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Introduction to High Energy Physics

What is High Energy Physics? 
High Energy Physics (HEP) explores what the world is made of and how it works at the smallest and largest 
scales, seeking new discoveries from the tiniest particles to the outer reaches of space

• Inspired by some of the biggest questions about our universe:


• What is it made of?

• What forces govern it?

• How did become the way it is today?


• Aims to understand the fundamental particles and their interactions providing insight into the basic structure 
of the universe and its origins
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The Standard Model of Particle Physics

The Standard Model (SM) of Particle Physics is a well-established theoretical framework that describes the 
fundamental particles and their interactions

• It successfully explains a wide range of phenomena observed in particle physics experiments

• Measurements agree with SM predictions with remarkable precision!!!
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The Standard Model of Particle Physics

The SM has a total of 19 free parameters 
• Gauge coupling constants (weak interaction, electromagnetism, strong interaction)

• Quark masses (up, down, charm, strange, top, and bottom)

• Lepton masses (electrón, muón and tau)

• Quark mixing parameters (CKM matrix) - flavour mixing

• Higgs sector (self-coupling constant, vacuum expectation value and mass)


• If neutrino masses and mixings are considered, it has a total of 26 free parameters

• Neutrino masses

• Lepton mixing parameters (PMNS Matrix) - flavour mixing (neutrinos)


• These parameters must be measured experimentally! 

Lagrangian of the SM



Carlos Escobar IbáñezExperimental High Energy Physics — @FlipPhysics 2024 6

The Standard Model of Particle Physics

The development of the SM by theoreticians and experimentalists in the latter half of the 20th 
century was a long and hard road! 🥵
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Historical milestones in High Energy Physics

Early discoveries and the birth of particle physics 
• The development of the SM was a hard road! 🥵

J. Chadwick

C. Anderson

discovered the electron 
using cathode ray tubes

E. Rutherford

E. Rutherford

W. Crookes

First kind of particle accelerator, 
the Crookes tube (1875)

J. J. Thomson 
Electron (1897)

Proton (1917)

Photon (1923)

Neutron (1932)

Positron (1932)

J. Cockcroft and E. Walton

First true particle accelerator 
candidate, the Crookes tube (1875)

discovered the positron 
(anti-electron) in cosmic rays

E. Lawrence
Cyclotron (1930s)

Could Chambers (1911)
C. Wilson

Bubble Chambers (1952)
D. Glaser

Nuclear Emulsions (1947)
C. Powell

Neutron (1932)

S. Neddermeyer 
and C. Anderson

E. Segrè and 
O. Chamberlain

Muon (1936)

Antiproton (1955)

C. Powell
Pion (1947)

Strange Particles 
(1950s) - kaons, 
lambdas, etc
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Historical milestones in High Energy Physics

J. Chadwick

C. Anderson

discovered the electron 
using cathode ray tubes

E. Rutherford

E. Rutherford

W. Crookes

First kind of particle accelerator, 
the Crookes tube (1875)

J. J. Thomson 
Electron (1897)

Proton (1917)

Photon (1923)

Neutron (1932)

Positron (1932)

J. Cockcroft and E. Walton

First true particle accelerator 
candidate, the Crookes tube (1875)

discovered the positron 
(anti-electron) in cosmic rays

M. Planck’s quantization (1900)
Quantum Theory

A. Einstein’s photoelectric effect (1905)

Wave-Particle Duality
de Broglie's hypothesis (1924), confirmed by 
electron diffraction experiments (1927)

E. Lawrence
Cyclotron (1930s)

Could Chambers (1911)
C. Wilson

Early discoveries and the birth of particle physics 
• The development of the SM was a hard road! 🥵

S. Neddermeyer 
and C. Anderson

E. Segrè and 
O. Chamberlain

Muon (1936)

Antiproton (1955)

C. Powell
Pion (1947)

Strange Particles 
(1950s) - kaons, 
lambdas, etc

Quantum Electrodynamics (QED)
 R. Feynman, J. Schwinger, and S.-I. Tomonaga (1940s)

Nuclear Emulsions (1947)
C. Powell

Bubble Chambers (1952)
D. Glaser
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The Particle Zoo

Unveiling the diversity of subatomic particles 
• The term "Particle Zoo" emerged (popularized by R. Oppenheimer in 1956) in the mid-20th century when 

numerous subatomic particles were discovered, which seemed overwhelming in their variety and number

• Were all these particles elementary particles? 

• It was urgently needed a systematic way to categorize them!!!

Particle Zoo :: chaos

Bubble Chambers allowed the visualization of particle 
tracks, leading to the identification of new particles

🫣

🤔

😒
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Historical milestones in High Energy Physics

Higgs (2012)Electron neutrino (1956)

Muon neutrino (1962)

C. Cowan y C. Anderson

Quark (up, down, strange) (1969)

Quark (charm) (1974)

Quark (bottom) (1977)

Gluon (1979)

Tau (1976) Quark (top) (1995)

W/Z (1983)

Tau neutrino (2000)

Towards the Modern Era: The Standard Model and Beyond 
• The development of the SM was a hard road! 🥵

particle 
accelerators
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Historical milestones in High Energy Physics

Quark Model (1960s)
M. Gell-Mann and G. Zweig

Electroweak Theory (1970s)
S. Glashow, A. Salam, and S. WeinbergHiggs mechanism (1964)

M. Gell-Mann and G. Zweig

Quantum Chromodynamics (1970s)
M. Gell-Mann, H. Fritzsch, and H. Leutwyler

The Standard Model 
of Particle Physics

😎

Towards the Modern Era: The Standard Model and Beyond 
• The development of the SM was a hard road! 🥵

particle 
accelerators
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Measurements

Measurements agree with SM predictions with 
remarkable precision!!! 😎
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Measurements at the LHC

Measurements agree with SM predictions with remarkable precision!!!
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Limitations of the Standard Model of Particle Physics

Hierarchy problem

Neutrinos masses

and oscillations

Matter–antimatter asymmetry

Dark Matter

Dark Energy

Absence of gravityStrong CP problem

Three generations of matter particles? Unification of EW with QCD

Naturalness

It is known that the SM has limitations which indicate that while the SM is a robust framework 
for understanding many aspects of particle physics, it is not a complete theory ☹😅
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Limitations of the Standard Model of Particle Physics

The Standard Model of particle physics 
is capable of explaining a significant 
portion of the universe 😎😅



Basis of Experimental High 
Energy Physics
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1. Technology of the detectors

Transverse slice of the ATLAS detector

Cloud chambers

Geigers counters

Films/Emulsions

Scintillation 
Counters

Bubble/Spark/ 
Wire chambers/TPC

Semiconductors

The micro-encapsulation allow to produced 
more are more compact and complex systems
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1. Technology of the detectors

Transverse slice of the ATLAS detector
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2. Requirements of Experimental High Energy Physics

Experiment

Theory Simulation
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Enabled by advanced technologies

Accelerators

Detectors Computing (incl. 
 Machine learning)

2. Requirements of Experimental High Energy Physics
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3. How experiments (analyses) are performed in Experimental High Energy Physics

DetectorReal data Reconstruction of physics objects

Data statistical uncertainty Instrumental uncertainty Experimental uncertainty
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Beam 
remnant

Initial-state parton

Simulation of PS and hadronization

Reconstruction of physics objects
Detector

Monte Carlo statistical uncertainty
Theory/modelling uncertainty Theory/modelling uncertainty

Simulation of the process

Detector modelling uncertainty

Experimental uncertainty

Data chain

Simulation chain
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4. The Three Frontiers



Energy Frontier
What is the Energy Frontier? 
• Explore higher energy scales to discover new particles and phenomena that cannot be 

observed at lower energies

• Probe conditions similar to those just after the Big Bang

• Probe beyond the SM

• Investigate dark matter, extra dimensions, and new forces

• Based on high-energy colliders like the LHC
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The Large Hadron Collider (LHC)

The Large Hadron Collider (LHC) is the most powerful particle accelerator in the world 
• Located at CERN, 100 m underground

• 27 km collider where two beams go in opposite directions

• Collison rate: 40 MHz

Switzerland

France

CERN

27 km
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LHC
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The Large Hadron Collider (LHC)

CARMEN GARCÍA (IFIC)

450 GeV – 7 TeV

26 - 450 GeV

1.4 GeV – 26 GeV

50 MeV – 1.4 GeV
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The Large Hadron Collider (LHC)

LHC uses about 9300 superconductor magnets — Largest technological challenge! 
• 1232 dipols, 392 quadrupols, sextupols, etc

• Superfluid Helium at -271 ºC (1.9 K)

Large Hadron Collider (LHC)
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The Large Hadron Collider (LHC)

There are 4 main experiments placed in the LHC ring:

• LHCb: flavour physics of the SM 

• ALICE: physics of strongly interacting matter at extreme energy densities (quark-gluon plasma)

• CMS and ATLAS: General-purpose detectors exploring a wide range of physics topics 

• Some other smaller experiment : TOTEM, MoEDAL, LHCf, FASER and SND@LHC

• Higgs boson was observed in 2012, validating the last missing piece of the SM

• Search for New Physics: SUSY, dark matter, and other theories beyond the SM
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Current Challenges and future directions
European, America and Asian strategies seems to converge though there are many proposals:

1. HL-LHC 
2. Higgs factories (e+e- colliders): 

- Large circular colliders: FCC-ee (CERN) and CepC (China)

- Lineal colliders: ILC (Japan), CLIC (CERN), C3 (US)


3. Exploring the high energy frontier:  
- pp colliders: FCC-hh (CERN), SppC (China)

- µµ colliders: m-collaboration (CERN+US)
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Current Challenges and future directions: HL-LHC

Large Hadron Collider (LHC / HL-LHC)
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Current Challenges and future directions: HL-LHC

Large Hadron Collider (HL-LHC)

Major interventions on more than 1.2 km of the LHC tunnel 
• Beam current and brightness (number of protons in beam) 
• Luminosity levelling (interaction point) → better to have a constant luminosity for a longer time 
➡ New IR-quads Nb3Sn (inner triplets), New 11T Nb3Sn (short) dipoles, Collimation upgrade, Cryogenics upgrade, 

Crab Cavities, Cold powering, Machine protection, etc 

Beam current and brightness 
(number of protons in beam)

New/better injectors 
LIU (LHC Injector Upgrade)

Useful luminosity. 
Reduce radiation damage 
on IP and keep pile-up 
under control. 
For efficiency it is better 
to have a constant 
luminosity for a longer 
time. 

Luminosity leveling (interaction point)



Intensity Frontier
What is the Intensity Frontier? 
• Focuses on studying rare processes and making precise measurements of known particles and forces

• Understand the properties of neutrinos and their oscillations

• Investigate CP violation to explain the matter-antimatter asymmetry in the universe

• Detect kaon and muon rare decays and subtle effects that might hint at new physics
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Deep Underground Neutrino Experiment (DUNE)
• Located in Fermilab (Illinois), with a detector at the Sanford Underground Research Facility (South Dakota)

• Study neutrino properties, especially neutrino oscillations

• Goals:


• Determine the neutrino mass hierarchy

• Investigate CP violation in the neutrino sector; could provide clues about the matter-antimatter asymmetry


• Technology: 
• a new MW-scale neutrino beamline (LBNF) - protons @ 60 – 120 GeV → ~1021 POT/yr

• a high-resolution, high-rate near detector (NDLAr (~2032) → NDLAr+NDGAr (2040))

• a far detector (FD) comprising four 17-kiloton liquid argon time-projection chamber (TPC) modules

• Uses a LAr TPC for precise detection of neutrino interactions

near detector
far detector
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Deep Underground Neutrino Experiment (DUNE)

near detector
far detector
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Neutrino Experiment with a Xenon TPC (NEXT)

Located in the Canfranc Underground Laboratory, Spain

• Search for neutrinoless double beta decay, which if observed, would show that 

neutrinos are Majorana particles (their own antiparticles).

• Would provide insights into the absolute mass of neutrinos

• Test the conservation of lepton number

• Technology: High-pressure Xe gas time-projection chamber (TPC), providing excellent 

energy resolution and background discrimination
Majorana 

mass term
SM

Xe gas time projection chamber with electroluminescent amplification

• Primary scintillation (S1) establishes the start-of-event time

• Secondary scintillation (S2) is used for calorimetry and tracking

• Specialised photosensor arrays for each measurement
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Neutrino Experiment with a Xenon TPC (NEXT)
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NA64 Experiment

100 GeV e-

30 m

Hadronic calorimeter

Initial 100 GeV e- 
from the CERN 
SPS beam line

Electromagnetic 
calorimeter

Reconstruction of the incoming 
 particle ID and momentum: 

The magnetic spectrometer, the tracking 
system and the synchrotron radiation detector

Two bending magnets in 

series → 7 T.m field

SRD: 95% e- 

identification


E.Depero et al., NIMA 

866 (2017) 196-201

Tracking system: 


8 XY multiplexed resistive 

micromegas and 4 GEM detectors 

D. Banerjee et al., NIMA881 (2018) 

72-81
Beam tagged through S1-3

➡ Iron Scintillator sandwich


➡ High hermeticity (∼28λ)


➡ Energy resolution ~ 60%/√(E[GeV])

Standard 
Model (SM)

Dark  
Sector (DS)

Vector  
Portal

NA64 Experiment 
• Located in the North Area of the SPS at CERN

• Search for dark sector particles and other BSM physics, 

focusing on dark photons and light dark matter
• High-intensity electron beam from SPS directed at a fixed target


• NA64e (5.1 x 1011 EOT), NA64µ (1.5 x 1011 MOT), 
NA64e+ (1.5 x 1010 e+OT), NA64π (1.9 x 1010 πOT)



Carlos Escobar IbáñezExperimental High Energy Physics — @FlipPhysics 2024 38

In
te

ns
ity

 F
ro

nt
ie

r
Energy Frontier

• Nanobeam scheme

• Goals:


• Study of CP Violation

• Precision SM measurements, specially flavour physics

• Search for New Physics

SuperKEKB is an advanced e+e- collider designed to achieve unprecedented 
luminosity (6 x 1035 cm-2 s-1)

SuperKEKB and the Belle II Experiment
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SuperKEKB and the Belle II Experiment

cmarinas@ific.uv.es

Linac
KEK - Tsukuba

SuperKEKB ring (HER+LER)

Belle II detector

Mt. Tsukuba

Tokyo

Tsukuba

39

The SuperKEKB Accelerator
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SuperKEKB and the Belle II Experiment

SVD

PXD

Belle II Experiment

Vertex detector 
• PXD: 2 layers DEPFET

• SVD: 4 layers of Double-sided Silicon 

Strip Detectors (DSSD) detectors

These innermost layers have to cope with high 
background occupancy, high radiation and must 
have minimal material to reduce multiple scattering

SuperKEKB



Cosmic Frontier
What is the Cosmic Frontier? 
• Exploration and study of the universe on its largest scales using particles and phenomena from space

• Focuses on fundamental questions about the universe, such as the nature of dark matter, dark energy, 

cosmic rays, and the origins of the universe itself
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Antares and KM3Net

Antares and KM3Net 
• Antares: An underwater neutrino telescope located in the Mediterranean Sea (decommissioned)

• KM3Net: A next-generation neutrino telescope being constructed in the Mediterranean, designed to 

be much larger and more sensitive

• Detect high-energy neutrinos from cosmic sources such as supernovae, gamma-ray bursts, and 

active galactic nuclei

• Technology: Arrays of photomultiplier tubes embedded in the deep sea, detecting Cherenkov light 

produced by neutrino interactions

ANTARES KM3NeT
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Antares and KM3Net

These detectors observe upward-going neutrinos 
from most of the sky due to the Earth’s rotation

Arrays of large-area photomultiplier tubes (PMTs) 
enclosed in pressure-resistant glass spheres to 
form optical modules

• KM3NeT utilizes a total of approximately 2070 
PMTs across both ARCA (Astroparticle Research 
with Cosmics in the Abyss) and ORCA (Oscillation 
Research with Cosmics in the Abyss) detectors

• Antares used 900 PMTs
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Cherenkov Telescope Array (CTA)

The Cherenkov Telescope Array (CTA) observatory 
• Located Northern Hemisphere (La Palma, Spain) and the Southern Hemisphere (Chile)

• Detect high-energy gamma rays with energies from 20 GeV to 300 TeV to study extreme 

environments like black holes, neutron stars, and supernova remnants

• Goals:


• Understand particle acceleration mechanisms

• Mapping the Gamma-Ray Sky

• Explore dark matter and fundamental physics through gamma-ray observations


• Technology: large array of imaging atmospheric Cherenkov telescopes (IACTs) to detect very high-
energy gamma rays by observing the Cherenkov light produced when gamma rays interact with 
the Earth's atmosphere
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Cherenkov Telescope Array (CTA)

Segmented mirror to reflect the Cherenkov light to a high-speed 
camera (PMTs and SiPMs) that records the image of the shower

10 km

Cherenkov light
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High Altitude Water Cherenkov (HAWC)

The HAWC (High-Altitude Water Cherenkov) observatory 
• Located at an altitude of 4.100 m on the Sierra Negra volcano near Puebla, Mexico

• Study gamma rays and cosmic rays with energies from 100 GeV to 100 TeV

• Goals:


• Investigate and understand the galactic/extragalactic sources of high-energy cosmic rays

• Mapping the High-Energy Sky (TeV scale)

• Monitor transient events like Gamma-Ray Bursts

• Dark Matter Searches


• Technology: array of water Cherenkov (300) detectors spread over a large area to detect 
secondary particles produced by cosmic rays and gamma rays interacting with the atmosphere
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High Altitude Water Cherenkov (HAWC)



Emerging proposals for 
extending current experiments
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Emerging experiments and current proposals

The SM, while highly successful, is known to be incomplete

• It cannot explain several phenomena such as dark matter, neutrino masses, matter-antimatter asymmetry, etc

• We need to push the boundaries of our understanding of particle physics

• Many BSM theories, such as SUSY, hidden valleys, and extra dimensions, predict the existence of long-lived 

particles (LLPs)

‣ ATLAS and CMS (LHC, CERN) employ various techniques to identify unusual signatures such as displaced vertices, 
disappearing tracks, and delayed photons, which are indicative of LLPs.


‣ LHCb (LHC, CERN) has excellent vertex resolution capabilities, making it well-suited to detect particles that decay 
at significant distances from the interaction point.


‣ MoEDAL (Monopole and Exotics Detector at the LHC) is specifically designed to search for highly ionizing particles 
and other exotic states, including LLPs. It uses passive detectors and has unique sensitivity to long-lived, 
heavy, and stable charged particles.


‣ Belle II (SuperKEKB accelerator, Japan) has a program for searching for LLPs that might be produced in B-meson 
decays or other processes.


‣ NA62 (CERN) also looks for LLPs produced in kaon decays that can travel a significant distance before decaying.

‣ DUNE (US) has a large detector volume and underground location making it sensitive to certain types of LLPs, 

especially those produced in cosmic rays or from neutrino interactions.

• Indeed, several experiments and collaborations are actively searching for LLPs:
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Emerging experiments and current proposals
• Many of the theories involving LLPs give no specifications on lifetimes

• We need new experiments that complement existing ones like the LHC

• LLPs with very long lifetimes could decay after traversing the main LHC detectors (O(10m))


• Need of dedicated experiments far away from the IP!

• Can we profit from our existing experiments and “easily” extend them? 

EXECUTIVE SUMMARY

The Large Hadron Collider (LHC) provides unprecedented sensitivity to short-distance

physics. Primary achievements of the experimental program include the discovery of the

Higgs boson [1, 2], the ongoing investigation of its interactions [3], and remarkable precision

Standard Model (SM) measurements. Furthermore, a multitude of searches for physics be-

yond the Standard Model (BSM) have been conducted over a tremendous array of channels.

These have resulted in greatly improved BSM limits, with no new particles or force carriers

having been found.

The primary LHC experiments (ATLAS, CMS, LHCb, ALICE) have proven to be remark-

ably versatile and complementary in their BSM reach. As these experiments are scheduled

for upgrades and data collection over at least another 15 years, it is natural to consider

whether they can be further complemented by one or more detectors specialized for well-

motivated but currently hard-to-detect BSM signatures. A compelling category of such

signatures are long-lived particles (LLPs), which generally appear in any theory containing

a hierarchy of scales or small parameters, and are therefore ubiquitous in BSM scenarios.

The central challenge in detecting LLPs is that not only their masses but also their

lifetimes may span many orders of magnitude. This makes it impossible from first principles

to construct a single detector which would have the ultimate sensitivity to all possible LLP

signatures; multiple complementary experiments are necessary, as summarized in Fig. 1.

In this expression of interest we advocate for CODEX-b (“COmpact Detector for EXotics
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• Trigger constraints

• lots of SM background

• limited by size

• New LHC projects

• complementary to existing experiments

• aiming for zero background analysis (shielding)
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Emerging experiments and current proposals

new experimentbeampipe

EXECUTIVE SUMMARY

The Large Hadron Collider (LHC) provides unprecedented sensitivity to short-distance

physics. Primary achievements of the experimental program include the discovery of the

Higgs boson [1, 2], the ongoing investigation of its interactions [3], and remarkable precision

Standard Model (SM) measurements. Furthermore, a multitude of searches for physics be-

yond the Standard Model (BSM) have been conducted over a tremendous array of channels.

These have resulted in greatly improved BSM limits, with no new particles or force carriers

having been found.

The primary LHC experiments (ATLAS, CMS, LHCb, ALICE) have proven to be remark-

ably versatile and complementary in their BSM reach. As these experiments are scheduled

for upgrades and data collection over at least another 15 years, it is natural to consider

whether they can be further complemented by one or more detectors specialized for well-

motivated but currently hard-to-detect BSM signatures. A compelling category of such

signatures are long-lived particles (LLPs), which generally appear in any theory containing

a hierarchy of scales or small parameters, and are therefore ubiquitous in BSM scenarios.

The central challenge in detecting LLPs is that not only their masses but also their

lifetimes may span many orders of magnitude. This makes it impossible from first principles

to construct a single detector which would have the ultimate sensitivity to all possible LLP

signatures; multiple complementary experiments are necessary, as summarized in Fig. 1.
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FIG. 1: Schematic summary of reach and coverage of current, planned or proposed experiments
in terms of the LLP mass, lifetime and the required parton center-of-mass energy,
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• Forward experiments:

• Search for very weakly 

coupled to light particles: 
light mediators, ALPs 

ATLAS / CMS / LHCb

ATLAS / CMS / LHCb
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• Transverse experiments:

• Search for decays of 

heavier particles: heavy 
mediators, eg. Higgs
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Emerging experiments and current proposals
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Emerging experiments and current proposals
MATHUSLA (Massive Timing Hodoscope for Ultra Stable Neutral Particles) 
• Purpose: Designed to detect LLPs with lifetime up to 108 m that could escape detection in the LHC’s main 

detectors

• Location: Proposed to be constructed on the surface above the CMS detectors during HL-LHC: rock shielding

• Aiming for zero background analysis


• Technology: Uses a large array of detectors to track particles over long distances and times

• Goals: Search for new particles predicted by theories beyond the SM, such as those associated with hidden 

sectors or dark matter
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• Test stand with 2018 confirmed background 
hypothesis and gives confidence in projected 
physics reach
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Emerging experiments and current proposals
CODEX-b (Compact Detector for Exotics at LHCb) 
Purpose: Aims to detect low-mass, LLPs that might be missed by the LHCb detector

Location: Proposed to be located in the LHCb cavern at CERN

Technology: Utilizes precise tracking detectors to identify exotic particles and LLP decay vertex

Goals: Explore new physics scenarios including hidden valley models and other extensions of the SM

3

x

'

SM

SM

CODEX-b box

UXA shield

shield veto

IP8Pb shield

DELPHI

FIG. 2: Top view layout of the LHCb experimental cav-
ern UX85 at point 8 of the LHC, overlaid with a top view
schematic of the CODEX-b detector. Adapted from Ref. [5].

of complementary experiments and searches. Given the
many possible topologies, some amount of “theory bias”
is inevitable. We have considered two complementary
approaches, studying:

1. Minimal models or “portals”, which are simple SM
extensions with a single new particle, neutral under
all SM gauge interactions. Such simplified models
have limited predictive power and physical inter-
pretation. They are, however, good representatives
of more complicated models, which aim to address
one or more outstanding problems of the Standard
Model. This approach has led to the development
of a set of benchmark models during the Physics
Beyond Colliders (PBC) e↵ort [7].

2. Complete models, which are more complicated and
aim to address one or more of the outstanding puz-
zles of the Standard Model. This includes the hier-
archy problem, baryogenesis and dark matter.

In the remainder of this section we briefly summarize our
findings for these two lines of reasoning.

A. Minimal models

Underpinning the minimal model approach is the fact
that the symmetries of the SM already strongly restrict
the possible couplings through which a new, neutral state
may interact with the SM sector, and a simple classi-
fication is possible through the spin of the new state.
One typically considers a scalar (S), pseudo-scalar (a),
a fermion (N) or a vector (A0), where each allows for a
handful of dimension 4 and/or dimension 5 operators:

Abelian hidden sector: Fµ⌫F
0µ⌫

, hA
0
µA

0µ (1a)

Dark Higgs: S
2
H

†
H, SH

†
H (1b)

Heavy neutral leptons: H̃L̄N (1c)

Axion-like particles: @
µ
a  ̄�µ�5 , aWµ⌫W̃

µ⌫
,

aBµ⌫B̃
µ⌫
, aGµ⌫G̃

µ⌫
. (1d)

Here F
0µ⌫ represents the field strength operator to the

vector field A
0; H the SM Higgs doublet; h the physical,

SM Higgs boson; L the SM lepton doublets;  any SM
fermion; and B

µ⌫ , Wµ⌫ and G
µ⌫ the field strengths of the

SM hypercharge, SU(2) and strong forces, respectively.
We also allow for scenarios where a di↵erent operator is
responsible for the production and decay of the LLP, as
summarized below.
The Abelian hidden sector model [8–10] is a very

simple extension of the SM with just one additional, mas-
sive U(1) gauge boson (A0) and its corresponding Higgs
boson (H 0). (See, e.g., Refs. [11–17] for examples of other
models with similar phenomenology.) The A0 and the H 0

mix with, respectively, the SM photon [18, 19] and Higgs
boson. If the latter is heavier than the SM Higgs, it
decouples from the phenomenology, leaving behind the
operators in Eq. (1a) in the low energy e↵ective theory.
The hA0

µA
0µ operator is responsible for the production of

the A
0, through the exotic Higgs decay h ! A

0
A

0, while
the A

0 decay proceeds through the kinetic mixing opera-
tor Fµ⌫F

0µ⌫ . The production and decay rates of the A
0

are therefore controlled by independent parameters. The
top row of Fig. 3 shows the reach of CODEX-b for two
di↵erent values of the A

0 mass.
The most minimal extension of the SM comprises the

addition of a single, real scalar degree of freedom (S) that
couples to the SM Higgs. This scenario is often referred
to as the dark Higgs or Higgs portal simplified model.
The model has three free parameters: the mass (mS), the
mixing angle with the Higgs (s✓) and the mixed quartic
coupling with the Higgs (�D). The mixing angle controls
the lifetime of S as well as the production rate through
exotic B decays, as indicated by the penguin diagram in
the inset of the upper middle left-hand panel of Fig. 3.
The mixed quartic coupling controls the rate for pair pro-
duction of S both in exotic Higgs and B decays, as in-
dicated by the diagrams in the inset of the middle right-
hand panel of Fig. 3. LHCb already has sensitivity to
this model [20, 21], but CODEX-b would greatly extend
the reach into the small-coupling/long lifetime regime.
Axion-like particles (ALPs) couple to the SM

through dimension-5 operators (1d), arising in a broad
range of BSM models. They tend to be light when gen-
erated via the breaking of approximate Peccei-Quinn-
like symmetries, and their suppressed couplings make
them excellent LLP candidates. Long-lived ALPs may
couple to quark and/or gluons, and may be copiously
produced at the LHC through a variety of mechanisms,
including production during hadronization of quarks
and gluons, production from hadron decays via neutral
pseudoscalar meson mixing and production from flavor-
changing neutral-current bottom and strange hadron de-
cays. In addition, for gluon-coupled ALPs, of partic-
ular importance for transverse LLP experiments such
as CODEX-b is production by emission in the parton
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Emerging experiments and current proposals

ANUBIS (An Underground Belayed In-Shaft) 
• Purpose: Designed to detect LLPs with LLPs with decay lengths > 10 m and masses > 1 GeV that could escape 

detection in the LHC’s main detectors

• Location: Proposed to be constructed in the ATLAS access shaft (56m) and/or part of the cavern for HL-LHC

• Technology: Uses a RPC chambers to track particles over long distances and times (to reject cosmic rays)

• Goals: Search for new particles predicted by theories beyond the SM, such as those associated with hidden 

sectors or dark matter
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Summary and conclusions

• High Energy Physics continues to probing the fundamental nature of the universe

• The Standard Model (SM) of Particle Physics is a well-established theoretical framework that describes the 

fundamental particles and their interactions but it has limitations which indicate that is not a complete theory

• Importance of the three Frontiers: Energy, intensity, cosmic frontiers provide complementary insights

• Ongoing and future experiments promise exciting discoveries
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Summary and conclusions
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Introduction to High Energy Physics

What is High Energy Physics?

High Energy Physics (HEP) explores what the world is made of and how it works at the smallest and largest 
scales, seeking new discoveries from the tiniest particles to the outer reaches of space

• Inspired by some of the biggest questions about our universe:


• What is it made of? What forces govern it? How did become the way it is today?

• Aims to understand the fundamental particles and their interactions providing insight into the basic structure 

of the universe and its origins

Connected to real-world applications

Innovative and disruptive technological advancements in HEP 
have led to innovations such as the world wide web (www), 
capacitive touch screens, medical imaging techniques like PET 
scans, and advancements in superconducting technologies
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Introduction to High Energy Physics
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Which comes first: theory or experiment?

The Standard Model (SM) of Particle Physics is a well-established theoretical framework that 
describes the fundamental particles and their interactions and allow to predict them

• Particles were (almost always) predicted by theory

• Some of the experimental discoveries took a while (limited by technology)

😎
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Measurements at the LHC

Measurements agree with SM predictions with remarkable precision!!!
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Emerging Experiments and Future Proposals

Collision 
point

Distance 
from IP

Fiducial 
volume

Use main 
experiment?

Shielding 
cosmics

Shielding 
collision

Technology

MATHUSLA CMS ~90 m 25m x 100m 
x 100m

Under study NO YES Scintillators  
(+ 1 RPC)

ANUBIS ATLAS ~25 m ~56m x 
(9m)2

YES Partial NO RPC 
(scintillators 

CODEX-b LHCb ~35 m 10m x 10m x 
10m

Under study YES YES RPC

AL3X ALICE ~4.25 m ~12m x 
(2.5m)2

NO YES YES Gas TPC

• For a given decay volume,

• More solid angle if closer to the IP

• Number of decays higher if closer to the IP 

• LHC collision backgrounds more important if closer to the IP (depending on shielding)
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Cost of the latest projects
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LHC and HL-LHC schedule

• HL-LHC installation phase currently scheduled to start in 2026 
• HL-LHC physics phase currently scheduled to start in 2029

Today
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Current Challenges and future directions
Circular or lineal colliders? 
• Both accelerators can do excellent (Higgs) physics and they can reach the threshold to produced tt̄

• Circular colliders can reach larger luminosities at the Large Electron-Positron (LEP) energies (~100 GeV)

• Future updates of linear colliders would access di-Higgs, tt̄H, and “energy-growth” in new physics
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Current Challenges and future directions: FCC

Future Circular Collider (FCC): 100 km tunnel in Geneva 
• FCC-ee:


• √s = 90 — 350 GeV

• Potencial: improve from 20 up to 50 times SM measurements, Higgs width, DM as invisible decays of H, 

BSM through loops

• Possibility to explore energy scales of ~10 TeV


• FCC-hh:

• √s = 100 TeV → 16 T magnets needed

• Potencial: Heavy resonances up to m ≈ 40TeV, stops up to m ≈ 10TeV, Higgs self-coupling, rare decays, 

EWK, top-quark physics in extreme regimes 

FCC
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Cherenkov Telescope Array (CTA)

The 8 large-sized telescopes, with a mirror diameter of 23 m and a camera built of 
photomultiplier tubes, are optimized for the measurement of the low energy gamma rays

The core energy will be measured by the 40 medium-sized 
telescopes which consist of a mirror with diameter of 12 m and a 
field of view of 7-8 degrees. The camera will also consist of PMTs

The array will be complemented with 70 small-sized telescopes, with a field of view of about 
9 degrees and a 4 m diameter mirror, which are sensitive to the highest energy gamma rays. 
These ones will be spread out over several square km in the southern hemisphere array


