei Liu (nanjing

Speaker- Mr Bruno M. S_ Oliveira (Ceniro

- RECASTLLP-RHN pdf
Bruno M. 5. Oliveira




Hea‘iry Neutral Lepto s inlle€; B \Vhere are the right-handed neutrinos?l
\ Water and,,R o T

No right-handed neutrinos
in the Standard Model
means No neutrino mass

o

LLP 2625 | Valenma Spaln
- 9) June 2025

So let's add them!
Portals to Heavy Neutral Leptons

These are "heavy

r Mass-Mixed HNLs \ Dipole-Portal HNLs o
Coupling via mass mixing Coupling via an effective The |CeCU be DeteCtOl’ :é: neutral |eptons
as in Seesaw Type | transition magnetic moment 3 ¢ . e (HN LS)
Parameters Parameters e i‘ e
« My : HNL mass o My : HNL mass s oo
« U,y : mixing matrix elements « d,y : effective dipole moment
Va Nz {}\’ 1450 m
o
U e ~ LHC Neutrinos pass through Lake Geneva
a. 46.
: ik 2450m . FRANCE SWITZERLAND This enables the
X 2 | 2820m ‘
0 \ | construction of large-
k L J _ % 7 scale lake-and-

N.Kamp Heavy Neutral Leptons inIce, Water, and Rock | LLP 2025 465 surface/detector ' surface-based

detectors that evade
muon backgrounds
from the p-p collision

Thanks to Benjamin Weyer and
Albert De Roeck for discussions
on the beam geometry

Latitude [deg]
IS
>
IS

arxiv:2501.08278

Lake- and Surface-Based Detectors for Forward Neutrino Physics

6.25
Longitude [deg]

Nicholas W. Kamp,!* Carlos A. Argiielles,!: ! Albrecht Karle,?: ¥ Jennifer Thomas,? % % and Tianlu Yuan? ¥

! Department of Physics and Laboratory for Particle Physics and Cosmology, Harvard University, Cambridge, MA 02138, US
2 Department of Physics and Wisconsin IceCube Particle Astrophysics Center,
University of Wisconsin— Madison, Madison, WI 53706, USA
? Department of Physics and Astronomy, University College London, London, WCI1E 6BT, UK
(Dated: January 14, 2025)

Beam from CMS

- Land
- Loke Geneva
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Sensitivity to Tau Mixing

vﬂ — v, oscillations of atmospherlc neutrinos enable sensitivity to | U, |

Dipole-Portal HNLs @ IceCube

Dipole-portal HNLs also create double cascades

IUNI |U,~| 300+
1|— median -().2F
] =--- 68% band We consider atmospheric v,: not limited by 20 GeV v, oscillation peak
{— i -0.20 H Coloma+ 2017
— 9()() - L-Eischer Thesis -
~ ] -0.15=.
. =
100 - -0.10
] -0.05 g
0- -0.00 2
0 100 200 300
Line [m]
Oscillation peak around 20 GeV,
energy (GeV) too low for reconstruction in DeepCore oof |V~ N IceCube/DeepCore
N. Kamp Heavy Neutral Leptons in Ice, Water, and Rock | LLP 2025 9 1074 103 1072 1071 10° 10!
my (GeV)

Muon Pairs from HNLs

Mass-mixed HNLs can also
produce di-muon signatures at 0
neutrino telescopes

Single Cascade HNL Search

« Alternate strategy: search for an excess of single cascades over the
atmospheric neutrino background

E

2050 Global ISO Contours (sep > 0 m)
77

P. Castafio

¢ Severely background limited: constraints only possible at the | U'rN|2 ~ 0.1 level
5 10000 my =06GeV == e = - Wilks (umoma my = 0.6 GeV _Q
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HL-LHC Event Rates
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Heavy Neutral Leptons: present bounds

By J.Hernandez-Garcia

.............................................................................

PMNS Unitarity

b’ LS
3| SR
: b sl
SBN NEAR
DETECTOR
HALL

1 SciBooNE 5 > /
4 DETECTOR -
e | =

ICARUS is also exposed to the NuMI v-beam.

NuMI: 120 GeV protons from main injector against graphite target, accumulating 6.6 - 102 PoT/year.


https://indico.cern.ch/event/1441321/contributions/6526110/attachments/3082100/5455634/LLPs_searches_at_beam-dumps.pdf

| | Heavy Neutral Leptons
Probing HNL properties

through their lifetime |1

Also known as: |

|
distribution - Right-handed neutrinos m

15" workshop of the Long-Lived Particle Community. Sterile neutrinos

LUP 2075

Valencia, June 2nd, 2025 - Heavy Majorana neutrinos

¥ % R
&
['am known by RNy NaIca,
>

Juraj Klarié¢ wn Niklhef

The parameter spact
seesaw & leptogenesis

‘ o DALES Darm;%ifter
How is 3>27

but you rpayfcall me... HN{=— L V-masses o BA

* Minimal 2 HNL scenario can explain both the
neutrino masses & baryon asymmetry

- 3“9 HNL could act as a DM candidate

e |fm>0, all three HNLs need to contribute to
neutrino masses

* 3" HNL also makes much larger couplings possible

* Leptogenesis is possible in the entire exp. accessible
region

2 HNL masses

1 complex (x2) angle

2 light neutrino masses
3 PMNS angles

1 CP phase &

1 Majorana phase a

11 (6 free) real parameters

3 HNLs
3 HNL masses
3 complex (x2) angles
2 + 1 light neutrino masses
3 PMNS angles
1 CP phase &

2 Majorana phases ai»

18 (13 free) real parameters



https://indico.cern.ch/event/1441321/contributions/6465548/attachments/3078734/5449047/20250601_KlaricLLP.pdf

3HNLs: Beyond a simple decay law vy Neutral Leptons

ilﬁ o
AEE O g

Decay distribution carries information
about HNL mixing angles:

* [wo of the HNLs can have equal
mixings as expected in the pseudo-Dirac
case

* \Very long lived states can exist

z]

V - mMasses Darmé’tter

How Is 3527

e Completely different O(1) mixing ratios
become possible

Outlook & Conclusions

* 3 HNLs, can appear quite different than pseudo-Dirac neutrinos even for O(1) mixing
angles

* This can lead to lifetime distributions that substantially differ from a simple exponential
decay law

* These distributions encode information about the HNL mixing angles U?
* The connection to the theory parameters is often not straightforward:
- U2 corrections can significantly alter the physical HNL states
- Large U? corrections re-establish a clear pseudo-Dirac pair

- The lifetime of the remaining long-lived HNL can shed light on the mass difference
parameters

0 = iU, \/ my B R/ My

2 HNLs
2 HNL masses
1 complex (x2) angle
2 light neutrino masses
3 PMNS angles
1 CP phase &

1 Majorana phase a

11 (6 free) real parameters

3 HNLs
3 HNL masses
3 complex (x2) angles
2 + 1 light neutrino masses
3 PMNS angles
1 CP phase &

2 Majorana phases ai»

18 (13 free) real parameters




Long-Lived Particles (LLPs) could be the portal to hidden sectors addressing different Standard Model open problems

By J.Hernandez-Garcia

~ BSM portal New particle | New parameters | SM open problem
LLP Searches at Beam-Dump
Experiments KnoYvn portal AlEfEts Fermion portal HNLs — N My, Uy Neutrino masses
Physics sector
JOsU HERNANDEZ-GARCIA ESM gporral gkfdden Axion portal ALPs — a ma»f;; Strong CP
BASED ON ARXIV: 2408.03383 anp 2007.03701 Scalar portal Dark Scalar _ S mS, 9 Vacuum Stability
ARXIV:2408.03383 and 2007.03701
Vector portal |Dark photon — Z’ Mz, € DM candidate

Phenomenology of LLP portals: HNLs

HNL mixes with active neutrinos

ta= 2,
i

Origin of neutrino masses and

. HNL CC and NC interactions:
mixings

U .v.

ar’i

+ U,yN
Lo D — VN g, W
N,int v aN' La""p
my _
Minimal model: 2 HNLs needed. £ NU* Yy 2,
Phenomenology given by

NGE

4 free parameters:
* HNL mass, My

* mixing with three v, U_y

Heavy Neutral Leptons (HNLs)

U,y < 1 = weaker than weak
interaction

Experimental results shown single flavor dominance = HNL coupled to one flavor at a time:
2. 2, 2_1.0-
|UeN| '|UﬂN| '|UTN| =1:0:0

e dominance

U N UN P N UNP=0:1:0 | [Upl®: |Upl?: [Upyl?=0:0:

4 dominance 7 dominance

The ICARUS experiment at SBN

Proposed to:

Three liquid Ar TPCs

* Clarify LSND and MiniBooNE 270 tons

anomalies Baseline: 110 m
* Explore sterile neutrino in the eV Taking data since 2015 2024
mass scale
ICARUS
760 tons
BN Baseline: 600 m

170 tons Short-Baseline Neutrino (SBN)
- Baseline: 470 m
& 2015 — 2021 2021

! Exposed to the Booster Neutrino Beam (BNB) produced from 8 GeV protons from the booster


https://indico.cern.ch/event/1441321/contributions/6526110/attachments/3082100/5455634/LLPs_searches_at_beam-dumps.pdf

Phenomenology of LLP portals: ALPs

Phenomenology of LLP portals: Dark Scalar

Strong CP problem in QCD Gluon dominance scenario
* ALP massm,

* Decay constant f;,
ALP production:

* m, <1GeV

71-0’ 7, ,1’ ......... >< ......... a

* m, > 1 GeV: gluon fusion

ALP decay:

Axion-Like Particles (ALPs) *m,<3m;ga—yy

* m,>3mya— 32 xtr 7’

Present bounds:

* Visible: NA62, NA48/2, BaBar, CHARM
Bounds derived in arXiv: 2201.07805 and 2201.05170

* Invisible: NAG2, Belle
Bounds derived in arXiv: 2201.07805

The DUNE experiment: the Near Detector Phase-1

Exposure: 1.1 - 102! PoT/year ND-LAr

150 ton LArTPC
Same detection technology and
nuclear target of FD

Measure initial flux composition

" 3 o5 Near Detector (ND) complex
Systematic uncertainties on v flux - -

and cross section

T™MS
SAND

System for On-Axis Neutrino e Spectameter:

; . magnetized steel range stack
Detection: fixed on-axis g g

, serve as muon catcher for
magnetized beam spectrum
. ND-LAr
monitor
PRISM: ND-LAr and TMS move up to 28.5 m off axis to facilitate measurements of different neutrino fluxes

Pheno encoded 2 free parameters:

EW vacuum stability Scalar mixed Higgs boson Pheno encoded 2 free parameters:

* Scalar mass m
Z D¢, |H|*S s
) * Its mixing @ ~ cyvy/my
Dark scalar production:

* One-loop FCNC processes
K* = z*Sand K, — 7°S

Dark scalar decay:

*S—ete”
* D decays CKM suppressed Dark Scalar « S utum
* B decays not suppressed, but e S5 gt and S — 72%°

small production yield in DUNE .S KYK-

Present bounds:
CHARM, KOTOQ, NA62, E949, SN1987A, LHCD, Belle

The DUNE experiment: the Near Detector Phase-II

Measure initial flux composition Exposure: ~ 2 - 102! PoT/year ND-LAr

150 ton LArTPC
Same detection technology and

Near Detector (ND) complex
nuclear target of FD

Systematic uncertainties on v flux
and cross section

~
ND-GAr
SAND -
System for On-Axis Neutrino A I ton hig —pressure.
Detection: fixed on-axis gaseous Ar TPC + ECAL ina
magnetized beam spectrum 0.5 T magnetic field
monitor 2035

PRISM: ND-LAr and ND-GAr move up to 28.5 m off axis to facilitate measurements of different neutrino fluxes
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Bruno M. S. Oliveira in collaboration with Stefan Antusch and Jan Hajer d S b Z ‘ |4/ ’ 4_?
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et : / Neutrinos are
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" . Unable to explain neutrino flavour oscillations
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UHE events at IR R KM3NeT is in tension with IceCube

KM3NeT and ANITA |11 '] 100! o e

and how to leverage them for BSM (and LLPs).

working with C. A. Arglelles, A. Burgos,
A. Burns, |. Esteban, J. Lépez-Pavén,

I. Martinez-Soler, J. Salvadé. 230503746, 250XYYYYY
LLP 2025

o KM3NeT
*@0\@, ----- | e KM3-230213A E~2 fit
€0
[ : - ARES (2024 \ceo‘?f:.,..-. ----- s JoiNt £ fit

........................... S o Joint BPL fit (this work)

-
o
@

IceCube fits

—— NST (2022)
—— HESE (2021)
T —— Glashow (2021)

—
o
|

©

SPL 68% NST (2022)
SPL 68% HESE (2021)

E20lf , [GeVcm™2 571 sr1]

10710 4
Li, Naredo-Tuero, Machado,
" Schwemberger, 2502.04508
sticut de Cidncies B 3 | Xx- - 10~ - - . - - - ]
Institut de Cldncies del Cosmos @ . Y - - 10* 105 106 107 108 109 1010 101 KM3NeT Collaboration,
Neutrino energy [GeV] 220208373

T Bertolez-Martinez The necessary (constant and isotropic) flux to explain the KM3NeT event is
in a 2.50 to 3.80 tension with the non-observation of IceCube.
A /, ’ [ [) /, /, /, [) [ 4 [ 2 a .
T ——— g —— The ANITA-IV events
i ) 0 Pa - 0 () Pe These are four up-going electromagnetic cascades, with
6 a0
] ultra-high energies and Earth-skimming trajectories
025)8050, 376-38 ; S G E=0(1)EeV, L = O(300) km .

E . —— Nominal direction AR ; o The events have distinguishable zenithal angle,
T L D gltiugs L4 o and completely different azimuthal angle.

-1000 <
:é Q 6:10 The fact that all happened in a single month
2 2000 NS A Va suggests a diffuse flux origin.
5 A\ S 2ty
2 . 7
2 ~3000 o 4
a
a @p

-4000 S, Q

0 20 40 60 80 100 120 140 160 61‘9
Distance to ARCA [km] 2
céo"

Not to scale.


https://indico.cern.ch/event/1441321/contributions/6459917/attachments/3078142/5447802/LLP%202025%20-%20Bertolez.pdf

An explanation within the Standard Model

These signals can be produced from ultra-high-energy
astrophysical tau neutrinos.

However, the required flux
predicts O(100) events
in lceCube, which makes
the events anomalous.

T lepton decay
after lifetime g

T lepton

SM cross-section
OsMm

Incoming
Vr

Shower

propagation

Feng, Fisher, Wilczek, Wu: hep-ph/0105067
Zas: astro-ph/0504610
ANITA collaboration: 2010.02869, 2112.07069

A particular realization of the model

A dark photon as the portal to
the SM, with kinetic mixing ~1073.

A pair of fermions act as
inelastic DM. The lightest one
is stable and arrives to Earth.

X2 decay after
lifetime 7

\ Long-lived
\| particle X2
Incoming \ The heavy fermion is //

Cross-section

particle X1 i

unstable and decays
semi-visibly into the light
fermion, in the atmosphere.

@ Flux produced from the decay of extremely heavy O(EeV) DM.

A class of models which can evade IceCube

Tries to mimic the SM explanation with three free parameters which
bundle the main physics. N

Shower

Which parameters can explain
the observations? Does any
long-lived particle work?

T decay after
lifetime 7

Long-lived
particle T
Incoming

particle N Cross-section

o

Cline, Gross, Xue (2019): 1904.13396
Fox et al (2018): 1809.09615

er (km)
lobal fi , -
Glob t 0t 102 10 10t 10° 108
2 FETERTTIT BRI RN ETIT RS ETTTT BRI SR TTTT W
A global explanation w/ANITA-IV becomes 1 e E 101
harder to fit, with the BF slightly below 40. i
A way out is extremely-elastic scatterings in the LLP production. e §
o o 10" =
0=020sy & =8km day " ; F 102
T = 5Tsm Br(T — ) =0.3 . ] >
B 14 : =
2 ] X e F10° 2
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—'_ = 1 | E c
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Probing
top-philic interactions @ LHC

Rebeca Beltran (IFIC Valencia)
rebeca.beltran@ific.uv.es

based on JHEP 05 (2025) 238 with G. Cottin, J. Glinther, M. Hirsch, A. Titov, Z. S. Wang

ATLAS search proposal

NrRSMEFT and top-philic interactions

Signal: displaced vertex (DV) from

Two-stage event selection:

[ NpSMEFT : SMEFT + sterile N ]

Model: electroweak HNLs + heavy particles at NP scale mediating
interactions between top quarks and HNLs. At low energies:

4 L senq..06
L NgSMEFT D £(81\31+NR 1 Z FC(J) Oz(jl)cl

Top - HNL operators CJ

Underexplored, but promising @ LHC due to high top production rates

This talk: how LLP searches can probe top-philic HNLs

Sensitivity prospects: (my, [V.x|?)

HNL decay accompanied by jets

Event-level

4, 5 or 6 jets with py > 90, 65,55 GeV

*Discovery prospects: identify b-jets

EW -

GeV

top-philic
UV model

NRLEFT

Vs =14 TeV

@ 8 1) Vi)

e Obune  (urtr)(Ngvr)+ (dptr)(Nrer)

1/(1 TeV)?

Vertex-level

5 tracks with {

4 mm < R, < 300 mm , |z| < 300 mm 104N

1 track with |do| > 2 mm

YBzycT > 520 mm
pr/lgl > 1 GeV

mpy > 10 GeV

/A2 =1/(1 TeV)?
r 10°°

MATHUSLA: 3 ab

107%

CODEX-b: 30K I %

MAPP2: 300 fly
ATLAS: 3ab™!

107

10712 1071k

| D T 1S S A

b= [

10712

[Ven]?

107"

18
10 10741

+ parameterized efficiencies at vertex-level from [2301.1386 1072

Inspired by :
e recast [2404.06126] for ATLAS “DV+jets” search [2301.13866]
e past8TeV search for DVs at ATLAS [1504.05162]

O L B L P

~16|_
107 19

C .(‘;u v/ A=

T

MATHUSLA: 3 ab™!

DE
MAPP2: 300 fy
ATLAS: 3 ab ™’ =

PR | L L n "
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my [GeV]

Solid (dashed): 3 (30) signal events

my [GeV]
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Exploring Long-Lived Hidden Valleys

Constraining dark sectors in the muon endcap
Joshua Lockyer
joshua.lockyer@uni-graz.at

Collaboration with: Suchita Kulkarni & Wei Liu

+
Tt stable

Based on:
arXiv:2505.03058

Confining Hidden Valley models

® Hidden Valley (HV) models extend the SM with a new dark sector uncharged under the SM gauge group, instead
connecting to the SM through a heavy mediator, here we use a U(1) Z),.

Theory
arXiv:0604261, M.J. Strassler et al.

arXiv:1502.05409, P. Schwaller et al.

arXiv:1503.00009, T. Cohen et al.
arXiv:0712.2041, T. Han et al.

Standard Model: <

SU@)e % SUQR), x U(l)y

Heavy Zj,
mediator

Experimental searches:
arXiv:2112.11125 (CMS)
arXiv:2305.18037 (ATLAS)
arXiv:2505.02429 (ATLAS)
arXiv:2102.10874 (ATLAS)
arXiv:2403.01556 (CMS)

® Focus on dark sectors with a SU(N,) gauge group with Ny flavours of degenerate fundamental Dirac fermions
(dark quarks). Such sectors are characterised by four parameters; N, Ni., A and m,/A. Confinement ensures the
formation of bound states; in our case dark mesons - typically dark pions or dark rhos.

® Certain classes of HV models resembling QCD present novel collider signatures and exciting opportunities for new
physics discovery. Many searches already exist at colliders for the signatures of QCD-like dark sectors.

1000 1000
100F E 100 e
— — 5.
= =) 3,’3?
= 10¢ 4 z 10 ! &}:4"4" E
b 5 S
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7o JEN [P
R &
NN (N pe
1t E 1t c(\“ . ) el “15" p
\ Lo - One 7° decay
. All 72'0 decay ) my/A=06, MZD =35TeV,M,/A =006,
arXiv: 2107.04838 (CMS)
mz, = 35 TeV, NC=5, NF/,NC =1 ]Vc=57 NF/NC =1
01 1 ! o .-.-I 1 1 01 1 1 L 1 1
1 10 100 1000 10* 10° 106 1 10 100 1000 10% 10° 106
cTrrp [mm] cTirp [mm]




DM PHENOMENOLOGY
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Natural motivation to look for long-lived particles!
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— jets + MET

— 4 jets

— emerging jets

— emerging jets (GNN) ]
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— direct detection
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by A. Lessa, J. Heisig, Lucas Magno D. Ramos

S| WIMP-nucleon cross section [cm?]

Probing conversion-driven

freeze-out at the LHC

ArXiv: 2404.16086
Phys.Rev.D 110 (2024)

Main References

"Probing conversion-driven freeze-out at
the LHC”, arXiv:2404.16086
"Fourth Exception in the Calculation of
Relic Abundances", arXiv: 1705.08450

“Coannihilation without chemical
equilibrium”, arXiv:1705.09292

Searches:

ATLAS-SUSY-2018-42 / CMS-EX0O-19-010
CMS-EXO-16-044 / ATLAS-SUSY-2016-08
ATLAS-SUSY-2018-13 / CMS-EXO-20-004

10°

10~%2{ parkSide-50 (2023)

XENONIT (2020)

-48 | : g
10 Neutrino coherent scattering

10—50

CMS jets plus Ep™
—— CMS jets plus Ef (LLP veto)
—— ATLAS DV plus Ep*=

""" ATLAS DV plus EF™= (50% €)
—— ATLAS HSCP

—— CMS DT (AR cut)
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PDG Review of Particle Physics, 2024; Section

102

27. Dark Matter
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https://indico.cern.ch/event/1441321/contributions/6464993/attachments/3079082/5449641/talkLMDR_LLP2025.pdf

The LOHENGRIN Experiment:
Status and Theory Predictions

Martin Schiirmann®
for the LoHENGRIN study group:

Philip Bechtle, Christian Bespin, Dominique Breton, Carlos Orero Canet, Klaus Desch, Herbi Dreiner, Oliver Freyermuth, Rhorry Gauld,
Markus Gruber, César Blanch Gutiérrez, Hazem Hajjar, Matthias Hamer, Jan-Eric Heinrichs, Adrian Irles, Jochen Kaminski, Laney Klipphahn,
Hans Kriiger, Michael Lupberger, Jihane Maalmi, Roman Péschl, Dennis Proft, Leonie Richarz, Tobias Schiffer, Patrick Schwébig,
Martin Schiirmann, Dirk Zerwas.

Bechtle, P., Bespin, C., Breton, D. et al.
A proposal for the Lohengrin experiment to search for dark sector particles at the ELSA Accelerator.
Eur. Phys. ]. C 85, 600 (2025).

ELSA

Conservative estimate

e Simple cut and count analysis
e 90%CL
e  With some further improvements,

LOHENGRIN will probe the scalar and
Majorana thermal relic targets in low
mass region.
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Prelude

Placing Bounds on Dark Matter with
DiSp|aced Photons ® On Monday, James gave a speech wishing for LLP 2625 workshop.

Joel Jones-Pérez ® Which reminded me...
Pontificia Universidad Catélica del Perud (PUCP)

Based on the following wc

F. Delgado, L. Duarte, JJP, C. Manrique-Chavil, S. Pefia (2205.13E
L. Duarte, JJP, C. Manrique-Chavil (2311.17¢

P. Arias, B. Diaz, L. Duarte, JJP, W. Rodriguez, D. Zegarra (25xx.xx»

arl <1V > hep-ex > arXiv:2106.02048

High Energy Physics - Experiment

[Submitted on 3 Jun 2021 (v1), last revised 9 Jan 2022 (this version, v3)]

A very high energy hadron collider on the Moon

So maybe LLPs are th

James Beacham, nk Zimmermann

The long-term prospect of building a hadron collider around the circumference of a great n ew S U SY? . ¢ » \
proton-proton center-of-mass collision energy of 14 PeV -- a thousand times higher than .. M W
project are presented, including siting, construction, availability of necessary materials of The S Eil”ﬂﬂ' "ends thed s &
concrete feasibility of each. Machine parameters and vacuum requirements are explored mm{y.we‘w consmhed SUSY How to ensure va"’ mwel me"ns
organizations in establishing a permanent Moon presence, a CCM could be the (next-to- “ t l ““
machines, such as the proposed Future Circular Collider at CERN or a Super Proton-Pr(: Let's h 0 pe n ot! !! MMSSM P, f'..
as an important stepping stone towards a Planck-scale collider sited in our Solar System.
i FE 1 FF3C10ACBAS-MSSM .

MSSM retrograde £2.ch0i00 MO w
Anthropic landscaping and trimming it down "Every time you choose a path of action,

s ‘—:v‘d‘#{_’l Ahang Moz ¥ Jnuruaves

.«‘ l.~
. \V‘



Placing Bounds on Dark Matter with How do you distinguish displaced photons?
Displaced Photons

Joel Jones-Pérez
Pontificia Universidad Catélica del Perud (PUCP)

F. Delgado, L. Duarte, JJP, C. Manrique-Chavil, S. Pefia (2205.13550) ’
. Duarte, JJP, C. Manrique-Chavil (2311.17989) E£Cal: and do not point towards
P. Arias, B. Diaz, L. Duarte, JJP, W. Rodriguez, D. Zegarra (25xx.xxxxx) the primary vertex

Displaced photon search

Photons coming from long-lived R

® Trigger: isolated lepton with pr > 27 GeV. .
Important variables:

. MET
H X 0 Zov 20 Z
_______ P }—)lA
o
X D. Mahon (PhD Thesis) ,-)/ Pre‘iminary Results
ATLAS (ATLAS-CONF-2022-017) Pre"minary results ) o e .
Yesne: ATLAS (2209.01029 [hep-ex]) Higgs — '2¥L'§é,b(!§m 10751 pep-ex) WrgH 10
: 100 . ' \
Final state photons are somewhat soft! . 10-1
501 , Higgs - undetected o o
Probably not much MET | ATLAS (2207.00092 [hep-ex) i Bk
—_ = B
S ) 10—+
RS » ~, .
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Imprcweci Mass Bouhnds
o HECOs via

ijsaw-S«t’;‘hw thger

Kesummation T ethmique

EmanuelaMusumeci (IFIC. Valencia)

in collaboration with
J.Alexandre , N.E. Mavromatos, V. A. Mitsou

Based on Phys. Rev.-D 109, 036026
Phys. Rev. D'111,'076010

Long-Lived Particle Searches at a
Future Higgs Factory with the ILD
experiment

Q International Large Detector (ILD)

A N
wars™

» Multi-purpose detector for an e*e” Higgs Factory (HF)
« Example: the International Linear Collider (ILC), with baseline c.m.s. energy 250-500 GeV

» Possible operation at other HF proposals now under study T

this study

Jan Klamka, LLP searches with the ILD experiment 3




Overview talks:
 LHCDb
 CMS
 ATLAS

Dedicated experiments

* MoEDAL-MAPP

* Beam dump experiments
* ProtoDUNE-SPS

* LUXE experiments

« MATHUSLA

e CODEX-b

« ANUBIS

e SHIFT

e SHIP

* milliQan

* Forward Physics Facility

Colliders| Fixed target/Beam dump
ATLAS, CMS, LHCb, *+ _ _»*" NAG2, NAG4, SHiP
Belle-II * R LDMX, LOHENGRIN,

SHIFT

Dedicated detectors

Neutrino experiments

FASER, MoEDAL-MAPP,
MATHUSLA, CODEX-b, SND@LHC, DUNE
ANUBIS, MilliQan, FPF

) not a complete list!




LHCDb overview and latest results

Andrii Usachov
VU Amsterdam and Nikhef

on behalf of the LHCb collaboration

LLP searches at LHCb

Displaced leptons
» Dark photon

* Low-mass dimuon resonances

(heavy) LLPs decaying to etutv

Majorana neutrino

Light boson from b — s decays

Displaced jets

« HNLin Wt - p*utjet
* LLP — jet jet

* LLP — u + jets

Fully neutral:

» Low mass ALPs: Search for resonances decaying to photon pairs [New, preliminary]

PRL 120 (2018) 061801, PRL 124 (2020) 041801

JHEP 10 (2020) 156
EPJC 81 (2021) 261
PRL 112 (2014) 131802

PRL 115 (2015) 161802,
PRD 95 (2017) 071101

EPJC 81 (2021) 248
EPJC 77 (2017) 812
EPJC 77 (2017) 224

Backgrounds

* No substantial peaking backgrounds in
considered inv. mass window

» Contributions from b- and c-hadrons found to be
negligible compared to the background level

« B - n°%° strongly suppressed by tight PID

+ Combinatorial photons mostly coming from r°
and n decays

Bump hunt
* Scan in [-50, 5¢] windows

* Legendre polynomials to model the background
JINST 12 P09034

* Upper limits using CLs method to the
[4.9 GeV, 14.9 GeV] range

+ The first LHCb analysis using only neutrals in the
final state

g

Candidates / 41 MeV
3

:

[=]
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Search for resonances decaying to photon pairs
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= 100 [ BaBar (B—Ka) Sl LHCb2.1fb~! 3 %
‘Q BaBar (2018) [ ATLAS = 10—6 g
Y LHOD 5 S
i < 5
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104
1073
0.01
10731
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- Strongest limits by LHCb for ALPs decaying to yy between 4.9 and 10 GeV
« Stronger limits by ATLAS above 10 GeV
+ Also limits for the SM decays @ 95% CL

BR(B? - yy) <2.68 x 1075
BR(B® - yy) <0.8x 1075
a(pp = npX) X BR(p = yy) < 765 pb (84 pb) fiqucial

AR EALERL R RN RERES EEEES R IS AL RN 010 2
ATLAS KSVZ model, ¢, = ¢, = c; = 10 :5'_
Vs=13TeV, 138 fb’ @ B — Ka searches 10°° g

— Observed (this paper) = Diphoton searches <
- - Expected (this paper) 1 Dijet searches i —
m Expectedt 1o 1 Inclusive yy cross-section 10
Expected +2 ¢ 1 LHCb diphoton
=1 Z— vya(jj) searches 1077

108

107°

107

10 20 30 40 50 60 70 80 90 100

m, [GeV]

* In Run 3 LHCDb is covering both di-muon and di-electron modes

107

arXiv:2203.07048

T |||||rl| T T 1T

CRES

first direct limit on ground-state bottomonium production in pp collisions I I



Bryan Cardwell
on behalf of the CMS Collaboration

LLPs at CMS

Show off some cool ways CMS is trying to discover BSM LLPs right now
Highlight some cool ways CMS might discover BSM LLPs in Run-3 data
Mention some cool ways CMS might discover BSM LLPs in HL-LHC data

Stay at a high level and leave the details to the experts:
- Tuesday: Daniel and Kai Hong

- Thursday: Sam, Rob, Jannicke, and Daniel

- Friday: Anc

2

aiiiE
ey Soft dlsplaced track
JVIRGINIA

CMS-PAS-SUS-24-01 Sam's talk on Thurs 0P
. . 2 1000 _CMSI Prelil‘ninary'
Backgrounds from Z»nunu and W-£nu with signal-like tracks Tl gty e
@ Cleaned DY MC (Spurious)

Tracks mostly from underlying evt, PU, or misreconstruction
- Estimated from MC-based templates corresponding to each bg track category

600

Cleaned DY MC (PV-associated)
Cleaned DY MC unrefined

NN-based MC corrections in cleaned-DY control region

I b
138 fb” (13 TeV)

o
= 1.2
- Remove muons from Z-pup events and add muon p, to MET g\;o_a’ e ool
. . . 1 2 3 5 6
- Study high-MET events without affecting soft tracks p, (GeV)
; ; ; : 138 fb' (13 TeV)
Dedicated NN corrects fqr mxsmode\mg of = ircms%m‘m
track parameter uncertainties S 4l ooty 3% 17, 12" tiggsino)
. . ST | e =m) « 23 miEr) 129-138 b (13 TeV)
- Use MC with refined track parameters ?.:_ 2t s = Al imits at 95% CL
. Ak ~ ~—— Observed Limit
as inputs to track-classifier NN € e i
Soft 21 and 31
EXO-23-017
Isolated Soft Track

Results consistent with SM prediction

Constrain Higgsino DM with most

SUS-24-012
aring Track
arXiv2309.16823

Radiative corrections.

stringent limits to date 150

1234567 89101112
Signal Region

200

2
m.. [GeV]

Monojet+LLP strategy

reminder: monojet signature

Initial-state radiation (ISR) jet provides a kick to invisible particles
- ldentify potential signal events via large momentum imbalance (MET)
- Powerful, model independent, but large Z-nunu background out to large MET

Monojet 137 fb~1, 2016-2018 (13 TeV)
> 10 T T T
& Background-only fit
> B Zjet
i< 0 W et
& = Other
q X ¢ Data
Z ? 10-1| — H(inv), BR = 25%
— Axial, Mpeq = 2 TeV, my = 1 GeV
10 ! . L
q X § 1.25 T T
£ 1.00js 00 eeeesooae a gty .Ii lasts
0. - -
© 2 T
2o
&
% N
3 400 600 800 1000 1200 1400
= pys® (GeV)

sy Soft displaced vertex =

Ang's talk on Friday

Displacement vector ,*~

Target LLPs in BSM scenarios with compressed mass spectra 3
Most LLP energy carried away by invisible particles

Consider stop coannihilation and bino-wino coannihilation models

o =" Vertex momentum
Displaced vertex

f ','
f - P
o — z * 7 Ly
p i f » X3 2
- X1
Primary verle\

- w J ‘CMS i Preliminary 100 fo™' (13 TeV)
c ¢ 5 1p P R
§oof % o X ~F 3
& oe:— mp = 400 GeV, ct = 20 mm 3
Soft displaced vertices 07F e Am-i3ceV wmealVe ;
. A E G- A M =25 GeV, default IVF
> 2 tracks with p. > 0.5 GeV, sensitivity out to ~30 cm oBf e Ain=12CeV; dum IVE E
Previous CMS search required = 5 tracks, p; > 1GeV, and within beampipe 05 [ SR oo SO E
T E ++ -+
- Tune vertex reco to allow sensitivity to 0sE A “*++:£ E
large opening angles %2R ¢
. R 0.2 —
non-pointing topology &
A 3
oi it )

1 10 10°
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PR arking datase Zunms Muon Detector Shower (MDS) signature
CMS-EXQ-23-007 " [RGINIA
CMS recorded 10 billion events w/ unbiased b-hadron decays during 2018 Use CMS muon system and steel return yoke as a sampling calorimeter
. 2018 13 Te) - Large radius, excellent shielding, sensitive to hadronic and EM showers
Motivated by B flavor anomalies C: cMs + Parking - Prompt N ?, Tag-side: - Signal sensitive to LLP energy, not mass = sensitivity to very low-mass LLPs
%‘ ?é_ Pileup - Config. change _570 a b—pX ~ Unique to CMS!
- Triggering on single displaced “tag” muon B oS El '
provides pure, unbiased b-hadron sample g ° 3 ‘
£ 4 40 Signal-side:
[ 3 unbiased
- Vary muon p, and displacement thresholds £ * 130 Ehadmn
3 ecays .
throughout LHC fill to maximize acceptance 2 3% i ™ Expanding MDS search program
1E 410
- Park on disk and reconstruct after 2018 run O e et Lo 50 over last few years
Time [UTC] ' - MET triggers: CIMS 0-20-015
CMS simulation 2018 (13 TeV) B B / . FE -
g™ B = '_833-51}1—1_1 g d _</L - Lepton triggers: CMS-EXO-22-017
. . g LE[ T e Jesg < - B-parking: CMS-PAS-EXO-24-004 (NEW!
Also an incredible playground for LLP searches! ER Y A 18 g - .,.,...,,F e A parking: LM 24-002 { )
2L o i 08 il | S - With m. CMS-EXO-23-015 (NEW))
Access to low-mass and compressed scenarios gozrls | o« sl | /
+— Lowp, electroncand. | 0.
- Bonus: low-p, electron reconstruction algorithm ———— 4, i Snpichoinity
0.2
) b
A
Y | S . °
ww  Darksh B-parki MDS in B-park
e ark showers |n -parking Uy In B-parking
CMS-PAS-EXO-24-008 Kai Hong's talk on T A\ - . CMS-PAS-EXO-24-004 Daniel's talk on Tuesday
; ; - 1»CMS Preliminary 41.61b! (13 TeV) BaCkg round estimate ,
Signal extraction $ | Ima e - Punch-through jets b
- Sliding window fit, interpolate background from sidebands §: - Measure jet=MDS fake rate in Wlets-enriched data sample 1‘%‘
Mask regions around SM resonances g - Remaining backgrounds 5
ol b - ABCD using number of MDS hits and A@(MDS, u) E
il | =
10} 2’

No significant excess, constrain H-»dark parton BR
- Most sensitive to date for shorter decay lengths and masses down to 2 GeV

b

B S l‘i‘ii- Wn Ll o f_f»,w"'
{ il
L bttt
50

- First limits for extended dark shower models with masses down to 0.33 GeV 10
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Bryan Cardwell (University of Virainia) bryan.cardwell@cern.ch 02 June, 2025

Observation consistent with SM prediction

- Setlimits on B> K® branching ratio
- Sensitive to BR down to ~10°°, most stringent to date
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Run-3 LLP triggers

MS-DP-2023-043 Kilev's talk from LLP2024

Run 3 anomaly detection trlggers

>-DP-2024-059 CMS-DP-2024-121 Jannicke's talk on Thursda

We don't know what new physics looks like

What if we're throwing out all the interesting events before we even analyze them?
- Features new paths and improvements at L1 and HLT - Idea: Signal-agnostic triggers to catch “weird” events!

Suite of dedicated LLP triggers brought online in Run 3

Two L1 anomaly detection triggers active in CMS: ¥ AX0! 1TL and CICEDA

Improved triggers already lead to impactful early Run-3 LLP results (shown last year) - Similar concepts: CMSpomney _osmvomosstoy L aml136Tey
- Improved displaced di-muon (CMS-EXO-23-014) ) AuFoencoder-baSQd T§‘°s X ‘ Aun 380470 1 § Eg/':?minary A 2 s
- Improved displaced jet (CMS-EXO-23-013) i Trameq on Zero-Bias dataset S 1 AYo st § i3 i B
- Very nice logos 7 AXOPure 8 af |
- Different inputs: o z.,:..
High-level physics objectsv. : 10% :
New triggers will enable powerful Run-3 searches (to be shown next year?) - Low-level calorimeter images " =
- Delayed jetsw/ ECAL timing 10 S ) 1 w:
- Delayed and displaced jets from LLP decays in HCAL 1o ::?:::;s: £ ] :i SRhtgtadg Lo | 1
- Degilcatecj MDS trigger Both taking data since 2024! O iated AXO Score el i
- and maore!

mee  RUN-3 scouting and parking b

o
= W S s F[111] 1
1S-EXO-23-007 Rob's talk on Thurs

[ — UREASTY Phase-2 upgrade
Scout]ng CMS 32.0b" (13 TeV) and 17.6 fb' (13.6 TeV)

g 10”5- Position of pixal detector fayers: 29-68-109-160 mm
- Increased GPU usage leads to increased performance § ol Run2 . .
Meaningfully improved displaced p acceptance 2; ok Ru® MIP Timing Detector
- Low-p, electron and photon triggers § 10"t _ - ~30-60 pstiming resolution in the barrel and endcap
% ‘°=‘l ] " Direct handle for delaved signals, mass determination of invisible particles, ...
E E Y W%t- Precision timing in the barrel will be unique to CMS! Critical for high-mass BSM particle searches
10!
m?n 20 40 60 80 100 120
ly [em]
New parking steams in Run-3 to target low-mass and low-momentum final states Track information in L1 trigger
- Low-mass di-muon N B R i 3217 (136TeV) o ‘ 3991 (136 TeV) - Trigger directly on displaced tracks or vertices

3

m Inclusive low mass dimuon trigger ¥(nS) trigger
= Displaced low mass dimuon trigger

MW(110,65) W(105.65)
W(90,60) WB555

W(80,50 M({75.50)

wi2s) W(0.50 W(6545 ]
(60,40) (55,40

ELEY

Low-mass di-electron
- Vector Boson Fusion

3
=

- Veto prompt tracks to trigger on emerging signatures

Candidates / 5 Me
3 3

3
El
Candidates / 0.01 GeV

1, High-Granularity Calorimeter

T (T z 4 6 8 10 - Precise trajectory, energy, and time measurements for individual particles within a shower
T ee m,, [GeV]




SUSY
RPV/LL

ATLAS Overvie

Louie Dartmoor Corpe (Clermont-Ferrand)

To begin... a warning from history \\

 1971: Intersecting Storage Rings (ISR) at
CERN marked birth of hadron colliders

LUP =
I

» Two first ATLAS Run-3 Searches are LLP:

« Js =30 GeV: enough for bound states of
c- and b-quarks (at time undiscovered!!)

 ...but theoretical bias suggested "new physics”
to manifest in forward direction

Transverse direction not instrumented !! ShortTidle 4 Group ¢  JoumalReference ¢  Date¢ Vs(TeV)4 L ¢  Links
. . R 13.6|
* ISR could have discovered J/W and Y... but [2025: theoretical bias for prompt new )
did not : instrumentation in wrong place. physics preventing a discovery? SR e
CERN left as a bystander during November o . ) emerging EXOT  Submitted to RPP 52_2:4 136 s518%" |Inspre
luti in US This time, no alternative collider to save jets NEW Briefing |
revolution in US. € : BLiL
; us... but still time to adjust our strategy. Intemal
7 Displaced 2024- 140 fo-! 2D: 7 “mggéi'
e/mu lepton SUSY  Accepted by PRD 13, 13.6 .

pairs 10-22 56.3 o™

Internal

No longer true that LLP searches are "slow" part of
ATLAS search programme. Now among the fastest!
Testament to excitement + dynamism of community




ATLAS LUP programme: at LLP-XV

CMS+ATLAS
HS Summaries

Emerging (Semi-

idden Valley C .
Gordon's talk Jets visible jets) Prompt
i i i SVJ s-channel
CalRatio+X Dlsplace_d/unl_ls_ual Dark Emerging Weird Jets
hadronic activity Photon Jets Run 3

ALPs Luka's talk SUEP

lian's talk
Julian's ta Prompt ALP re- _
. . Marzieh's talk
interpretation

Multi- Fractionally
charged arEgze
particles particles

Lepton-jets Dlsplac?d/unys_ual SUSY RPV _ - Judith's talk
leptonic activity Weird lonisation
- dileptons Run2+3 Slow-
b Magnetic movin
, g/heavy
Y talk

Neutral Leptons vonne's ta monopoles charged

Displaced particles

HNL Guglielmo's talk



The difference a decade makes

ATLAS+CMS Preliminary

= :Hldde Sector (Feb 2025y ! 13-13.6 Te\f LHC Best:
N = : 1 = 3
:|T_' C & E —— M in range 15-20 GeV
HCJ B g - mg in range 30-40 GeV
o 10—1 :._ ................................................................................ —
'E ; g === Mg in range 55-60 GeV
: - —
T B |
%10-2 ._E_ (RIS IEREST, (| AN, iy SRR (S—— - ——— ._E.
D — -oa =
o — -
[0 - —
2 IS -
Y - _
S E =
- im,=125GeV .
: B(S—bb) = 100% :
10_4 | T B AT B AR TTTT B AR TTTT SRR TTTT MR R RTTTT B u e o
10* 10° 102 10" 1 10 102 10°
ct [ml]
* Exploit developments in b-tagging.
» Extrapolation from prompt exotic Higgs searches « And c-tagging ??
« Exploit the new ATLAS tracker with much * Lighter LLPs should be more forward:

better resolution in Run 4. « Exploit new timing detector HGTD in the endcaps to

+ Large Radius Tracking for ITK reject beam-induced backgrounds

* ITk improves tracking from |n|< 2.5 -> |n|< 4
* New technologies: Event Picking



The MoEDAL-MAPP experiment [

- 3 DreIII-an plrodiucti'on \]Nithlﬁ-irl\degl)encljent] colupli?g ] ] Nov I2023

) - ]

= - -

— Status Report S E
Igor Ostrovskiy (University of Alabama) | 5 [ ]
for the MOEDAL-MAPP collaboration E g
R, ¥ CDF 1.96 TeV \\\ .

; i m— ATLAS 8 TeV ~.

- ~

Monopole and other Exotics Detector At LHC L — ks ——
“ , 05— e m MoEDAL 8 TeV spin-1, ]

( P | C s MoEDAL 13 TeV spin-1 ]

Magnetic charge [gD]

* MOoEDAL is optimized to search fo magnetic
monopoles (pMMs) and other highly ionizing
particles (HIPs) with magnetic and)(()r electric
charge (dyons, nuclearites, Q-balls, )

* Currently, 15 institutions from 9 countries.
Approved by CERN 2009, started data-taking
Spring 2015

* Deployed at IP8 in the LHCb’s VELO cavern. Uses
nuclear track detectors (NTDs), trapping
volumes (MMTs) and TimePix detectors

JHEP 08 (2016) 067, PRL 118 (2017) 061801,PLB 782 (2018) 510, PRL 123 (2019) 021802,
EPJC 82 (2022) 694, EPJC 82 (2022) 694, PRL 126 (2021) 071801, PRL 126 (2021) 071801
Courtesy of M. Staelens

/7 /4

* World-leading limits on g > 2g, monopole
production in p-p collisions, pioneered searches
for production in Pb-Pb collisions via the
Schwinger mechanism (first reliable mass
limits)

* World-leading limits on production of spin-1

highly electrically charged objects (HECOs) with

10< g/e<20and 50<qg/e<350in p-p

collisions

o
o——
-
-
-
g
-

SLAC SENSEI cMB |

mQ Nic B . % 5 :
= LsND eff MAPP-1 (HL-LHC) I

-"‘.‘_EDGESI(f\ =04%) | = f)D (HL-LHC)




Balint Radics
on behalf of the NA64 collaboration

— |

7

10 M

A fixed target experiment LDM candidates and other New Physics (NP)
extensions using electron (e°), positron (e*), muon (x) and hadron (h) beams.

LHC

L 32 7 AWAKE
ATIAS -

K MiRadMat
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— NAB4e-+ @ H4
| e e f 1SOLDE
Y 1 1 = ettt
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Balint Radics | Latest results from the NA64 experiment

rare processes: &

Sketch depicting qualitative projections

precision frontier:
B-factories, fixed target experiments

current: LHC

near term: HL-LHC

o

thermal milestone

1
2 ( mpm )
Mped

which are further quantified by the references provided in the text

energy frontier: high-energy colliders

100 MeV

NAG64 physics target

Initial well-defined

e-, e+, u, h beam
——————

1fGeV 10 GeV

100 GeV

W

dark matter mass

Active Dump

\Z Method of search at NA64

+

Fully hermetic detector

A’-Bremsstrahlung

Resonant A’
production

Decay Signature
—s Invisible Missing
m, > 2mx energy/momentum
—» visible
m, < 2m
A x

SM pair particles

— semi-visible
m.>m »m o
A X, e Missing
A " energy/momentum
+

SM pair particles

S Andreas et al, arXiv-1312 3309 (2013
S. N. Gninenko, Phys. Rev. D 89, 075008 (2014)

L. Marsic

Phys. Rev. Left. 121, 041802




4. The NA64 setup @ H4 \7\ .. Current status: NA64e- @ 100 GeV

Hadronic calorimeter

Electromagnetic (HCAL)MU,M:”‘
calorimeter (ECAL) yy, "7 p— NAG4 collaboration, Phys. Rev. Lett. 131, 161801 (2023)
2 5 20— : - P
Incoming particle ID and (fully hermetic detector) e . No signal in 9.37x10"" EOT observed
momentum reconstruction
— Invisible™ X =
tsin Vacuum vessel m. > 2m A 10* 10 ’ LS 7 $
ading a9 wich A x 4 V
s - 28N 8 /
s == Magnetl 55 i 10 1 / ANAG ireet o
avi it X P 10° / 1
*) focus of this talk 3 o [N DRUEE RS (7,
: 1077 |
J /

A’ production (measured in target)

ing SYSE™ gistive rsO
-ngcl(!"g";; jexed %52y getect”
g XY MU E s and 4 B0 met

+ome93S s @
Microm™ L 2
M poct® ABremsstrahlung PO A

p- . : 101 ]
NP S 2 -, . ‘ = /
% A N2 e rarare s % . 10712 =" o5 resonance from |
) Y

e*e” annihilation

Y= czn,,(m\ Jmy )t

kinetic mixing 103 g < \ 1
Background source Background, n,, &
_ . 1071 P | ap=0.1, my=3m, |
(i) dimuon losses or decays in the target 0.04 £0.01
(ii) g, 7, K = e + .... decays in the beam line 0.3+0.05 10-15 NAG4 collaboration, Phys. ey Lett. 151, 161501 (202%)
8 - T “"° upstream interactions 0.16 +0.12 103 10-2 10~} 1
- Summary and Outlook ding n. K} <001 / . Gev
! ly) 0.51 £0.13 Excludes Majorana and scalar thermal
LS3 Run 4 LS4 targets for my- < 0.1 GeV
— Goal before LS3: collect 3x10"2 EOT
from the NAG4 experiment to fully cover these targets H

2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035
How can we enlarge the
sensitivity at higher masses?

Thermal Dark Matter, ap = 0.1, my = 3m,

NAG64e+ several mediators axial, vector, (a70,60,ytesta| different

Pre-LS3 Run 4 10-7
Beam Motivation Statistics | [particles on - 10-7 Thermal Dark Matter, ap = 0.1, my = 3m,
apar
target] 10784 NAG64u
-8 BaBar
= 10771 NAB4
Leptophilic DS coupled to e- -
NAG4e- | LDM, inelastic DM, ALPs, scalar, Z’, (z:wﬂ) 1013 *_ 10~
X17 ... g
-10
LDM (higher masses <0.25 GeV, 101 > 10" for = 10-194 Pl use a muon beam
£
Q

-11
pseudoescalar, scalar)... 40GeV) energies 10771
Leptophilic DS coupled to NS 10-12 | ] Positron beam and A’
NA64u LDM (higher masses >0 1 GeV, 3.5x101 2%x1013 I resonant production
ALPs, Z', muon g-2, millicharge, > 107134
LU—T,
10~ 14 Qs Bremsstrahlung A’ emission ~1/m2,,
Hadrophilic DS Addenda of a dedicated program 15 b — signal yield suppressed at higher masses
NA64h | . , . 10 T T —» Use positron and muon beams
nvisible decays of n, n’, Kc under preparation 1073 102 107! 10° 10-15
m, [GeV] 1073 1072 107! 10°
X
m, [GeV]

The high-sensitivity NA64 hunt for New Physics has just begun!




Recent Results
from the SND@LHC Experiment

Zhibin Yang, on behalf of SND@LHC Collaboration st & e

neutrino scattering @
LHC forward detectors

\/) Adapted from Juan Rojo's CERN TH seminar
L] Y -~
Neutrinos at the Large Hadron Collider VA
PRL 122 041101 Neutrinos in acceptance | CC neutrino interactions | NC neutrino interactions
e Scatttering and Neutrino Detector at the LHC Flavour | (E) [GeV] _ Yield |[(E)[GeV] Yield |(E)[GeV] Yield
= 0L % v C | - : ‘ Va 130 3.0 x 102 452 910 480 270
g %‘" v : [ Werodcion 5 7 133 2.6 x 1012 485 360 480 140
L] o N K
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A y ™ . . 8 F Ve 363 3.8 x 101 680 140 720 50
5 Lkl N e Large flux in the forward region op v, 415 2.4 x 100 740 20 740 10
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g 101L | . S
£ 0 D4 me x o * Unexplored energy region (300 GeV ~ : TOT | 4.0 x 102 | 1690 | 555
2 LID Y a few TeV) “t
> ®  AgoNeuT12 ® MINOS 10 \ L
é‘iz : ::‘;‘37:" : :Z':‘:Em 1 SND LHC 7 2 8 4 d 200 1 | Recorded E\HZNZe-}mu\siUns Recorded évbtzhsemu\swons HECDFOEdZ\E;gz emulsions
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LONG LIVED B

PARTICLE
SEARCHES AT

FASER

Sinead Eley*
(University of Liverpool, UK)
*on behalf of the FASER collaboration

THE FASER DETECTOR

+ Small inexpensive detector
* 20cm aperture

* ~7minlength

Front Scintillator
veto system

Tracking spectrometer stations

Scintillator

\4 \\
To ““}s‘ " AN
veto system o

e
Electromagnetic yolur

peca¥y
Calorimeter

FASERvV emulsion
detector

Interface
Tracker (IFT)
Trigger / timing t v
cintillator station

Trigger / pre-shower
scintillator system

X,

Total Integrated Luminosity [fb ]

220 y T T T T T

200 L2551 [_] LHC P1 Stable (ATLAS)
E Online

1801 Bl FASER Recorded

160F 7ot Deivered: 195 15" | PASERY Exposure

140f  Total Recorded: 190 fb"

1201

100

80
60}
40F
20F

fales |
2022 Apr Jul Oct 2023 Apr Jul Oct 2024 Apr Jul

Day in Year

Began taking data at start of

LH

CRun 3 (2022)
Successfully collected ~

190~ ! (>97% of
delivered luminosity )

All detector components
working well

Successful operations
during lifetime

I’




DARK PHOTON: RESULTS

= Zero events observed

FAS E R Da rk P h oton 2023 2308 . 05587 « Set limits on previous unconstrained parameter space

* Region motivated by dark matter thermal relic density
« Expected signature * First improvement of sensitivity in this region since 1990’s!

* Nosignalinveto Sensitivity Reach
« Two close by tracks reconstructed within the fiducial volume

ey s . w 200
« Large energy deposit in EM calorimeter g FasE o
= L=27.016" 1 —
° - Fasen
g — L=27.0m"
Vetov scintillator Veto scintillator Pre-shower <10 B / Expecied Limit Exm\W\.ir.w:
station (2 layers) station (3 layers) Magnets scintillator station 116, 90% CL) (41055, 90% CL)
I T ! } (2layers) v ey
[ — I e Target
A e m — e 5,e01
e —— 10*
7 | EEE——— EE— pp—— a4 N _ ‘
FASERV tungsten/emulsion Decay Volume Timing 4 % »® k= s
— detector P my [MeV] m,, Mev]
5 scintillator Tracking spectrometer stations , ,
— Dark Photon (4") B-L Gauge Boson (43 _;)

ALPS: RESULTS

. * Main model targeted (See backup for more model interpretations)
A L p S * s EA RC H + ALP-W (Coupling to W Boson)
* 1event observed

[ ] H - 1
Using 2022/2023 dataset (57.7 fb™ °) + Compatible with background estimate

# of Events

10°
107
10°
10°
10*
10°
10°

10

10

10°
10°
10+

Calorimeter Energy
Distribution for data (and

A’ MC samples)

T ‘
{ £asEd. b oowazmim=0)

=8 2 Fiducial Tracks A'M=25MeV, « =3E5
i A'M =50 MeV, «=3ES
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3

r

r

10° 10
Calorimeter Energy [GeV]

* Expected signature + Sets limits in previously unconstrained parameter space
* Nosignalin either veto or timing scintillators
. . . >0k y i Y v v i : b 10° T
* EM-like signature in pre-shower §:gi !{ FASE7 . Preshower Region! Signal Region § E ZASER 4
+ Signal (>10 MIPs) in second preshower layer §1g: 2 E g g S 0PN = =
o . 1 Vo m,= eV, g, = 1% o’ y
* Large energy deposit in calorimeter (E>1.5 TeV) @ o5 W syst@stat= = m,=300MeV, g, ~2x10%/GeV 2 = IR
1 ;— —e— data + stal. = L
Faserv - Pre-shower 10:2‘ :F"— 8 10 =
scintillator Veto scintillator scintillator 107° = M """""""""" 5 S 1
station (2 layers) station (3 layers) Magnets station (2 layers) 10 3 i‘ | haaaanty e <
: ' Ll
a C 10° .
N S —— r Expected Limit ( £10,,,. 90% CL)
ATLAS LOS m O 2 T
Calorimete =15 s IR TR BN Y
Faserv tungsten/emulsion detector Timing * 4 . 4 s 1 { 7% 1075
scintillator 8 05 Existing Lioit
/] station Tracking spectrometer stations 0 ) B - i | 1 i+ |
200 70 80 90 100 300 400 500
Calorimeter EM Energy [GeV] m, [MeV]



https://arxiv.org/pdf/2308.05587

PRESHOWER UPGRADE

+ Brand new preshower scintillator installed in FASER during
YETS

* Ready for data taking this month!

» High-granularity tungsten/ silicon-pixel preshower

» Able to distinguish between very closed (~0.2mm) spaced
photons @

+ Will allow for a reduction in background .... And an
improvement in sensitivity!

A =]

10-3}

1/f, [GeV™"]
=
A

SIMULATION
Charge distribution [fC]
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S S EEELROrRL wpesover o« FASER will continue to run in LHC Run 4 m, [GeV]
e * First run of the high-luminosity LHC!

* Increased luminosity leads to some exciting projected sensitivity for FASER!
» Predicted to receive ~680 fb~ 1 in Run 4, adding to the existing 190 b~ and a further

; —— -
102 FonEE 1. . )
= ; bt 120 fb™ * is predicted during Run 3
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Figure from Codex-b paper:

MATHULSA is proposed to solve the challenges of LLP detection in LHC main detectors

L] 1 L] ]

Searches for Long-Lived Particles with DOI:10.22323/1.476.1077
B hems - s | LHC coverage
W—— =] A A2 (ATLAS, CMS, LHCb)
3 ol ‘((‘6“"&6:‘ &

£ \\\cDonald S o

W institute z p '%’lv o
Runze (Tom) Ren for MATHUSLA collaboration & = "743&? U N\
03/06/2025, LLP2025, Valéncia %] UNIVERSITY OF ve | 4’469' . S"//;o’
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«near ~m far—

Background: Collider background is shielded by ~100 m of earth

Ll - - T
— Two to three orders more sensitive to longer lifetime SenSItIVIty =
Trigger: MATHUSLA could supply an L1 trigger to CMS to ensure LLP produc  Primary physics case: E LHC coverage
recorded! hadronically decaying O(10-100 GeV) LLPs. A2 (ATLAS, CMS, LHCb)
Y i A : e.g., LLPs in exotic Higgs decays. ‘:2
o Z z 1 2
. 2 h-invis
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DV : | o
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h — A'A" with ma = 0.5 GeV

luon-coupled ALP with A = 1 TeV

= CODEX-b baseline
excluded

107!

Update on the CODEX-b experiment

._.
S
3

Emilio X. Rodriguez Fernandez’
On behalf of the CODEX-b collaboration

Blh — A'A)

103

= CODEX-b baseline
excluded

1|nstituto Galego de Fisica de Altas Enerxias (IGFAE) A " : mq [GeV]

b — sS5 with Ap =0 . b—8S5,b— sh[— 58], h[— SS] with Ap = 1.6 x 102

10-°

e Transverse LLP detector in LHCb experimental cavern (~ 30m away from IP8).
e 10 x 10 x 10 m? fiducial detector. .
e ATLAS BIS-78 RPC tracking technology. T T
e Almost zero background experiment: UXA shield + active vetoes —~ 32)\/300fb_1. o .
I e
DELPHI CODEX-b box g 10‘”0.2 G mls GV p i : 10*“[12 E mls G

GAS DISTRIBUTION RACKS
+ COOLING SYSTEMS

e Fully develop Sim/Reco framework.
| e Demonstrate integration with LHCb.
i
|l ! - 4
: _______ LY 7‘ = e Slow control framework being developed.
GRS DISTRIBUTION RACKS I ) UpPal L %
+ COOLING SYSTEMS | [/~ " VAN
| SHIELOING PLUG
i ‘ :
TeT ol i I 3 Y e Data Collection and Transmission (DCT)

: modules will be in hand in August.
shield veto

UXA shield Pb shield 1P8




ANUBlSJ The Anubis Experiment Proposal
UNIVERSITY((})F DETECTOR@ W\
» CAMBRIDGE
AT LA > » Large, air-filled ATLAS experimental cavern

EXPERIMEN provides ideal decay volume.

- Large nuclear interaction length reduces
punch-through backgrounds.

- ATLAS detector information can actively
veto collision products.

* Transverse position provides sensitivity to
higher-mass LLP models (>1 GeV) and
electoweak-scale+ mediators.

- Strong complementarity with forward
physics facilities.

cT

ANUBIS: Exploring the Projected Sensitivity tc
exotic LLP models and the current status of
proANUBIS

EER2025

Forward

D A2033+: FCC detector construction & exploitation (Faser, FPF, ..)  Tansye,
8) : Fixed target (ANUBIS Cg"’sfage
£ A\ 2035+: Run 5 full ANUBIS+ATLAS data taking _ il ST
s ) ANUBIS proposes to cover the shaded region
= 2033+: bulk ANUBIS deployment in cavern (LS4) (blue) with RPC detectors O g
& . oM,
S || 2030+: Run 4 partial ANUBIS data taking e
O .
? 2028+: partial ANUBIS deployment in cavern (LS3) & CANMBRIDCE Michael Revering, 6/3/25
S | acs,BR(n- SS7001 | CERN-PBC-Report-2-25-003
a 2026+: ANUBIS detector R&D (electronics, R/O) o)
a) engineering for cavern deployment % ; : excluded
o3 () olljde X
o S 3 3
o 2025: proANUBIS data analysis, Letter of Intent g e, LHCb ("Downstream")
= 10 = s NN 14 1
8 2024: PBC model #7 (#8, #9), proANUBIS data taking = e ..,FASER7
D "R 10 F g
S 1| 2023 finalise geometry, PBC model #6, proANUBIS = 10_5 D SO
. 107} e - (e )
§ 2022: seed funding for proANUBIS . R
F MADDY — &5 it i 4. -] . &
é 2021: ANUBIS location & prototype conception 10_7 i M / e g
2020: proANUBIS sensitivity studies 10_8' e - N
; - 10 ¢ T
2019: ANUBIS conception . MATHUSLAZ0 3
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https://cds.cern.ch/record/2927631/files/2505.00947.pdf?version=1

SHIFT

SHifted Interaction on a Fixed Target

Dark Photons

* Simple dark photon scenario, following PBC
recommendations.

* 1% of CMS luminosity dedicated to SHIFT.

* SHIFT covers a unique phase space.

LLP Workshop — 3/06/2025
JHEP 2024, 204
arxiv: 2406.08557

.//Eﬁ/ Jeremi Niedziela (DESY) -16

+ 2-3 orders of magnitude improvement over

existing limits.

T |[ TTT 1

18 = SHIFT (1% x 1401b") . _
L —— SHIFT (1% x3ab’)) Some technical details
Start of the Target Physics 20— SHiP-ECN4 + Calculated with SensCalc arxiv: 2305.13383
~ CODEX-b
project installed results - —— DarkQuest-2 + QCD & DY bkg. estimated with Pythia v
22— o FAGET . . -
Software/ Target ommis | D2 . | ON | - Preliminary = e Absorption in the material included v
ana‘ySiS deVelOpment SiOning taklng & ) ' _o4 L | 1 1 1 ! | 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1
development analysis e N ne n ne
2025 2026 2027 2028 2029 2030 2031 2032 | A1
G w\:[:ﬁsdnnlm M A JIAS O] [FMAM ) : SOIND[FMAM | ASOND S TFMAM]3 N l; FMAM”TTD] FMAMJ[J[ASOND TeCh n |Ca| feaS| bl rty Lumin()sity& beam lifetime
| Run3 shutdowns (Ls3) Run 4 * Aiming at 1% of the CMS rate for SHIFT.
* Requires higher pressure than in SMOG2.

— Doable (also according to experts).
* Beam loss <1% over a 10-hour run.

= = I Gaseous fixed target
MM‘W !!! ml”m : + Similar to SMOG2.

* Just 1 gas type (e.g., neon).
e * Dedicated insertion system. |

° *+ Cost: 300 kCHF.

SHIFT (7.15 fo’, i5 = 113 GeV)

E Fmye =30 GeV, et = 10%m
; = myp = 30 GeV. et = 10m
HL-LHC integration b
. R * Luckily, there are empty sections in the interesting region. o
) some optimized distance . * The bulk of particles avoids interaction with instrumentation.
T
Lower /s=115 GeV 8 i
o 1051 L L 1
- 50 100 150 200 250 300
Large decay volume B . Ay ]
oy OW partig, SHIFT@132m  SHIFT@160m Distance optimization
- Just move the collision! ) e L £yl 2 oo P
ngh acceptance AN i BE B iw BEud R Ta | . el L2 — ; = « Interplay between acceptance, decay volume,
Backgrounds shielding A’s will ITIOSﬂy miss the detector... OB m s ) |} (e 0;‘ ‘ and material sur\'nval.
mt ] QU= * 150-250 meters is good.
R ’ B o - 2 [m] to scale) + 160 meters is best for a wide range of models.

3/06/2025 18 Jeremi Niedziela
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milliQan Preliminary (13.6 TeV)
R — — —_—

Bar Detector Completed Spring 2023

125} ]

Luminosity (fb~")

N | o
100 - Total Delivered Luminosity: 142.7 fb

Total Luminosity Recorded: 124.7 fo-!

o 251 -

G units assembled
into a “supermodule”

- T, y

PRI ST SR b L Ll [ P——
2023-07 2023-09 2023-11 2024-01 2024-03 2024-05 2024-07 2024-09 2024-11

4 supe Date
(64 bars) put
into the cage to
make the final
bar detector

70 m

milliQan Preliminary (13.6 Tev)
T T

Luminosity (fb )
N
o

ot vered Luminosity: 142.7 fb-
100} Total Delivered Luminosity: 142.7 fb

Total Luminosity Recorded: 124.7 fo-'

75} |
50f g
25f e
- -~ of L L Il I L L =
. 2023-07 2023-09 2023-11 2024-01 2024-03 2024-05 2024-07 2024-09 2024-11
milliQan Run 3 Date
Demonstrator Projections Bar Detector Collected
(‘ avern Commissioned Paper Commissioned 124.7 fb~ data
(2018) (2021) (June 2023) (Dec 2024)
S ® @ ([ ® O @ ® ®
. milliQan Bar Detector Slab Detector Bar detector
milliQan Demonstrator Construction Commissioned search
p » proposal Paper Begins (July 2024
N B - y ) (May 2025)
Interaction Point (2014) (2020) (2022)

Announce
first results
today!
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milliQan

Phys. Rev. D 104, 032002

I milliQan
/ demonstrator
(37.5/fb)

(]
S~
o
1072
, un 3 slab (200/fb)
- = = [L-LHC slab (3000/fb)
"""""""" — [un 3 bar (200/fb)
SLAC MilliQl = = [L-LHC bar (3000/fb)
B --~ 1016 milliQan LOI (3000/fb)
1073 4 T T
10- 10° 1 1n2
mass [GeV]

Charge limited region: very high
mCP flux but low efficiency
(Bars)

Acceptance limite
efficiency but m(
(Slab

SR1 search results

B +0.12
Prediction: 0.107 7

Observation: 0

Result:

Observation consistent
with background
expectation

No mCP signal (

Max-Min Time (ns)

» SR1: lower charges

Veto events w/ hits in front/
back panels and saturating
pulses deposited in any bar

« SR2: higher charges

Require events to have =1
hits in front/back panel (but
with < 70 nPE)

LLI AN THE OHIO STATE
UNIVERSITY

milliQan Preliminary 124.7 fb (13.6 TeV)
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Search in two orthogonal signal regions
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= 200 fb"' Projection
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The Forward Physics Facility
at the LHC

L= Physics . '
) Beyond ,
Colliders ’

Juan Salvador Tafoya Vargas (UC Davis)
on behalf of the FPF community

LLP2025, Valencia  2025.06.04 UCDAVIS

The facility

Borehole

@ NEW
" UNDERGROUND

NEW
SURFACE

Line of Sight
’

Location fixed!
* 627m away from ATLAS IP1 at 90m of depth on french soil

* 10m away from LHC tunnel — safe to access during stable
beams

* Main dose given by collision muons from IP1

Surface building

RT18
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Scalars

 dilatons m

ionization

ALPs

Pseudo-
scalars

FASER2 .........................

‘ M&s / /
quirks

" sterile neutrinos
./ gauged Baryon/Lepton Number / /

Fm:\;sid'rd}?_hysie:s Facility

neutralinos

sterile
neutrino

Fermions

Tailored LLP detectors at the FPF
LLPs at the FPF
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FASER2: tracking spectrometer for LLP searches and muon charge ID
FASERV2: emulstion detector for neutrinos



FASER

occ/ B, [107% em? / GeV / nucleon|

First differential neutrino interaction measurement in the TeV energy range (Phys. Rev. Lett. 134, 211801)

_ Measurement of v, and v, cross sections in the TeV range for 130 kg target mass x 9.5 fb~! (PhysRevLett.133.021802)

10"

107!

102

1y, ops = 338.1 £ 19.0(stat.) + 8.8(sys.)

LASEA L = 65.6 fb!
Accelerator v, Collider v, Astro v,
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a) LLP/BSM decay signatures

-
»
Motivation: ?raEOﬁUNE}"S‘FS Sebtu | LP@  proune Detector
Primary Target T2
BR(Y - visible) - ¢,
400 GeV protons ¥(Ly = yyPycty) I-
Hotge  o; S v g S ¢<
> 7‘ g = e
X % ; BR(M - ¥) Aly,, I+
EHNZ, Neutrino Platform #ﬁ-&z_» lyey = 6TTm
' -
EHNL — / o
H2, H4, H6, H8
A b) LLP/BSM Particles scattering signatures
r
/ Primary Target T2 ProtoDUNE Detector
TT20 transfer I yescattering
SPS BEAM 400 GeV protons ¥ e-
400 GeV North area EHN1 ~ Neutrino Plat ):‘_ ____________. »}%/'
protons Magnets - Magnets ) soil EHN1 NPO2 - -_},’ ‘‘‘‘‘‘‘ BN
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> — I oump
3 400 GeV ~700 m
50 cm thin Be target > ‘,77 m 2 m
Distances from T2

P. Coloma, J. Lépez-Pavén, L. Molina-Bueno and S. Urrea, THEP 01 (2024), 134 doi:10.1007/THEP01(2024)134
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high energy SPS beam make them ideal setup (mini-dump) for LLP/BSM particles
in Beyond Standard Model scenarios

" % Sucha setup offers the possibility to search for both long lived unstable
particles and stable particles

.............. 3k Currently, we are focused on carrying out the feasibility study to search for LLP
decays, HNL as golden channel.

© \SHADOWS .

--- SHADOWs

""""""" ‘ mx( € We have recently formed a working group to identify and work to validate the
proposal:

my(MeV)

10%

® We are developing a realistic simulation framework including the main beam elements and
the ProtoDUNE detectors.

e mn(MeV)

\1
\ ' i
ted sens .
y shows that the ex?e.c hat are already In P

tivity of the HNL
lace,

® A simplified software trigger used and tested with the summer NPO4 runs.

g ) i lati
% This stud _ g facilities T and withinare
urrent conS'\'l"ﬂmfs using f the North Area ot CERN, . ® Weare inaprocess to show the proof-of-principle by identifying “neutrino like" events
c per‘imen*c‘ progr‘am n o). 134 doir! with the data taken during the summer @NP0O4.
he ex p 01
-:_ meSCG\e £ ® Inprocess to develop analysis tools for signal (HNL) and background event selection
|

more : P. Co\on;iaueﬂee %k This would be the “first" setup at CERN to search for BSM signatures using
LLp25, June 2:6.2025. A LArTPC technology, useful for future proposed experiments e.g. SHiP.



Probing for light new particles with eloctron - Taser ot Up @

e
the LUXE experiment s Compton

e beam

RAQUEL QuisHPE on behalf of the LUXE collaboration .
e"e par  dump

KIT — Karlsruhe Institute of Technology

c gamma - laser set up (b)
<
o magnet
£ magnet <
MYy
Laser Und XFEL Experiment a u ar
9 countries CJ)I"IVEF[EI' dump + e pair
= Based at DESY and European XFEL (Eu.XFEL) in gz 26institutionsll 1 1V e ep
Hamburg and Schenefeld, Germany
= LUXE will collide Eu.XFEL electrons and |
RO |
bremsstrahlung photons with a high-intensity laser e i
@ v W —

- YO 5 : e Bach - . "':*{
A W : Injector at s
Experiment Hall . e ; DESY campus

i Y J :

= CDR donein 2021, TDR done in 2023, reached CD-1
= |nput to ESPPU done in 2025
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¢ 4 ? ~ & vo."" Y )
. 4 L %y 5 .- 50 i -
X h

Linear Accelerator =y ) .
1.9km-17.5GeV Bf Ve AT = Physics goals:

study strong-field QED and ALPs searches



LUXE experimental area and timeline

= LUXE uses high-quality 16.5 GeV
EuXFEL e-beam before undulators

= #electrons/bunch: 1.5 x 10°
= Repetition rate: 10 Hz

= Continuous data-taking with
variable laser spot size (unique in
LUXE)

* Funding of beamline through ELBEX

The laser behaves as a thick medium, leading to the

ST

Karlsruher Institut fur Technologie

LUXE-NPOD project

NPOD: New Physics searches with an Optical Dump

Phys. Rev. D 106, 115034

LUXE-NPOD

Collide a beam of 16.5 GeV electrons with the laser [ <o, setup

(Not in scale)

production of a large flux of hard photons O(GeV)

Photons see the laser as a transparent medium and

can reach the physical dump S
Compton y’s... Electron beam dump
Calorimeter

Lower background from gamma photons

Pixel tracker behind a Scint. screen

Laser pulse
& - P
‘Optical Dump - Laser pulse

—_—

—_

y

005 006 | 2027 2028 2029 .
s e _ [ o e X5 g b
JRsEs - Free GeV B’\
| wetaser | [ eaoopersiedatoey rocurement +Installsti photons Laser repeition rate 1Hz
— 107 bunch-crossings (BX) per year
Summary 3
10~ . .
AV hen ™| NP production mechanisms
" LUXE-NPOD acts as a background- [ N WXENPOD e secondary NP producti
. . phase-0.40/ R = Secondar roduction:
free optical dump allowing the B T ---------- Belletl . . y p. ,
raduction of [fleht ALPS with large L D, ) - e = Axion-like particles (ALPs) and scalar (X = a, ¢) production through
P u ' 8 Wi g 3 10754 RN VR A e Primakoff mechanism with a displaced decay to 2 hard photons
couplings > . =0 @ o, ®
S D . Loy = KF k' + EF u EH y Photons Magnet Detector
= LUXE-NPOD competitive with 10-¢ I . ¢ £ L Dump )
=l ] _ 4
FASER2 or NA62-dump — ALP mass up to 0(1)GeVY — ..—+.<:y
o Oong e-laser int.
byl ; 04l 074 chamber
= Exciting windows of opportunities s O a/:ﬂ' ot Ly L,
and challenges ahead 005 01 02 05 1 2 . Photons produced in the e-laser collisions
m, [GeV] v are freely propagating to collide with the
nuclei of the material of the dump
LUXE webpaae LUXE CDR LUXE TDR LUXE-NPOD Input to ESPPU N N



rigger streams

D) - 1650 Trigger streams

Conveners: Arantza Oyanguren (IFiC

a), Matthew Daniel Citron (University of Califor

ATLAS: TLA/anomaly ®25m

Speaker: Tatiana Ovsiannikova (University of washington (US)

LLP2025_slides.pdf

CMS: scouting & parking ®20m

CMS continues to explore innovative data acquisition strategies, such as data scouting and data parking, to enhance sensitivity to BSM
physics signatures. Data scouting targets low-mass and low-momentum regimes typical of many LLP scenarios by enabling the high-rate
recording of reduced-content event information taken directly from the CMS trigger system, thereby accessing regions of phase space
beyond the reach of conventional trigger strategies. Data parking, in parallel, also records events using relaxed selection thresholds but
retains the full raw detector information for offline reconstruction, which can be deferred to accommodate resource constraints. These
complementary approaches have proven instrumental in probing challenging signatures from both SM and BSM processes, including LLPs.
In this talk, | will review recent developments in these strategies during Run 3 and discuss prospects for the future

Speaker: Robert John Bainbridge (impena

250605_CMS_Scou...

CMS: Anomaly Detection Triggers ®@12m

Anomaly detection triggers offer a model-agnostic approach to capturing a wide range of beyond the Standard Model (BSM) signatures,
including those from long-lived particles (LLPs). This talk presents an overview of the two machine learning-based anomaly detection
triggers deployed in the CMS Level-1 trigger in 2024: AXOL1TL and CICADA. | will discuss their design, implementation, and integration into
the CMS trigger. The talk will also outline future directions for enhancing sensitivity to LLPs with such triggers by incorporating Level-1
tracking and precision timing information.

Speaker: Jannicke Pearkes (university of Colorado

4 2025 06_05_LLP20..

BuSca: New Strategles for LLP Searches at 30 MHz at LHCb ®15m

The new fully software-based trigger of the LHCb experiment operates at a 30 MHz data rate, opening a search window into previously
unexplored regions of physics phase space. The BuSca (Buffer Scanner) project at LHCb acquires and analyses data in real time, extending
sensitivity to new lifetimes and mass ranges thanks to the recently deployed Downstream tracking algorithm. BuSca identifies hotspots
indicative of potential new particle candidates in a model-independent manner, providing strategic guidance for developing new trigger
lines. To control background, regions with minimal detector material interactions are selected, and pairs of same-sign tracks are used to
suppress combinatorial background. This talk presents the results frem the analysis of the first data

Speaker: Valern Kholoimov {institute de

BuSca_LLP2025_Kh..

Dlscussion ®20m




The Run3 triggers for LLP analysis

LLP signatures

ATLAS

EXPERIMENT

New Dedicated triggers in Run3:

Meta stable particles

Isolated high pt track trigger

HIP, multi-charged:
Large dE/dx trigger
Displaced jets in the ID
Displaced jet trigger
Disappearing tracks
Disappearing track trigger
Emerging jets
Emerging jets trigger
Displaced leptons:
Displaced lepton trigger

Displaced vertex in ID:

Multi tracks

Highly ionizing particles /
Late Iepty

A
Q,

/)
r/l
/ ¥ Displaced jets in the MS
Displaced Leptons P J

Displaced jets in the Calorimeter

Displaced jets in the ID

Hit-based displaced vertex triggers

Displaced Lepton-Jets

(meta-)Stable
vertex in the ID Massive Particles

on behalf of the ATLAS Collaboration

T. Ovsiannikova (UWashington, US) tovsiank@uw.edu

Isolated high pt track trigger

* Target: Heavy charged particles

» Particles leave isolated high-pT track in the ID

* Seeded with MET L1 with additional 80 GeV Met cut to reduce the full-scan tracking

Disappearing tracks

Displaced vertex in the MS

Stopped LLPs not filled in E
Crossing

Emerging jets

Run 3 triggers paper (arXiv:2401.06630)

Trigger Efficiency
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Large Radius Tracking (LRT) Disappearing track triggers

* Run 2 HLT tracking limited to maximum transverse impact parameter (d0) of 10 mr Looks for tracks which have Pixel hits and few/no SCT hits

* Improvements to reconstruction allow Large Radius Tracking (LRT) to run in the HL

* Such tracks could be produced by a charged particle which decays to neutral particles between
* LRT provides tracking with a maximum d0 of 300 mm

* Runs after Standard Tracking and only considers unused the Pixel and SCT detectors

* Four categories based on the number of Pixel and SCT hits

Displaced lepton triggers Displaced jets triggers

* LLPs may also decay into SM leptons resulting in displaced electrons, muons, and taus: :
Y Y P & P ’ Neutral LLPs hadronic decays

* Uses all clusters in regions of interest in Roi to run LRT

* Lower threshold w.r.t Run 2 Emerging jets triggers ©
* New tau trigger in developments ] @ ’/ @
Target: dark sector, decays into hadrons A £
Two topologies: 8 ‘“""‘Qe@% . a
Hit-based displaced vertex triggers * ISR gluon with di-jets (one is Large-R) ';"‘- :
* Di-Jets with non prompt tracks/soft tracks / -
Target: Neutral LLPs with decay produces displaced vertex (DV) or jet 4
,‘3’ ‘\' ~.
Two hit-based DV triggers: TLA triggers . ‘,\ @
, dispjet
* Use hits not associated with standard full-scan tracks @

Designed to reduce the bandwidth by saving only reconstructed objects

* Select jets with many hits on outer ID layers, few on inner layers e
Increases low mass sensitivity

* DV jets BDT-based selection uses fraction of hits in each ID layer . -
Relies on the jet’s performance

Run3: HLT jets corrected with an offline jet calibration configured for Run 3 reconstruction



Further improvements: [IP Run 3 trigg
Semi-visible jets, ALP to di-photon L1 anomaly detecti
* TLA+PEB(Partial Event Building)- based trigger (Low masses )

Dark photons:

* Dark photon jet trigger

* Combined VBF with MS only or calratio jets

Calratio Pileup mitigation:

* Use information about calorimeter layers + ML

Triggers based on out-of-time energy deposits from slow-moving particles:
* Combine calorimeter timing with tracker info on various L1 seeds

* L1 trigger uses timing

* Additional streams to collect samples for out-of-time background

Anomaly detection triggers:

ML-based Anomaly Detection triggers for L1 and HLT to make model-agnostic searches for BSM



BuSca: a Buffer Scanner at HLT
to detect LLPs beyond the SM

V. Kholoimov, A. Oyanguren, V. Svintozelskyi, J. Zhuo, B. Jashal

HLTI Downstream Reconstruct

HLT1 Downstream effect

N° decays

Ks decays
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On behalf of the LHCb collaboration

LLP 2025, Trigger streams, 5th June

LHCb Simulation
2024 expected MC

TrackMVA + Downstream
TrackMVA only

[LHCB-FIGURE-2025-002]

MC number of candidates

Enhancing LHCb capabiliti

Potential of the Downstream algorithm for LLP searches:

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

LHCh-PUB-2025-001
April 1, 2025
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Underexplored Challenges in LLP/FIP
Searches at Cosmology and Colliders

Brij Kishor Jashal
Rutherford Appleton Laboratory, Oxford



Underexplored challenges: Cosmology | .

The Big questions Dark Energy O\ :
Accelerated Expansion o!o ! Neutrinos ¥
Afterglow Light ‘ 0.1-2% )
Pattern Dark Ages Development of
375,000 yrs. [ Galaxies, Planets, etc.
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Underexplored challenges: Cosmology: Dark energy

Manifesto: Challenging the standard cosmological model 10.1098/rsta.2024.0036

;. @uQ)=(0, 1) Sarkar et al, 29 May 2025 2505.23526
T (0505 (0,0) . .
i R e (1. 0) (1,0 “.... High redshift supernovae appear
e T S I St 1.5-0.5) (2, 0) - -
T T T 3 2 (i g | (1:570.5) (2, almost 0.15 mag (~15% in flux) fainter
i | — o . »
I | ! than the low redshift supernovae
22 — N (Compared to expectations for A= 0
I Supernova | universe)
L Cosmology N
g 20— Project |
o - : For various reasons people are revisiting this conclusion
Z ] 1 today.
Q
& 18- —
© I 50 supernovae (1a) | - SDSS-II/SNLS-3 Joint Lightcurve Analysis (JLA) 740 SNe,
- % Calan/Tololo Perlmutter et al. 1999 1 (Sarkar etal2019)
167 F  (Hamuyetal, | - Pantheon+- 1540 Rameez et al. 2024, 2411.10838
A.J. 1996) Riess et al, 1998 (a) -
14 o L . . | - Recentchallenges to cosmological principle
redshift z - Ellis & Balldwin test anomaly (Secrest et al. 2021,
2022, Wagenveld et al, 2023)
The statistical method critics: March et al.(2011), Karpenka (2014), - Cosmic dipole anomaly, Sarkar et al, 2505.23526
Nielsen et al (2015), Dam et al. (2017) Bulk flows in local universe (Watkins et al. 2023)


https://arxiv.org/abs/2505.23526
https://doi.org/10.1098/rsta.2024.0036
https://arxiv.org/abs/2505.23526

Underexplored challenges: Cosmology: Dark matter

Galactic rotation curves

M33 rotation curve 1}
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Underexplored challenges: Cosmology: Dark métfe—r

Hubble Tension: Early vs Late Universe

Theory Space with Dark Matter e o B

ress Complers universal building

block for complete

m o d e I S SDSS BAO B —

AB, Cacciapaglia,Locke,Pukhov 3

Effective Field Theories arXiv:2203.03660 é —e—
Simplified
Ho (km/s/Mpc)
UV Complete 50 tension between early and late universe H,
Sketches of Models measu rements:
Based of Tim Tait's sketch ' o Planck CMB: H, = 67.4 + 0.5 km/s/Mpc
o SHOES Cepheids+SNe: H,=73.04+1.04

km/s/Mpc

e Potential implications for dark sector physics




Underexplored challenges: Cosmology: Dark energy

Manifesto: Challenging the standard cosmological model 10.1098/rsta.2024.0036

On testing CDM and geometry-driven Milky Way rotation curve models with Gaia DR2
M. Crosta etal. 10.1093/mnras/staa1511

ABSTRACT

T Flat rotation curves (RCs) in disc galaxies provide the main observational support to the
e 1 hypothesis of surrounding dark matter (DM). Despite of the difficulty in identifying the DM
---- MWC: b + DM contribution to the total mass density in our Galaxy, stellar kinematics, as tracer of gravitational
— MWC: b potential, is the most reliable observable for gauging different matter components. From the
Gaia second data release catalogue, we extracted parallaxes, proper motions, and line-of-
sight velocities of unprecedented accuracy for a carefully selected sample of disc stars. This
is the angular momentum supported population of the Milky Way (MW) that better traces
its observed RC. We fitted such data to both a classical, i.e. including a DM halo, velocity
profile model, and a general relativistic one derived from a stationary axisymmetric galaxy-
scale metric. The general relativistic MW RC results statistically indistinguishable from its
state-of-the-art DM analogue. This supports the ansatz that a weak gravitational contribution
due to the off-diagonal term of the metric, by explaining the observed flatness of MW’s RC,
could fill the gap in a baryons-only MW, thus rendering the Newtonian-origin DM a general
relativity-like effect. In the context of Local Cosmology, our findings are suggestive of the
30 0 2 '5 5.0 7' 5 10’ 0 12‘ = 15’ 0 17‘ 5 20.0 Galaxy’s phase space as the exterior gravitational field in equilibrium far from a Kerr-like

R [kpc] inner source, possibly with no need for extra matter to account for the disc kinematics.

2

-

o

log(p [Mopc™2])
|

I
N

Balasin & Grumiller (2008, BG)
McMillan (2017), Pouliasis et al. (2017), and Eilers et al. (2019).

- Fritz Zwicky's 1933 Paper: The Redshift of Extragalactic Nebulae: Coma cluster
- Vera Rubin & Kent Ford’s 1970 paper on rotation curves of spiral galaxies



https://doi.org/10.1098/rsta.2024.0036
https://doi.org/10.1093/mnras/staa1511

Dark sector cosmology

RELATIVITY
SO ‘f

Manifesto: Challenging the standard cosmological model 10.1098/rsta.2024.0036

Gu +Agu = ——T
% Guv p Ellis, “On the Raychaudhry

equation

“Space tells matter how to move Volume 69, pages 15-22, (2007)
Matter tells space how to curve”: Wheeler

, WAS
ACTUALLY BEHIND o
DARK COSMOLOGY a(t) 2 8rC . A2
=3 U e T3
However, in ACDM cosmology a(t) a* (1)
Friedmann equation +
linear Newtonian perturbations i) 47TG( - 3p(t)) N A2
at) 3 \/ 2 3

“Friedman tells space how to expand without curving
newton tells matter how to move”



https://doi.org/10.1098/rsta.2024.0036

Dark Matter: a huge range of possible masses

DM as a thermal relic from the Early Universe

S

\\ , 4
N\ ,f
. WIMPs Y
S T4
10~ 10510 0 1 10* )/ 0% 10* 10%
\\ Z
- I !\ _ ,’| -
“
e my \\\ me mp mh ,f’hLPL M@
Neutrino . Electron Proton Higgs /. Planck Earth
< MeV MeV GeV  my > 100 TeV
Nef/BBN L) Toomuch  J.Phys.G 47 (2020) 1, 010501

- Standard VS:SIP paradigm

/ This 1s the range around the EW scale (Higgs)

This is the range of familiar matter (electron, proton,....) 2



Dark Matter: Constraining phase space - -
Baek, Ko, Park , Senaha 1212.2131 Deandrea, Moretti, Panizzi, Ross, Thongyoi,AB

Vector DM with the Higgs portal DiFranzo, Fox,Tait 1512.06853, arXiv:2204.03510,2203.04681
Farzan, Akbarieh 1207.4272 Lebedeyv, Lee, Mambrini 1111.4482,
- Since VDM te.alks. tq SM via Higgs, . . Effective Vector Higgs Portal
VpVpH coupling is limited from above by DM direct detection 10
and H> DM DM Br Perturbativity

XENON1T EXCLUDED

- Since DM Relic density should be equal or below the PLANCK ’
relic density limit QA% ~ 0.11 VDVDH coupling is limited
from below

>
>
- The Higgs portal VDM parameter space is very limited by z O

interplay of collider, DD and DM relic density

Fermionic Portal for Vector Dark Matter (FPVDM) 0.01}

-
--_—

PLANCK

- Itis the framework, representing the class of models
- Various realisations are possible, including one or several VL fermions
[Deandrea, Moretti, Panizzi, Ross, Thongyoi, AB 0'00110 20 30 50 100 200300 500 1000

arXiv:2204.03510,2203.04681] M, [GeV]
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-
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LLPs: SM

SM LLP physics crucial for precision era
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LHCb HLT1 downstream potential; SM channels _ CERN-THESIS-2023-249

Channel DD/LL proportion [nterest LHCb Simulation TrackMVA + Downstream
2024 expected MC TrackMVA only
b-hadron decays oA
Ny (N =p*n”)y
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http://cds.cern.ch/record/2881886/

Challenges: Trigger efficiency  EurPhysJ.C84(2024)6,608

Dark scalars (BC4)
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https://doi.org/10.1140/epjc/s10052-024-12906-3

Challenges: Beam gas background

- ATLAS Search for Neutral LLPs Decaying to Displaced Jets (2024) arXiv:2407.09183
- Background composition:
- Beam-gas collisions produced fake displaced jets through:
- Inelastic proton-gas interactions - electromagnetic showers > calorimeter energy deposits mimicking LLP
decays
- Measured fake jet rates scaled linearly with LHC beam vacuum pressure (R « p) 19/06/P06014
- Impact on LLP Sensitivity:
- Without mitigation, beam-gas backgrounds would dominate over signal in regions with:
- Vertex displacements: 30cm<ct<4.5m
- LowLLP boost (By < 2), where decay products are spatially resolvable
- Simulated beam-gas events showed topological similarity to LLP signatures:
- Non-prompttiming (At~ 1-10 ns vs. collision products)
- Multi-track vertices displaced from primary interaction point

ATLAS Calorimaiars

Gas ingction “Faka jal” a.a. p Brams.
from MEG [simul ated with FLLIKA)
cariridge Prassure FLUKA simulsticon
Lo maasurament of muan produdian P —
o ared franspart__——""
— BCM
T —r
LH i } —
B . B — - — B "—\.I.\_\__\_\_— - — - — - — - —
Bumgp prafile - T
from pressura FLLUKA showar simulation Hits in BCM
cabeulation Baam-gas coliision n LHC funnal & ATLAS (simulated with FLLIKA) 2024 JINST 1 9 PO601 4
[simul sted with FLLUKA)



https://core.ac.uk/download/pdf/613874649.pdf
https://iopscience.iop.org/article/10.1088/1748-0221/19/06/P06014

Challenges: Beam gas background

Mitigation Strategies: The analysis employed:
- Timing Cuts:

- Exploited ns-level calorimeter timing to reject out-of-time beam-gas events
(90% rejection efficiency)
- Data-Driven Background Modeling:

- Used ABCD method in signal-free regions to residual beam-gas contributions
- Vacuum Pressure Monitoring:

- Leveraged ATLAS Beam Conditions Monitor (BCM) rates to veto periods with
elevated beam-gas activity

Location of muon hits from beam background Timing / position O_f recon§tructed jets from
beam background in calorimeter

tclus [ns]

-4 3 2 -1
- t:;psemed(zcluy 15< Fews < 2 m) chus [m]

2024 JINST 19 P06014



https://core.ac.uk/download/pdf/613874649.pdf

LHC Experiments and their LLP Search Focus:

Experiment/Detector

ATLAS

CMS

LHCb

FASER

MATHUSLA

Primary LLP Signature Focus

Displaced Jets/Leptons,
Charged LLPs, HNLs, Dark
Photons

Displaced Jets (Inner Tracker),

Displaced Showers (Muon
Endcaps)

Very Displaced Vertices
(Dimuons, Hadrons)

Light, Weakly-Coupled Particles
(Dark Photons, ALPs, Sterile

Neutrinos)

Neutral LLPs (Hadronic,
Leptonic)

Key Detector Region/Focus

Inner Detector,
Calorimeters, Muon
Spectrometer

Inner Tracker, Endcap
Muon Detectors (CSCs)

Forward Spectrometer
(VELO, UT, SciFi)

Far-Forward Region (100m
from IP), Decay Volume,
Spectrometer

Surface Detector (40m
scale), Air-filled Decay
Volume

Joint analysis framework ? e.g combined analysis of Bg — quu_

Typical ct Range (approx.)

~0.1 mm to several meters

~0.1T mm to ~100 mm
(Inner), ~cm to ~tens of
meters (Muon)

~0.1 mm to ~1 meter

~tens to hundreds of
meters

~tens of meters to ~0.1
seconds



The X17: a 17 MeV boson ?

» Atomki: Phys. Rev. C 104, 044003
(2021) |
» Evidence for/againstin 2024:
> VNU 4 sigma arXiv:2401.11676v2 | _
» MEG-Il exclude it but do have

1.50 excess. arXiv:2411.07994v1
» Allthese use p+"A> e*e + 1A . 't
> Study angles in outgoing T e :
electron/positron

PhysRevC.104.044003

3H{p,e+e')4He

l".p= S10 ke

80

Counts/(5 degrees)

+

T
- o

8Be* » 8Be + X17 » %Be+ete

- PADME CERN seminartoday at 11:00, paper came out yesterday E,= 610 keV

- PADME uses DADNE positrons on diamond target PADME 30 May 2025 ; 2505.24797 lu’:—
- beam energy 265-300 MeV, >vs16.4and17.5Mev |
- Measure the cross-section o106 : :
- Unblind ~2.5 o excess : e

+

1.04}

- The X17's proposed kinetic mixing with the Standard i ] { '
, 1.02 L1 ~

Model photon is a common portal for dark photons, i T ? .l%
which can be long-lived if the kinetic mixing is 1 \ H ‘ L U
sufficiently small B

0.98_' L L T PP PPTRE PETRE FETRE PETRE FETIE FETTE PRTRE FOPRL I
16.4 16.6 16.8 17 17.2 17.4 40 50 0 70 %0 90 100 110 120 130

/s (MeV) O (degrees)



https://arxiv.org/pdf/2505.24797

- Thank you
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