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FI PS/LLPS @ I F I C [More details about the experimental context and timeline in C. Antel, et al. Eur. Phys. J. C 83 (2023) no.12, 1122]

- Broad community at IFIC involved in many projects from the theory and experimental perspectives.

- Participation in several FIPs/LLP searches at existing and future facilities at the intensity, cosmic and energy frontiers.

« FCCee, FCChh,

LHC Timeline - CepC, ILC...

Long shutdown 3 (LS3) Run 4 LS4 Run 5 Beyond

2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038 2039 2040 2041

- NA64, NAG2, FASER, DarkQuest,
PADME, LUXE, MiliQan...

« SBND, Microboone, T2K, ICARUS,

COHERENT, DUNE/ProtoDUNE... | [0 et T UXE, DarkQuest, DarkSHINE, LDMX. BDX, M3....
. Belle II, ATLAS, CMS, LHCb,

MOEDAL... - DUNE, HyperK, COHERENT, ProtoDUNE@SPS,...
* Belle Il, HL-LHC, MOEDAL,...

Colliders - SHIP, Forward Physics Facility (FASER2, FORMOSA, FLARE,...),
Fixed target Mathusla, Codex-B, Anubis,...
Neutrino experiments - HyperK, DUNE, ...
*in bold IFIC participation . Belle II, HL-LHC,...
* And many more...

- Complementary to cosmic frontier and DM direct detection: (Baby) laXo, CADEXx,..., LZ, PANDAX, XenonNT,..., Km3net, Icecube,... 4



LLPs @colliders
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From: https://ep-news.web.cern.ch/content/lip11-eleventh-workshop-long-lived-particle-community



https://ep-news.web.cern.ch/content/llp11-eleventh-workshop-long-lived-particle-community

Present experiments

 Searches for hadronically decaying LLPs with extensive lifetime

range coverage

e Leading searches for displaced jets in the ATLAS calorimeters

(Calo) since 2015

* Great involvement in searches for displaced jets in the ATLAS
Inner Detector (ID) and
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Selected ATLAS results
95% CL observed limits

Searches:
—..— Muon System (2 Vitx Only), 139 fb™
Phys. Rev. D 106 (2022) 032005
—.— Muon System (1 Vix + 2 Vix), 36 fb™
Phys. Rev. D 99 (2019) 052005
—— Calorimeter, 139 fb"
JHEP 06 (2022) 005
- . -. Tracker+Muon System, 36 fb
Phys. Rev. D 101 (2020) 052013
—.-. Tracker, 139 fb™
JHEP 11 (2021) 229
e Tracker (b-tag), 36 fb™
JHEP 10 (2018) 031
—.— Monojet, 139 fb™
ATL-PHYS-PUB-2021-020
m H-—inv,7-8-13 TeV combination
ATLAS-CONF-2020-052
Tracker, 37.5-140 fb™
arXiv:2403.15332

LLP masses:

J ) 5-8 Gev [ 15-20 Gev | 25-35 GeV

20Gev [ 45-60 Gev [JJJAny

S
E. Torro, C. Escobar, E\! s
C. Carrién (PhD) o

ATLASVLC

nstituto de Fisica Corpuscular - Valencia

« PhD thesis (2024): “SEARCHING FOR NEUTRAL LONG-LIVED
PARTICLES WITH HADRONIC DECAYS IN THE ATLAS
EXPERIMENT AND IDENTIFICATION OF NON-COLLISION
BACKGROUNDS?”, V. Sanchez Sebastian

Triggers and data reduction formats for LLPs

Pioneers in the use of Machine Learning (ML) for
displaced objects identification

Reinterpretation
Benchmark models:

Dark sectors
_ong-lived ALPs (for the first time in ATLAS)

HNLs
Baryogenesis

R-parity violating SUSY




Present experiments e o st L

AITANA

ATLAS

EXPERIMENT

* Phenomenology, e.g. dark monopoles with suppressed
decays to photons 2507.06697 [hep-ph]

* ML techniques on tracking
EPJC 85 (2025) 460

* Collaborations on LLPs with IHEP Beijing (Ostrovsky),
Bonn (Dreiner)

* BSM LLPs phenomenology & LHC experimental data analysis
* LL SUSY particles
* Dark Sectors
* ALPs
* Magnetic monopoles / multiply charged particles
* Lepton flavour violation
* Machine learning in raw data

* UFO models in MadGraph



https://arxiv.org/abs/2507.06697
https://doi.org/10.1140/epjc/s10052-025-14156-3

Present experiments A Ovanguren, o 2hue

Development of software-based triggers to enhance the sensitivity to LLPs (up to two orders of magnitude)

Dark scalars (BC5)
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» Heterogeneous computing arquitectures (GPUs, FPGAS)

» Advanced computing techniques.

Dark scalars
— —

(BC4)
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» Tracking reconstruction in real time.

» Developments of new triggers (Downstream tracks and BuSca algorithm,
I\ TT----- ‘ investigating the application on fixed target at NA64 with L. Molina-Bueno).

- —
-
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» Physics analysis (rare decays)
1079 NN L .
A - » Detector optimisation (MODE collaboration)
Downstreamysq-t ——— FASER ~ —— LHCbgyrun3 |
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[Eur.Phys.).C 84 (2024)6, 608] [Comput. Softw.Big Sci. 9 (2025) 1, 10]
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https://link.springer.com/article/10.1140/epjc/s10052-024-12906-3
https://arxiv.org/abs/2503.13092

E. Torro

Future experiments

* Acceptance and
background studies

Detector characterisation and optimisation

cosmics
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Heavy neutral leptons

Neutrino masses Matter-antimatter
asymmetry

- Mechanisms to generate it
- Why are so small?

e e Antimatter




Theoretical interests

* Primary goal: to test neutrino mass and baryon asymmetry
mechanisms by analyzing the correlations they induced among
different observables.

Light
Neutrino
Masses

P Hernandez , J. Lopez-Pavon,
N. Rius

EW &
Flavour
precision
data

HNL direct
Searches

Active
Neutrino
Sector

Asymmetry
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P Hernandez , J. Lopez-Pavon, @&M

Theoretical interests N. Rius

* Neutrino mass mechanism in minimal low scale seesaw model predict flavour structure of HNL
mixing pattern.

- Strong complementarity between HNL direct searches and neutrino oscillation measurements.

0. A 1. 0. A 1.

Present

Normal
ordering

W NO, s,3°=0.58

B NO, s,3°=0.42

W 10, s,3%=0.58

M 10, s53%=0.42
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Abdullahi et al 2203.08039; Drewes, Klaric, Lopez-Pavon 2207.02742; Caputo, Hernandez, Lopez-Pavon, Salvado 1704.08721
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Theoretical interests

P Hernandez , J. Lopez-Pavon, @ 8 M

N. Rius et

Measurement of HNL mass and mixing can:

- Combined with neutrinoless double beta decay rate and CP
violation in neutrino oscillations can suffice to pin down
matter-antimatter asymmetry from lab measurements.
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Yp(107H) asymmetry

Hernandez, Lopez-Pavon, Rius, Sandner 2305.144
Hernandez, Lopez-Pavon, Rius, Sandner 2207.01651
Hernandez, Kekic, Lopez-Pavon, Racker, Salvado 1606.06719

« Allows an indirect determination of CP phases of

the PMNS matrix (even Majorana phases!) in minimal
seesaw models.
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Caputo, Hernandez, Kekic, Lopez-Pavon, Salvado 1611.05000
Hernandez, Kekic, Lopez-Pavon, Racker, Salvado 1606.06719 13



Potential proof of principle for searches using LArTPCs

P. Coloma, J. Lopez-Pavon, L. Molina-Bueno and S. Urrea, JHEP 01 (2024), 134 doi:10.1007/JHEP01(2024)134

North area EHN1 Neutrino Platform

NPO2 NPO4
Soil
c% P T2 | 15m p /14 beamine> ‘ H ‘
> - BN Dump
Q
O | 400 GeV ~700 m
Vg
50 cm thin Be target >[E;i75?car:ces fr702r: ;nz
Working group created in December 2023 to demonstrate
Benchmark HNL — my the proof-of-principle within DUNE collaboration
Escenario minimal: solo un neutrino pesado [ > ———— NU*,~*l QW+ - _NU(; PvraZ -
(HNL, N) se mezcla con un neutrino estandar v ad V0L H \/ﬁv 47 VLol (P COIOma et al- +H- Amar (PhD), J Martln-AIbo)

In this study 1 module
considered (NP02)

T2-Target
400 GeV B
protones D HNL (cz, m)
> K .
T Ldetector
P,...
BR(M — HNL)

produccioén del HNL via desintegracion
2
de mesones o | U, |”

Long shutdown 3 (LS3)

2027

2026 2028 2029 2030

BR(HNL - visible) - €

Desintegracion del HNL en
particulas del SM  « |U 4 |°

det

Run 4

2031 2032 2033

A muon—neutrino interaction

candidate.
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https://link.springer.com/article/10.1007/JHEP01(2024)134

Complementary with HNL/LLP searches @DUNE - veartin-Aibo VLC

Neutrino beam as a

Sanford o
- Undergr:und.lo source o S ot PP p— —
\ Research Facility 20 Ge prOton bean
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,' 1021 POT/year
v V- -vV= " e y - ) '; -

‘ SR —0 NEUTRINO
> —V ‘ PRODUCTION
[Dée’jé)/

Rw{l\/?ﬂ);umu LLPs that interact or
PARTICLE DETECTOR decay in the Near
Detector

1072
* Leadership in BSM physics in DUNE
107 * Focus: long-lived particles (LLPs) at
~ the Near Detector (ND)
- —6
z 10 e Additional BSM physics program: non-
= 0=t standard oscillations, rare neutrino
| i | interactions (e.qg., tridents), nucleon
1010 Excluded Tt ¢ Excluded N - ; Excluded —  "ttteenl, ] d eCay
- — DUNE e S puNe e S —DpuNe e
000 00501 05 1 001 00501 05 1 00l 00501 05 1
M N (Ge\/) My (GeV) My (Ge\/) DUNE Collaboration, JINST 19 (2024) 12, P12005 15

P. Coloma et al., Eur. Phys. J. C 81 (2021) 1, 78



Complementarity with searches at the cosmic frontier

A. Garcia Soto, R. Gozzini, J. Hernandez,
J. Prado (PhD), S. Madarapu (PhD)

\ E,=424473
Ehadmns =2499.12

"~ E,=20874 |
¢ Upscattering

- # Decay |

Software tools
Analysis

* Development of new analysis tools

* Application of ML techniques

- Search for HNL via double-cascade signatures at low energies

- Adaptation of SIREN lepton injection [arXiV: 2406.01745] to the case of neutrino telescopes to generate signal;
currently generation in dipole moment scenario, alternative to mixing.

- Reconstruction based onBDT and GNN (GraphNet) aiming at both classification of double-cascade events and

regression of distance and energy distribution in each vertex.
16



Dark Matter composition

FASERv2

Belle-II

S’:\jllg(cjlz:‘d Dark Photon Dar/k sector S
A"— yy { )

European Strate




L. Molina-Bueno, K. Salamatin

LDM searches at fixed-target experiments ; 1./ ) e sueh Borras (aster/Php)

MS1

Complementary beams

NA64e- NA64e+ NAG4u

MS1

T
~

Preparation,
commissioning and data
taking campaigns

Monte Carlo simulations for detector and
trigger optimisation

Exploration of new signatures
Tracking
Analysis and sensitivity studies

LS3 LS4

2025 2026 2027 2028 2029 2030 2031 2032 2033

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

1077 -

1073 -

1 NAG64 collaboration, Phys. Rev. Lett. 131 (2023) no.16, 161801
10_14 3 \Qe’ NAG64 collaboration, Phys. Rev. Lett. 132 (2024) no.21, 211803

NAG64 collaboration Phys. Rev. D 110 (2024) no.11, 112015

o ]
107 102 10~ 100

m, |GeV]
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Synergies/possible interests

*Many groups involved in FIPs/LLPs searches.
- Complementarity with other experiments.
* Theoretical interests to exploit the physics case, in particular in the context of HNL.
*EXperience In
*Monte Carlo simulations:
» Detector optimisation
» Exploration of new signatures
* Trigger
* [racking
 Application of ML tools
* Electric/magnetic millicharged particles @ SHIP ?

19



R&D/Instrumentation



Experimental neutrino physics group

Noble element detectors (DUNE, NEXT, COLINA):

CERN DRDs participation:
e DRD1 (gaseous detectors): electronic integration into

DAQ for fixed-target experiments, TPCs for neutrino

VUV photon detection and light collection
Cryogenic instrumentation

High-pressure systems
Charge amplification structures

Readout electronics

physics
* DRD2 (liquid detectors): light collection and detection.
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R&D in calorimeters A. Irles

AITANA LUXE
= =

* Key installation for DRD Calo WP1 devoted to characterisation and
hybridisation of silicon sensors for high granularity calorimetry.

* Sensor assembly and characterisation for SIW-ECAL &
HighCompactCalo for DRD Calo.

 LUXE/SHIP/.. stepping stones before Higgs Factory

g * Strong collaboration @IJCLab, proposing to use DRD calo
quoted dimansions SIWECAL for SND detector/

refer to sensitive
volumes
Electronic bords ~10cm

* Contributions to R&D, prototype production and testbed
. operation/analysis.

https://indico.cern.ch/event/1618975/contributions/7004462/attachments/3253008/5805930/extramaterial _talk261125 Roman.pdf

22


https://indico.cern.ch/event/1618975/contributions/7004462/attachments/3253008/5805930/extramaterial_talk261125_Roman.pdf

R&D in calorimeters

e Design and production of high-throughput read-out electronics.
e Firmware development and software for fixed-latency FPGA

e SoC design and operations

e Real time signal reconstruction for calorimeters

Achievements:
e ATLAS Tile Calorimeter Read-out Devices (2006-2026)
e ATLAS TileCal PreProcessor (TilePPr) for HL-LHC

o  ATCA Based Board with Xilink KU-115 FPGA

o Interface between the “on-detector electronics” and the trigger & data
acquisition system, 40 Tb/s throughput

ATLAS 2 " crour

EXPERIMENT

ELECTRONICS
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R&D in solid-state detectors

Main development lines towards potential upgrades of
ATLAS, Belle Il, NA64 and future collider experiments:

e Monolithic silicon technologies

» OBELIX (Tower 180 nm): Spatial resolution,
triggering and radiation hardness

> MANTA (TPSCo 65 nm): Versatile pixel grouping,

power consumption
» MONSTERA (LFoundry 150 nm): Monolithic CMOS

strips
e Characterization techniques and infrastructure

» TPA-TCT, IR microscopy, large tracking

demonstrator systems
e Interconnections and postprocessing:

>~ Redistribution layers, optical connections, etching,

dicing, ...

C. Castro, D. Galacho, J. Iddon, C. Lacasta, C. Marinas, S.
Marti, L. Molina-Bueno, K. Salamatin, S. Vico




Synergies/possible interests

We are participating into several R&D activities within the DRD programs that could have
synergies:

*R&D in noble gases Time Projection Chambers
» Light detection and collection
» Tracking
 Solid-state and gaseous detectors: Time Projection Chambers, DMAPS pixels
* TDAQ
 Optical links, high performant FPGAs
» Calorimeters
»High granular ECAL calorimeters

25



