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The sub-atomic structure of matter (a very simplified picture)

It’s all made of a handful of particles and forces
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Fig. 1.2 Ordinary matter as we find it on Earth is composed entirely of up and down
quarks from the first family, which are the building blocks of protons and neutrons
forming the atomic nuclei, and of electrons. The electron-neutrino appears in some
radioactive decays; it plays a key role in the nuclear fusion process inside the Sun,
whereby four protons fuse into a helium nucleus (made of two protons and two neutrons),
releasing energy. According to current knowledge, the electron and quarks are elementary
particles. Through measurement at particle colliders one can derive tight upper limits
on their size (shown in red).

on the other hand, subject to weak interactions, are not sterile, but the
very weakness of these interactions makes their direct observation rather
di�cult. The existence of neutrinos (more precisely of the neutrino part-
ner of the electron, ⌫e, the first to be discovered) was postulated in 1930
by Wolfgang Pauli, so as to preserve conservation of energy, momentum
and angular momentum in radioactive decays. The real observation of a
neutrino in a laboratory was achieved only in 1956.

In the Standard Model (figure 1.1) quarks and leptons are organized
into three families (also called generations) according to their flavour. Each
family is made of a doublet of quarks and a doublet of leptons, with one
charged lepton and its associated neutrino as members. However, all stable
matter in the Universe as we know it today is made only of particles from the
first family: the up (u) and down (d) quarks and the electron and electron-
neutrino (figure 1.2). What is then the role, if any, of the remaining two
families, and are there only three families?

With the exception of neutrinos whose mass hierarchy is not yet firmly
established, masses of both leptons and quarks increase with family num-
ber. Due to the equivalence between energy and mass (for a body of mass
m, E = mc2, where c the velocity of light in vacuum),6 production of a
6In this book we use energy units derived from the electron-volt (eV) to express both

energies and masses. An electron-volt is the energy acquired by an electron accelerated
by a potential di↵erence of one volt. One mega-electron-volt (MeV) corresponds to
106 eV, one giga-electron-volt — approximately the energy required to create a proton
— is 109 eV, one tera-electron-volt (TeV) corresponds to 1012 eV.
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It’s all made of a handful of particles and forces

The sub-atomic structure of matter and its interactions is described by the Standard Model

Completely new type of non-
universal interactions, nothing 
to do with known forces

Spin 1/2 Spin 1 Spin 0
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It’s all made of a handful of particles and forces

The sub-atomic structure of matter and its interactions is described by the Standard Model

Completely new type of non-
universal interactions, nothing 
to do with known forces

Spin 1/2 Spin 1 Spin 0

Likely still a very 
simplified and  
incomplete picture 
(but enough to explain 
most observations)

How do we know all 
this?
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Completely new type of non-
universal interactions, nothing 
to do with known forces

It’s all made of a handful of particles and forces

The sub-atomic structure of matter and its interactions is described by the Standard Model

Spin 1/2 Spin 1 Spin 0

Decades of international 
high-technology 
accelerator-based 
research gave us these 
insights
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Will we all die because of the Higgs field?

Tamas Almos Vami

1 Introduction

The goal of fundamental physics is to find the main concepts that describe the whole Universe. The state-of-
the-art understanding of the world is based on the theory of gravitation, as described in the frame of general
relativity, and the Standard Model of particle physics (SM).

The SM is a quantum field theory, that can be written in a concise way on a mug (Figure 1). A field is
an abstract quantity that assigns a certain value to every point in spacetime, and a quantum field does this
in a way that it respects the laws of quantum mechanics and special relativity, too. It is important to note
that every particle in the SM is an excitation of their respective quantum field.

Figure 1: A mug from CERN containing the main equation from the Standard Model. (Source: https:
//visit.cern/sites/visits.web.cern.ch/files/images/image/shop-09.jpg)

2 How breaking a symmetry could be useful

One of the main feature of the SM is the Brout-Englert-Higgs mechanism. It assumes a so called Higgs field
(denoted by �) which, below certain extremely high temperatures, goes through a process called spontaneous
symmetry breaking and by this it generates masses for the force carrying particles.

The situation can be analogous to a ball on a hill. The ball on the top of the hill is unstable and will
eventually fall down to the valley. The potential valley of the Higgs field is described by the term V (�) in
Figure 1 and it has the form of

V (�) = µ2|�|2 + �|�|4

where µ2 < 0 is proportional to the mass of the Higgs boson and the � > 0 is the self-coupling. This potential
is usually referred as the Mexican hat potential and it is plotted in Figure 2.

Figure 2: Higgs potential in the Standard Model. (Source: my own figure)

1

The SM Lagrangian

These terms describe interactions among 
force particles (top) and among matter 
and force particles (bottom)

Interactions in the Standard Model are described by local gauge theories

Beauty: interactions governed by gauge 
symmetries with only 3 (EW) and 2 (QCD, 
θstrong tiny ® strong CP problem) parameters 

A problem: gauge symmetry requires massless spin-1 bosons and spin-1/2 fermions



A solution to the mass problem is to introduce a new complex scalar field 𝜙, which couples to the weak bosons 
and fermions, and whose energy potential is such that the field condensates below a critical temperature TEW 
with a non-zero vacuum expectation value 0|𝜙|0 = 𝜐 ≠ 0, thus spontaneously breaking the symmetry of the 
vacuum

The field pervades all space. The interaction of a particle with the Higgs field                                             
gives the particle interaction energy and thus mass. The stronger the interaction,                                           
the greater the mass. 

A local excitation of the Higgs field 𝜙 around its ground state is the Higgs boson

Gauge symmetry and the Higgs mechanism
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Broken Symmetries and the 
Masses of Gauge Bosons –– 
or how to change the course 
of physics with a good idea 
on two pages — together with 
the other famous works from 
his colleagues in 1964 

[My life as a boson, 2010]

Peter Ware Higgs (1929 – 2024)

Peter Higgs with Peter Jenni 
visiting ATLAS on 4 April 2008Peter Higgs and Fabiola on 4 July 2012

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.13.508
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.13.508
https://inspirehep.net/files/d2b9efd520f4288b3ba6e47bf1a77132
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Developing .(4) ∝ (0, 1 + 9 4 ) around the minimum and inserting it into the SM Lagrangian expanded by 
particle interactions with .(4), determines the particle spectrum

• :# = 0, :$ = %
&;1, :' = %

& ;& + ;(& < 1, :$/:' = cos A$
• :) = %

&;)1,  (*& 	(Yukawa couplings) not predicted by Higgs mechanism, note that *'() ≈ 1, but ** ≈ 0.3 0 10–,)

• :* = B = 1 2D + Δ2	(energy-dependent quantum corrections)

At T = 0, E . 	has a minimum at:

	 1 = 1+,- = .-
&/			(1 ≈ 246	GeV)

The early universe, at T > TEW, was in a symmetric 
phase (|.min| = 1+ = 0), a phase transition at ~TEW 
(~1015 K, 10–12 s after the big bang) led to |.min| = 1+./ > 0  

The Higgs potential energy: ! " = −%! " ! + ' " " *

*Note that in the SM, this phase 
transition is a smooth crossover, ie, of 
2nd  order with no Higgs bubble creation

At lowest order (tree level)
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Developing 𝜙(𝑥) ∝ (0, 𝜐 + 𝐻 𝑥 ) around the minimum and inserting it into the SM Lagrangian expanded by 
particle interactions with 𝜙(𝑥), determines the particle spectrum

• 𝑚! = 0, 𝑚" = #
$
𝑔𝜐, 𝑚% =

#
$

𝑔$ + 𝑔&$ 0 𝜐, 𝑚"/𝑚% = cos 𝜃"

• 𝑚' =
#
$𝑔'𝜐,  (𝑔! 	(Yukawa couplings) not predicted by Higgs mechanism, note that 𝑔"#$ ≈ 1, but 𝑔% ≈ 0.3 ( 10–')

• 𝑚( = 	𝜇 = 𝜐 2𝜆 + Δ𝜆	(energy-dependent quantum corrections)

At T = 0, 𝑉 𝜙 	has a minimum at:

							𝜐 = 𝜐)*+ =
,(

$-
			(𝜐 = #

$.)
≈ 246	GeV)

The early universe, at T > TEW, was in a symmetric 
phase (|𝜙min| = 𝜐) = 0), a phase transition at ~TEW 
(~1015 K, 10–12 s after the big bang) led to |𝜙min| = 𝜐)*+ > 0  

The Higgs potential energy: 𝑉 𝜙 = −𝜇! 𝜙 ! + 𝜆 𝜙 " *

*Note that in the SM, this phase 
transition is a smooth crossover, ie, of 
2nd  order with no Higgs bubble creation

At lowest order (tree level)

where was used: 𝑔/𝑚! ∝ 𝐺"
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Developing 𝜙(𝑥) ∝ (0, 𝜐 + 𝐻 𝑥 ) around the minimum and inserting it into the SM Lagrangian expanded by 
particle interactions with 𝜙(𝑥), determines the particle spectrum

• 𝑚! = 0, 𝑚" = #
$
𝑔𝜐, 𝑚% =

#
$

𝑔$ + 𝑔&$ 0 𝜐, 𝑚"/𝑚% = cos 𝜃"

• 𝑚' =
#
$𝑔'𝜐,  (𝑔! 	(Yukawa couplings) not predicted by Higgs mechanism, note that 𝑔"#$ ≈ 1, but 𝑔% ≈ 0.3 ( 10–')

• 𝑚( = 	𝜇 = 𝜐 2𝜆 + Δ𝜆	(energy-dependent quantum corrections)

The left-right asymmetric (V–A, maximal parity violation) gauge structure of weak interaction forbids bare fermion 
masses, mass only through Higgs mechanism 𝑚' ∝ 𝑔'𝜐 ® SM fermions are naturally light compared to high-
scale physics such as the Planck scale (~1019 GeV), no naturalness problem 

The SM structure may propose that there are (many?) super-heavy left-right gauge symmetric fermions (beyond 
our reach), and the SM fermions only survived down to the EW scale because they cannot have bare masses. 
This may also explain the very light neutrinos (lepton-number violation has at least D=5, suppressed by super-heavy M)

The Higgs boson can have bare mass, and so why is it not super heavy? ® This is the ‘hierarchy problem’

Remark:
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1

These terms describe interactions among 
force particles (top) and among matter 
and force particles (bottom)

This term is related 
to the Higgs sector

The top term describes how matter 
particles couple to the Higgs field ϕ
and thereby obtain mass 

The lower left term describes the 
interaction of the Higgs field with 
the weak-interaction bosons, which 
thereby obtain mass

The lower right term describes the 
Higgs potential V(ϕ) with non-zero 
ground state

Beauty: interactions governed by gauge 
symmetries with only 3 (EW) and 2 (QCD, 
θstrong tiny ® strong CP problem) parameters 

Unpleasant: not governed by 
symmetries, 23 free parameters*, 

large hierarchy among masses

The scalar Higgs sector completes the Standard Model

The SM Lagrangian

*Assuming neutrinos are Majorana particles (total of 9 neutrino related parameteres)
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These terms describe interactions among 
force particles (top) and among matter 
and force particles (bottom)

This term is related 
to the Higgs sector

The top term describes how matter 
particles couple to the Higgs field ϕ
and thereby obtain mass 

The lower left term describes the 
interaction of the Higgs field with 
the weak-interaction bosons, which 
thereby obtain mass

The lower right term describes the 
Higgs potential V(ϕ) with non-zero 
ground state

Beauty: interactions governed by gauge 
symmetries with only 3 (EW) and 2 (QCD, 
θstrong tiny ® strong CP problem) parameters 

Unpleasant: not governed by 
symmetries, 23 free parameters*, 

large hierarchy among masses

The scalar Higgs sector completes the Standard Model

The SM Lagrangian

Fermion mass pattern 
(“flavour problerm”)
CERN Courier

Very small interaction 
strengths

Order one interaction 
strength to Higgs 

boson

*Assuming neutrinos are Majorana particles (total of 9 neutrino related parameteres)

https://cerncourier.com/a/who-ordered-all-of-that/
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1

These terms describe interactions among 
force particles (top) and among matter 
and force particles (bottom)

This term is related 
to the Higgs sector

The top term describes how matter 
particles couple to the Higgs field ϕ
and thereby obtain mass 

The lower left term describes the 
interaction of the Higgs field with 
the weak-interaction bosons, which 
thereby obtain mass

The lower right term describes the 
Higgs potential V(ϕ) with non-zero 
ground state

Beauty: interactions governed by gauge 
symmetries with only 3 (EW) and 2 (QCD, 
θstrong tiny ® strong CP problem) parameters 

The scalar Higgs sector completes the Standard Model

The SM Lagrangian

The Standard Model is an astoundingly predictive theory
For example, the currently best experimental measurement of the magnetic dipole 
moment of the electron finds: ⁄𝒈 𝟐 = 𝟏. 𝟎𝟎𝟏𝟏𝟓𝟗	𝟔𝟓𝟐𝟏𝟖𝟎𝟓𝟗	 ± 𝟎. 𝟎𝟎𝟎𝟎𝟎𝟎	𝟎𝟎𝟎𝟎𝟎𝟎𝟏𝟑

Standard Model (QED) and experiment agree within a relative precision of 10–10 !

Unpleasant: not governed by 
symmetries, 23 free parameters*, 

large hierarchy among masses

*Assuming neutrinos are Majorana particles (total of 9 neutrino related parameteres)



Completing the Standard Model

14

A few further comments:

• The Higgs mechanism is required because we assume the                                                                        
bosons and fermions to be elementary. It would be different                                                                  
had they substructure: binding energy could give mass

• The resulting mass values govern the history of the universe                                                                 
(incl. complex chemistry and life) ® what would happen had                                                                                  
we (or nature) a dial to change the particle masses? [see R. Cahn, 1996*]

• The vacuum energy density of the Higgs field is about 1055 times larger than the dark energy observed                  
(|ρHiggs| ~ mH

2
 𝜐4 / 2 ~ 1044 eV4 ≫ ρΛ ~ (2×10–3 eV)4 ~ 10–11 eV4) ® “It would curve the universe into an object roughly the            

size of a football” (Veltman, 1986) 
– Largest contribution to vacuum energy from zero-point energy of quantum fields ρQFT ∝ m4

Pl ~ 10110 eV4 [cosmological constant problem]

• The remarkable similarity between the BEH mechanism and the Bardeen–Cooper–Schrieffer theory of 
superconductivity, where the Bose condensation of a Cooper pair of two electrons plays the role of the Higgs   
field (note: Tcrit = TEW  ~ 1015 K!), raises the question whether the Higgs boson might not be elementary after all

938.3 MeV 939.6 MeV ® Δm = –0.14%

~ 4.7 MeV

~ 2.2 MeV

*Electron capture is possible in proton-rich isotopes such as Be-7 decay: p + e ® n + ve (transition from Be-7 to Li-7), it could go alongside nucleus decay via positron emission

https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.68.951


To prove it one had to find and 
measure a new particle: the 

mysterious Higgs boson

The Higgs mechanism was only a hypothesis 
before the start of the LHC

http://www.shardcore.org/
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Large Hadron 
Collider (LHC)
• 27 km underground 

accelerator and collider 

• Superconducting magnets 
(1.9 K = –271.3 °C) steer the 
particles around the ring

• Proton and ions are 
accelerated to multi-TeV 
scale energies before they 
collide

The LHC has a total of 9300 magnets for beam bending, beam focusing and orbit corrections

This machine was realised at CERN

Producing and studying the Higgs boson 
requires a huge machine



17

CERN Meyrin campus
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The Large Hadron Collider

Areal view
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LHC Control Room (July 2022)
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ISR Control Room (early 70s)



What happens in a high-energy proton–proton collision?

Its constituents fuse and transform into new, 
sometimes heavy particles with rates depending on 
the strength of their interaction with the proton and 
on their mass:

• Light quarks, gluons (“jets”)  ≫  W, Z  ≫  top quark  
≫  Higgs boson

• Heavy particles decay instantaneously to light, 
stable particles (quarks/hadrons, leptons, photons)

• A particle detector precisely neasures these decay 
particles, which allows to deduce the properties of 
the mother particle  

• An online filter (“trigger”) reduces the huge rate of 
particle interactions by a factor of 20,000 focusing 
on the most interesting processes

• Data reconstruction and analysis is done in 
computing centers worldwide



Presentation

CMS

ATLAS
LHCb

ALICE

ATLAS

ALICE

CMS

LHCb

LHC

SPS

PS

LHC Experiments

Areal view
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ATLAS Experiment
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The ATLAS Detector

High resolution silicon detectors: 
• 100 Mio. channels (50 µm x 250 µm)
• 6 Mio. channels (80 µm x 12 cm) 
spatial resolution ~15 µm (in azimuth). 
Complemented by gaseous transition 
radiation tracker at large radius

Axial field provided by solenoid (2 T) 
in central region (momentum 
measurement) 

Energy measurement down to 1o     
to the beam line with a calorimeter 
system

Independent muon spectrometer 
(superconducting toroid magnet system)

Ultra-fast custom electronics and 
high-performance computers filter 
the collisions: only 1 out of 10,000 
collisions is kept 25 m diameter, 44 m long, 7000 tons weight 
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The ATLAS Collaboration

Links: ATLAS public home page, Physics results, Interactive ATLAS world 
map, Static world maps, List of ATLAS institutes

ATLAS is a multi-decade 
experimental programme involving:

• 242 institutes from 40 countries + 
16 Technical Associate Institutes

• 2900 Scientific authors
• 1200 Physics PhD students
• 1300 Engineers or technicians
• 100 Engineering students
• 6000 Active members

joined ATLAS in 1994

Photo taken in Dec 2024 at the ATLAS detector site at CERNDynamic evolution (17 PhD students)
Broad and crucial contributions to ATLAS detector, 
operation, and data analysis

https://atlas.cern/
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/WebHome
https://atlaspo.cern.ch/public/ATLASMap/
https://atlaspo.cern.ch/public/ATLASMap/
https://cds.cern.ch/record/2654110
https://atlaspo.cern.ch/public/institutions/
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View on the ATLAS inner 
detectors. At the centre, the 
inner tracking detector with a 
radius of about 1m. It is 
surrounded by the inner solenoid 
producing a uniform 2-Tesla field 
throughout the volume of the 
tracker. The magnet itself is 
located inside the cryostat of the 
liquid argon electromagnetic 
calorimeter, whose electronic 
read-out boxes are visible, 
covering in part the hadronic 
calorimeter located at larger 
radius. On the outer part, the first 
layers of muon chambers, part of 
the muon spectrometer, 
subdivided into sixteen azimuthal 
sectors, are seen



ATLAS endcap in open position during year-end technical stop 2023/2024
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tt ® eµ + jets candidate event in 2016 8.16 TeV p-Pb collisions

Physics results
High-energy proton and heavy-ion collisions enable an exceptionally broad physics program 
covering (almost) the full breadth of particle physics. ATLAS has released more than 1350 papers

Observation quantum entanglement in top-pair production
Nature, 633, pages 542 (2024), CERN press release

mailto:https://www.nature.com/articles/s41586-024-07824-z
mailto:https://atlas.cern/Updates/Press-Statement/Top-Entanglement
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Physics results
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Superb performance of the LHC
Peak luminosity in 2024: 2.1 × 1034 cm–2s–1, pileup of 63, total delivered luminosity: 389 fb–1

Run 1 (2010–2012) LS1* (2013–2015)

Run 2 (2015–2018)

LS2 (2019–2022) Run 3 (2022–2026)

LHC design value per experiment 300 fb–1

2010 2011   2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024    

Date*LS = Long Shutdown



tt ® eµ + jets candidate event in 2016 8.16 TeV p-Pb collisionsAbout 1 Higgs boson per second is produced in 
ATLAS at the LHC (about 20M total by today)      
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Higgs boson production at the LHC

About 1 Higgs boson per second is produced in 
ATLAS at the LHC (about 20M total by today)      
It decays within 10–22 s
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A Higgs boson to 2 photons candidate

Higgs boson discovery



A Higgs boson to 4 muons candidate

Higgs boson discovery



Phys. Lett. B 716 (2012) 1-29 [16.2k citations]
2012

Higgs boson discovery

H ® 𝛾𝛾

H ® ZZ* ® 4ℓ
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The Higgs boson

Nature 607, 52 (2022)

The LHC’s magnum opus
But is it really the Higgs boson we were looking for?

Spin-parity of 0+ was quickly confirmed using angular 
analyses. Deeper studies required much more data

Nature 607, 52 (2022)

https://www.nature.com/articles/s41586-022-04893-w
https://www.nature.com/articles/s41586-022-04893-w


2020

The Higgs boson — At 10

Eur. Phys. J. C 80 (2020) 942JHEP 07 (2023) 088

H ® ZZ* ® 4ℓ
H ® 𝛾𝛾

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-29/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-16/


A Higgs boson to 2e2µ plus a Z boson to 2µ candidate event



Higgs boson mass

The Higgs mass is peculiar

Eur. Phys. J. C 80 (2020) 942
2020

mH = 125.11 ± 0.11 GeV (0.09%)
arXiv:2308.04775

http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-29/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-20/
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Higgs boson mass

Radiative corections sensitive to heavy particles in loop

The Higgs mass is peculiar

• It is consistent with the global electroweak fit

https://arxiv.org/abs/1803.01853


The Higgs mass is peculiar 

• It is consistent with the global electroweak fit
• But the electroweak vacuum seems to be 

metastable

λ may become zero and 
even negative at high energy

arXiv:1205.6497

Higgs boson mass

Evolution of the Higgs quartic coupling, assuming SM (only)

𝑉 𝜙 = −𝜇! 𝜙 ! + 𝝀 𝜙 "

https://arxiv.org/abs/1205.6497


The Higgs mass is peculiar 

• It is consistent with the global electroweak fit
• But the electroweak vacuum seems to be 

metastable

• And in case of new high-scale physics, the Higgs 
mass appears to be highly fine-tuned

The scalar mass term in the SM is not protected by any 
symmetry, so, in case of high-scale new physics (eg, at mPl):

This is the hierarchy problem: low-energy physics 
depends on high-energy physics (no scale factorisation)

• Solutions explored may be weakly coupled (eg, SUSY), 
strongly coupled (eg, Higgs composite), strong gravity 
(eg, warped extra dimensions)

• To be natural, solutions involve new physics at TeV 
scale. Or invoke a statistical solution (and the anthropic 
principle) via a landscape of string vacua (multiverse)
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The Higgs boson couplings to the SM particles are 
experimentally determined by measuring cross-
sections of all accessible Higgs boson production      
and decay modes

Higgs boson couplings

Channel
categories BR ggF VBF VH ttH

Cross Section        
(13 TeV)   48.6 pb 3.8 pb 2.3 pb 0.5 pb

γγ 0.2 % ✓ ✓ ✓ ✓
ZZ 2.6% ✓ ✓ ✓ ✓

WW 21% ✓ ✓ ✓ ✓
ττ 6.3 % ✓ ✓ ✓ ✓
bb 58% ✓ ✓ ✓ ✓

Zγ (& γγ∗) 0.2 % ✓ ✓ ✓ ✓
μμ 0.02 % ✓ ✓ ✓ ✓

Huge experimental programme, some channels suffer from 
large backgrounds, huge improvements from smart 
analysis techniques and machine learning

In grey: evidence for decays, but not observed yet



Predictions at hadron colliders are extremely     
complex and require several levels of modelling            
and calculations (higher order hard processes,          
parton fragmentation, hadronization, parton     
distribution functions, etc…) 

The interpretability of our results relies on our ability    
to compute accurate and precise predictions

Theory predictions

Calculations of Higgs boson 
production via gluon fusion 
versus time
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A boosted WH → μνbb candidate event

H → bb



A boosted WH → μνbb candidate event
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H → bb
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A ttH → 6 jets + 𝛾𝛾 candidate event
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A ttH → 6 jets + 𝛾𝛾 candidate event

ttH production features rich events, 
H ® 𝛾𝛾 channel most powerful
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H ® WW* (® eµ+2𝜈)
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arXiv:2207.00338

H ® WW* ® 2ℓ2𝜈

arXiv:2201.08269

H ® 𝜏𝜏

arxiv:2207.00338
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-09/


ttHWH 

VBF

H ® µµ  — Higgs coupling to light second-generation fermions

H ® μμ, very challenging channel (0.02% branching fraction)

• Approximately 1,600 events produced but very small signal-to-background ratio
• Requires a very accurate description of the backgrounds (via empirical fit)
• Gain in sensitivity by exploiting all production modes gluon fusion, VBF, VH, ttH

3.0σ observed signal
2.0σ observed signal

arXiv:2007.07830arXiv:2009.04363

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2019-14/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-006/index.html
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H ® Z𝛾  — rare Higgs boson decay 
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H ® Z𝛾  — rare Higgs boson decay 

arXiv:2309.03501, CERN press update, Physics briefing
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Branching fractions:

• H ® gg: 0.23%
• H ® μμ: 0.022%
• H ® ZZ* ® 4ℓ: 0.012% (4e + 4μ + 2e2μ) 
• H ® Zg: 0.010% (for Z ® ee, μμ)

Evidence of rarest channel seen so far in combined ATLAS & CMS 
Run-2 datasets: 3.4σ (1.9σ exp), μ = 2.2 ± 0.7, 1.9σ within SM

|𝐻$|𝐴,=𝑍,=Field tensor not measured yet:

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2022-22/
https://atlas.cern/Updates/Press-Statement/First-Evidence-Higgs-Zy
https://atlas.cern/Updates/Briefing/First-Evidence-Higgs-Zy


Measurements by ATLAS and 
CMS have confirmed the non-
universal, mass-dependent 
coupling strengths of the Higgs 
boson to the SM particles
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The Higgs mechanism 
is real !

Nature 607, 52 (2022)

https://www.nature.com/articles/s41586-022-04893-w
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The Higgs mechanism 
is real !
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κ𝛾 = 1.01 ± 0.06, κg = 0.95 ± 0.07 Coupling strengths wrt SM: 

κ𝜏 = 0.93 ± 0.07

κb = 0.89 ± 0.11
κtop = 0.94 ± 0.11+0.25

–0.30

κW = 1.05 ± 0.06
κZ = 0.99 ± 0.06

κµ = 1.06 

Measurements by ATLAS and 
CMS have confirmed the non-
universal, mass-dependent 
coupling strengths of the Higgs 
boson to the SM particles

https://www.nature.com/articles/s41586-022-04893-w


The new sector opens a variety of possibilities and 
questions

The discovery of an (apparently) fundamental scalar particle,             
resulting from spontaneous symmetry breaking, fuels renewed                        
interest in other fundamental (pseudo)scalars, such as the axion

The Higgs mechanism 
is real ! Possible relations between the Higgs boson and 

open questions in particle physics and cosmology

• What stabilises the Higgs mass versus high-scale new 
physics? Are there new TeV-scale symmetries? Is the 
Higgs boson elementary or composite, are there 
anomalies in its coupling to the W or Z?

• Do Higgs interactions violate CP? Is there an anomalous 
Higgs self coupling to allow for a first order electroweak 
phase transition?

• Is the Higgs boson unique?

• What is the origin of dark matter, is the Higgs mechanism 
responsible for dark matter? Can the Higgs boson provide 
a portal to a dark sector? 

• What is the origin of the vast range of Yukawa couplings, 
are there modified interactions, lepton-flavour violation?

• Is the vacuum metastable? Is the Higgs field connected 
with cosmic inflation? Are there possible cosmological 
observations related to the Higgs field?

Salam, Wang, Zanderighi: Nature 607, 41 (2022)

https://www.nature.com/articles/s41586-022-04899-4
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Also: neutralino-chargino pair production excluded up to 1.2 TeV
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The new sector opens a variety of possibilities and 
questions

The Higgs mechanism 
is real ! Possible relations between the Higgs boson and 

open questions in particle physics and cosmology

• What stabilises the Higgs mass versus high-scale new 
physics? Are there new TeV-scale symmetries? Is the 
Higgs boson elementary or composite, are there 
anomalies in its coupling to the W or Z?

• Do Higgs interactions violate CP? Is there an anomalous 
Higgs self coupling to allow for a first order electroweak 
phase transition?

• Is the Higgs boson unique?

• What is the origin of dark matter, is the Higgs mechanism 
responsible for dark matter? Can the Higgs boson provide 
a portal to a dark sector? 

• What is the origin of the vast range of Yukawa couplings, 
are there modified interactions, lepton-flavour violation?

• Is the vacuum metastable? Is the Higgs field connected 
with cosmic inflation? Are there possible cosmological 
observations related to the Higgs field?

Salam, Wang, Zanderighi: Nature 607, 41 (2022)

https://www.nature.com/articles/s41586-022-04899-4


Extended Higgs sector ?
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The scalar sector may feature an 
additional Higgs doublet with 
opposite weak hypercharge (® h, 
H,  A, H±) or even triplet (+ H±±)  
with rich phenomenology
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The new sector opens a variety of possibilities and 
questions

The Higgs mechanism 
is real ! Possible relations between the Higgs boson and 

open questions in particle physics and cosmology

• What stabilises the Higgs mass versus high-scale new 
physics? Are there new TeV-scale symmetries? Is the 
Higgs boson elementary or composite, are there 
anomalies in its coupling to the W or Z?

• Do Higgs interactions violate CP? Is there an anomalous 
Higgs self coupling to allow for a first order electroweak 
phase transition?

• Is the Higgs boson unique?

• What is the origin of dark matter, is the Higgs mechanism 
responsible for the dark matter mass? Can the Higgs 
boson provide a portal to a dark sector? 

• What is the origin of the vast range of Yukawa couplings, 
are there modified interactions, lepton-flavour violation?

• Is the vacuum metastable? Is the Higgs field connected 
with cosmic inflation? Are there possible cosmological 
observations related to the Higgs field?

Salam, Wang, Zanderighi: Nature 607, 41 (2022)

https://www.nature.com/articles/s41586-022-04899-4


A Higgs boson to 4 muons candidate

On can measure the decay width of the Higgs boson    
by comparing the high-mass off-shell Higgs coupling    
strength (independent of ΓH) to the on-shell (125 GeV) 
one (dependent on ΓH) 

Higgs boson width

arXiv:2304.01532          
Newest: arXiv:2412.01548
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The pp → 4ℓ spectrum is sensitive to H* production

➠ ΓH = 4.3       MeV (SM: 4.1 MeV)
+ 2.7
– 1.9

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-32/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2024-14/


The Higgs boson may couple to dark matter 
and ”invisibly” decay to dark matter particles                       
(if kinematically allowed)

Dark matter

H

ET,miss = 504 GeV



➠ BR(H ® invisible) < 0.107 (0.077) at 95% CL      
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The Higgs boson may couple to dark matter 
and ”invisibly” decay to dark matter particles                       
(if kinematically allowed)

Dark matter
arXiv:2202.07953, arXiv:2301.10731 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-11/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2021-05/


The new sector opens a variety of possibilities and 
questions

The Higgs mechanism 
is real ! Possible relations between the Higgs boson and 

open questions in particle physics and cosmology

• What stabilises the Higgs mass versus high-scale new 
physics? Are there new TeV-scale symmetries? Is the 
Higgs boson elementary or composite, are there 
anomalies in its coupling to the W or Z?

• Do Higgs interactions violate CP? Is there an anomalous 
Higgs self coupling to allow for a first order electroweak 
phase transition?

• Is the Higgs boson unique?

• What is the origin of dark matter, is the Higgs mechanism 
responsible for the dark matter mass? Can the Higgs 
boson provide a portal to a dark sector? 

• What is the origin of the vast range of Yukawa couplings, 
are there modified interactions, lepton-flavour violation?

• Is the vacuum metastable? Is the Higgs field connected 
with cosmic inflation? Are there possible cosmological 
observations related to the Higgs field?

Salam, Wang, Zanderighi: Nature 607, 41 (2022)

https://www.nature.com/articles/s41586-022-04899-4


Direct access to the symmetry breaking Higgs potential

Higgs pair production

H
H

H

∝ 6𝝀𝜐 =
3𝑚(

$

𝜐

𝑉 𝜙 = −𝜇! 𝜙 ! + 𝝀 𝜙 "

A HH → 𝛾𝛾bb candidate event



Higgs pair production

H
H
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∝ 6𝝀𝜐 =
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H

H

g

g t
tt t

A HH → 𝛾𝛾bb candidate event

Direct access to the symmetry breaking Higgs potential



Improving performance
Machine learning in ATLAS: from the trigger, over reconstruction, 
to the final selection — the Graph NN revolution

Marumi Kado

The Graph NN (GNN) family in flavour tagging and tau reconstruction 
features astounding results (already GN2 and GN3 versions with 
further improvements)

ATL-PHYS-PUB-2022-027, arXiv:2405.03253, Piblic plots (2022–2024)

Improved pion energy reconstruction (scale & resolution) 
using ML regression techniques

ATL-PHYS-PUB-2022-040 (2022)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-027/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/FTAG-2023-02/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/FTAG-2023-01/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-040/


Higgs pair production
Complex final states, large potential for machine learning, 
steady analysis improvements

Constraint on 𝜅, = 𝜆/𝜆-., 𝜆-.~0.13	also benefits from 
single-Higgs coupling measurements via quantum loop 
corrections

𝜇(( = 0.5>#.+@#.$

𝜅- = 3.8>A.B@$.#

arXiv:2406.09971

SM

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-18/


71pp ® WWW ® 𝑒𝜈 𝑒𝜈 µ𝜈 candidate

The LHC also provided a new understanding   
of hadron collider processes: the observation 
of numerous very rare channels testing the 
Standard Model
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The LHC also provided a new understanding   
of hadron collider processes: the observation 
of numerous very rare channels testing the 
Standard Model

pp ® tttt candidate event (very rare events, 
70,000 rarer than tt, 4,000 rarer than Higgs 
boson production, with spectacular 
signature: 4 b-jets, many leptons and jets)
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LHC pp
p
s = 13.6 TeV

Data 29.0 � 31.4 fb�1

LHC pp
p
s = 13 TeV

Data 3.2 � 140 fb�1

LHC pp
p
s = 8 TeV

Data 20.2 � 20.3 fb�1
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Data 4.5 � 4.9 fb�1

LHC pp
p
s = 5 TeV

Data 0.03 � 0.3 fb�1

Standard Model Production Cross Section Measurements
Status: June 2024

ATLAS Preliminary
p
s = 5,7,8,13,13.6 TeV



Measurements of 
heavy-ion collisions 
enabled a detailed 
mapping of the 
properties of the 
quark-gluon plasma 
with soft and hard 
probes

Collisions among heavy lead ions generate 
temperatures several hundred thousand 
times hotter than the core of the Sun —   
hot enough to melt protons and neutrons 
within the nuclei, forming a plasma of 
deconfined quarks and gluons, a near-
perfect fluid with almost no viscosity. Due 
to its ephemerality (lifetimeof about10−23s) 
and microscopic size (10−14 m), the quark-
gluon plasma cannot be observed directly, 
but only through the particles it emits

Calorimeter 
towers
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The next steps
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LHC and High-Luminosity-LHC project timeline

HL-LHC is the world’s flagship collider 
project during the next decades 
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LHC and High-Luminosity-LHC project timeline

HL-LHC is the world’s flagship collider 
project during the next decades 

HL-LHC 

• 10 times more data than currently recorded: particle factory (ATLAS & CMS: 360M H, 240k HH, 
13.4B top, 130B (12B) W (Z) ® e/µ, 720M WW) for precise and rare Higgs coupling measurements, 
access to Higgs self interaction and longitudinal vector boson scattering, and increased 
overall rare & new physics sensitivity

• Complementary in many ways to a future e+e– collider at CERN



Upgrade to the High-Luminosity LHC (HL-LHC)

The HL-LHC’s intensity requires 
unprecedented detector and            
computing technologies: 

• Radiation hardness
• High detection granularity and resolution
• Precise timing detectors 
• More powerful triggers
• Deeply embedded ML & AI

• High-performance software & computing

200 pileup event simulated in ATLAS
Cleanroom at Santa Cruz UC ITk Outer cylinder at CERN

HGTD electronics 
board

Substantial upgrades for ATLAS & CMS



The all-new ATLAS Inner Tracker (ITk)

New Inner Tracking Detector (ITk)
All silicon, up to |η| = 4

Current SCT active layers
[4,088 modules ® 17,888 (ITk)]

[61 m2 silicon ® 165 m2 (ITk)]

Current Pixel active layers
[2,024 modules ® 8,372 (ITk)]
[1.7 m2 silicon ® 13 m2 (ITk)]

Pixel sensor size (z–ϕ)
Outer layers:

Innermost barrel layer:

ITk Pixel

ITk Pixel (L0)

Current Pixel 

Current IBL 

ITk: ~13 hits in barrel (incl. 2 hits per Strip module), minimum ~9 Pixel hits in forward region

79



80ATLAS new silicon inner tracker (simulation)

The all-new ATLAS Inner Tracker
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𝑉 𝜙 = −𝜇! 𝜙 ! + 𝝀 𝜙 "

Measuring Higgs self-coupling

∝ 6𝝀𝜐H

H

H

𝑍(([DE] = 7.6𝜎,  𝜅-[DE] = 1>+.$B@+.$G

ATL-PHYS-PUB-2025-018

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-018/


The LHC has been transformative for particle 
physics

The Higgs boson discovery allows us to directly 
study electroweak symmetry breaking and the 
process of mass generation

The Higgs sector is connected with very profound 
questions, whose study requires a broad 
experimental programme at the energy frontier

A large-scale upgrade programme is underway at 
the LHC and its experiments to prepare for the 
next phase of exploration: the HL-LHC

Conclusions
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Extra slides
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Vacuum energy

Quantum field theory describes the fabric of empty space

• In QFT, the vacuum is not an empty void but a dynamic and structured entity with  
vacuum fluctuations, virtual particles, zero-point energy (Nullpunktsenergie)

• Zero-point energy: quantum fields have vacuum energy even in absence of real particles 
  (cosmological constant problem: ρQFT ∝ m4

Pl ~ (1019 GeV)4 → 10110 eV4 ≫ ρΛ ~ (2×10–3 eV)4 ~ 10–11 eV4)

Electroweak theory and Brout-Englert-Higgs mechanism

• Higgs field has vacuum expectation value 0|𝜙|0 = 𝜐 ≈ 246	GeV                                         
      (|ρHiggs| ~ mH

2
 𝜐4 / 2 ~ 1045 eV4)

QCD vacuum

• The non-perturbative QCD vacuum involves the quark condensate (breaking chiral 
symmetry) and gluon condensate characterising the confined phase of quark matter

      (|ρQCD| ~ (0.1 GeV)4 ~ 1032 eV4)

General relativity

• In General Relativity, the cosmological constant (Λ) which can be interpreted as a         
form of (dark) vacuum energy, drives the accelerated expansion of the universe

Harnessing the zero-point energy

Non-zero 
ground state 
of the Higgs 
field

Phase diagram 
of hadronic 
matter 

𝜐
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An analogy to the Higgs mechanism

A superconductor is locked mid-air in different orientations above a 
permanent magnet — superconductive levitation due to the expulsion 
of the static magnetic field (Meissner effect) [Source]

In response to an externally applied magnetic field, perpetual eddy 
currents circulate in the superconductor, producing an internal 
magnetic field that exactly cancels the externally applied one

Superconductivity

SC (BCS) theory    Higgs mechanism

Cooper pair Bose condensation  Condensed Higgs field

Electrically charged (2e)   Weak charge

Mass of the photon    Mass of W & Z bosons

Tcrit ~ mK – several 10s of K   Tcrit = TEW  ~ 1015 K

Further reading, eg: L. Dixon, “From superconductors to supercolliders”, 1996

®  Is the Higgs boson elementary or composite?

https://quantumlevitation.com/what-is-superconducting-levitation-and-how-does-it-work/
http://www.slac.stanford.edu/pubs/beamline/26/1/26-1-dixon.pdf


Scientific priorities 
for future energy-
frontier projects

Recommendations of the 2020 
Update of the European 
Strategy for Particle Physics:

• Fully exploit the HL-LHC 

• Build an e+e– Higgs factory 
for high-precision studies of 
this unique particle

• Investigate the technical and 
financial feasibility of a future 
100 TeV energy-frontier 
collider at CERN

• Ramp up the relevant R&D



A Scientific Mission for the 21st Century

2010 2020 2030 2040 2050 2060 2070

LHC Run 1
2009-2012 7-8 TeV 
75% Nom. Lumi, PU 30-
40 
Int. Lumi. 30 fb-1

LHC Run 2
2014-2018 13 TeV 
100% to 2x Nom. Lumi, PU 40
Int. Lumi.190 fb-1

LHC Run 3
2022-2026  13.6 TeV 
2x Nom. Lumi., PU 60
Int. Lumi. 450 fb-1

HL-LHC (Runs 4-6)
2029-2041 13.6 - 14 TeV and 2x 
Nominal Luminosity, PU 140 – 200
Int. Lumi. 3000 fb-1

Higgs couplings to 
Fermions of the third 
generation (top, bottom 
and taus)!

Discovery of the Higgs 
Boson, measurements of 
Higgs Boson couplings 
to bosons (gluons, 
photons, W and Z)

Higgs couplings to 
Fermions of the second 
generation (muons) and 
more rare decays

Di-Higgs boson production 
and Higgs self coupling, and
precision Higgs physics!

LS1
2012-204 
Consolidation of 
LHC 
interconnections

LS2
2018-2022 
Experiments Phase-I 
and accelerator 
upgrades

LS3
2026-2029 HL-LHC 
installation and major exp. 
upgrades

LHC

FCC-ee 90 - 265 GeV

Ultimate Precision 𝑒#𝑒$

CLIC 380 GeV- 3 TeV

ILC 250 GeV - 1 TeV

CepC 90 - 240 GeV

Ultimate Energy (pp,  𝜇6𝜇7)

FCC-hh 100 TeV

SppC

Muon Collider



LHC performance
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A typical ß* levelled luminosity profile during fill

Luminosity profile of a typical run (16 July 2023)

12h 30m stable beams

ß* levelling between 120 and 30 cm 



Studies of physics in 
extreme electromagnetic 
fields 

The LHC Run-2 has been transformative
ATLAS & CMS have released a series of Physics Reports synthesizing Run-2 achievements

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

Submitted to: Physics Reports CERN-EP-2024-093
11th April 2024

Electroweak, QCD and flavour physics studies with
ATLAS data from Run 2 of the LHC

The ATLAS Collaboration

A summary of precision measurements sensitive to electroweak, QCD and quark-flavour
effects performed by the ATLAS Collaboration at the Large Hadron Collider is reported. The
measurements are predominantly performed on proton–proton (??) collision data recorded at
a centre-of-mass energy of 13 TeV taken from 2015 to 2018, with an integrated luminosity
of up to 140 fb�1, with some results based on ?? and Pb+Pb data recorded at lower nucleon
centre-of-mass energies. The results cover a wide range of topics, from strong production of
particles at low energies and the spectroscopy of hadrons to perturbative QCD with hadronic
jets and electroweak and strong production of single and multiple vector bosons. They provide
precise measurements of fundamental constants and stringent tests of the Standard Model with
unprecedented precision and in energy ranges never explored before. They are also used to
explore the proton structure and to perform model-independent searches for new physics.

© 2024 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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Electroweak, QCD 
and flavour physics 
studies with ATLAS 
data from Run 2 of 
the LHC
arXiv:2404.06829

Climbing to the 
Top of the ATLAS 
13 TeV data 
arXiv:2404.10674

Characterising the 
Higgs boson with 
ATLAS data from 
Run 2 of the LHC 
arXiv:2404.05498

ATLAS searches for 
additional scalars 
and exotic Higgs 
boson decays with 
the LHC Run 2 
dataset
arXiv:2405.04914

The quest to 
discover 
supersymmetry 
at the ATLAS 
experiment
arXiv:2403.02455

Exploration at 
the high-energy 
frontier … 
investigating 
the exotic jungle 
beyond the 
Standard Model 
arXiv:2403.09292

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

Submitted to: Physics Report CERN-EP-2024-099
17th April 2024

Climbing to the Top of the ATLAS 13 TeV data

The ATLAS Collaboration

The large amount of data recorded with the ATLAS detector at the Large Hadron Collider,
corresponding to 140 fb�1 of ?? collisions at a centre-of-mass energy of

p
B = 13 TeV, has

brought our knowledge of the top quark to the next level. The measurement of the top–antitop
quark pair-production cross-section has reached a precision of 1.8% and the cross-section
was measured differentially up to several TeV in several observables including the top-quark
transverse momentum and top-quark-pair invariant mass. Single-top-quark production was
studied in all production modes. Rare production processes where the top quark is associated
with a vector boson, and four-top-quark production, have become accessible and precision
measurements of several of these processes have reached cross-section uncertainties of around
10% or smaller. Innovative measurements of the top-quark mass and properties have also
emerged, including the observation of quantum entanglement in the top-quark sector and tests
of lepton-flavour universality using top-quark decays. Searches for flavour-changing neutral
currents in the top-quark sector have been significantly improved, reaching branching-ratio
exclusion limits ranging from 10�3 to 10�5. Many of these analyses have been used to set
limits on Wilson coefficients within the effective field theory framework.

© 2024 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

Submitted to: Physics Reports CERN-EP-2024-087
9th April 2024

Characterising the Higgs boson with ATLAS data
from Run 2 of the LHC

The ATLAS Collaboration

The Higgs boson was discovered by the ATLAS and CMS Collaborations in 2012 using
data from Run 1 of the Large Hadron Collider (2010�2012). In Run 2 (2015�2018), about
140 fb�1 of proton–proton collisions at a centre-of-mass energy of 13 TeV were collected by
the ATLAS experiment. This review presents the most important Run 2 results obtained by
the ATLAS Collaboration regarding the properties of the Higgs boson and its interactions with
other particles. The performed studies significantly enhance the understanding of the Higgs
boson, while hunting for deviations from the predictions of the Standard Model of particle
physics.

© 2024 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

Submitted to: Physics Reports CERN-EP-2024-056
6th March 2024

The quest to discover supersymmetry at the ATLAS
experiment

The ATLAS Collaboration

The search for supersymmetry with the ATLAS experiment at the CERN Large Hadron
Collider intensified after the discovery of the Higgs boson in 2012. The search programme
expanded in both breadth and depth, profiting from the increased integrated luminosity and
higher centre-of-mass energy of Run 2, and gaining new sensitivity to unexplored areas of
supersymmetry parameter space through the use of new experimental signatures and innovative
analysis techniques. This report summarises the supersymmetry searches at ATLAS using up to
140 fb�1 of ?? collisions at

p
B = 13 TeV, including the limits set on the production of gluinos,

squarks, and electroweakinos for scenarios either with or without R-parity conservation, and
including models where some of the supersymmetric particles are long-lived.

© 2024 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

Submitted to: Physics Reports CERN-EP-2024-075
15th March 2024

Exploration at the high-energy frontier: ATLAS
Run 2 searches investigating the exotic jungle beyond

the Standard Model

The ATLAS Collaboration

The Large Hadron Collider is at the high-energy frontier of particle physics, having produced
proton–proton collisions during Run 2, from 2015 to 2018, at an unprecedented centre-of-mass
energy of 13 TeV. The ATLAS experiment has a broad programme to thoroughly explore
this uncharted territory, to seek out new exotic particles predicted by theories that boldly go
beyond the Standard Model. Although the Standard Model has been very successful, it leaves
many questions unanswered, prompting novel ideas about particles that could be hiding in the
data, waiting to be discovered by intrepid explorers. These include dark-matter candidates,
hidden-sector particles, new vector resonances, leptoquarks, and vector-like quarks, to name a
few examples. Searches for new particles are reported here, with the exception of searches for
supersymmetry or extended Higgs sectors as these are the subjects of separate reports.

© 2024 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

Submitted to: Physics Reports CERN-EP-2024-094
9th May 2024

ATLAS searches for additional scalars and exotic

Higgs boson decays with the LHC Run 2 dataset

The ATLAS Collaboration

This report reviews the published results of searches for possible additional scalar particles and
exotic decays of the Higgs boson performed by the ATLAS Collaboration using up to 140 fb�1

of 13 TeV proton–proton collision data collected during Run 2 of the Large Hadron Collider.
Key results are examined, and observed excesses, while never statistically compelling, are
noted. Constraints are placed on parameters of several models which extend the Standard
Model, for example by adding one or more singlet or doublet fields, or offering exotic Higgs
boson decay channels. Summaries of new searches as well as extensions of previous searches
are discussed. These new results have a wider reach or attain stronger exclusion limits. New
experimental techniques that were developed for these searches are highlighted. Search
channels which have not yet been examined are also listed, as these provide insight into
possible future areas of exploration.

© 2024 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2023-20/
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2023-19/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2023-11/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2023-15/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2023-10/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2023-14/


The Higgs boson may couple to dark matter 
and ”invisibly” decay to dark matter particles                       
(if kinematically allowed)

Dark matter



Higgs pair production
Weak boson fusion allows to constrain VV ® HH scattering 
coupling 𝜅/0 = 𝑔0011/𝑔0011-. , with 𝑔0011-. = 𝑔011-. /𝜐 = 2𝑚0

//𝜐/
Strong dependence of cross section on 𝜅/,.
𝜅/0 = 0 is excluded despite not observing HH! 

arXiv:2406.09971

𝜅$H = 1.02>+.$A@+.$$

SM

Steep rise in acceptance for 𝜅#$ ≠ 1 [arXiv:1611.03860], which provides 
sensitivity to 𝜅#$ 	despite not being able to observe VBF HH (σ = 1.7 fb)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-18/
https://arxiv.org/abs/1611.03860
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pp ® tttt candidate event (very rare events, 
70,000 rarer than tt, 4,000 rarer than Higgs 
boson production, with spectacular 
signature: 4 b-jets, many leptons and jets)

A harvest of unique measurements 
probing new interactions and very rare 
processes, (so far) confirming the 
predictive power of the Standard Model

Theory developments and computations 
are key to this progress
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Extremely successful LHC runs between 2010 and 2018, and continuing …

Run 3 (2022–2025) at 13.6 TeV has begun

First 13.6 TeV collisions on 5 July 2022
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Future e+e– colliders

Highest luminosity for best precision and to probe rare and forbidden phenomena: physics the FCC-hh 
cannot do as well

THE FUTURE CIRCULAR COLLIDERS

Figure 2.2: Luminosity as a function of centre-of-mass for the FCC-ee with two interaction points. The
simulated luminosity is shown, together with a slightly more conservative one. Also shown are those
estimated for the ILC – assuming a 500 GeV upgrade – CLIC and CEPC, at the time of submission

increased sensitivity of possibly up to 5� to the Higgs self-coupling from its energy-dependent effect on
the ZH cross-section [11].

Table 2.1: Run plan for FCC-ee in its baseline configuration with two experiments. The number of WW
events is given for the entirety of the FCC-ee running at and above the WW threshold.

Phase Run duration Centre-of-mass Integrated Event
(years) Energies (GeV) Luminosity (ab�1) Statistics

FCC-ee-Z 4 88-95 150 3 ⇥ 10
12 visible Z decays

FCC-ee-W 2 158-162 12 108 WW events
FCC-ee-H 3 240 5 106 ZH events
FCC-ee-tt 5 345-365 1.5 106

tt events

The FCC-ee experimental environment and detectors have been discussed in Chapter 7 of the
FCC-ee CDR Volume, Experiment environment and detector designs. A few important features are
summarised below.

The Machine-Detector Interface governs the geometry of the detector that is close to the beam
line. The central detector magnetic field is limited to 2 Tesla by the fact that the beams cross at a 30 mrad
angle, to avoid that the residual transverse fields generate emittance blow up and loss of luminosity.

The strong focusing of the beams ( �y ' 1 mm) requires a short distance between the focusing
quadrupoles L⇤

= 2.2 m. This forces the luminosity detectors to stand even closer; a luminosity mea-
surement with a relative experimental precision of 10

�4 will require a mechanical tolerance of 1 µm on
the radial dimension of the luminosity calorimeter. Several observables rely on an excellent luminosity
measurement (the Z line shape, the W pair threshold and the Higgs and top production cross-sections
and mass determination).

A small beam pipe (1.2 cm radius) and the possibility to bring a vertex detector to a small distance
from the interaction point are results of the strong beam focusing. This, combined with a state-of-the art
vertex detector, would lead to an excellent impact parameter resolution of �d0 = a � b/p sin

3/2 ✓, with

PREPRINT submitted to Eur. Phys. J. C
11

ILC (22~24 years of operation)

• Giga-Z:     0.1 ab–1 in 1~3 years
• 250 GeV:  2.0 ab–1 in 11.5 years
• 350 GeV:  0.1 ab–1 in 1 year
• 500 GeV:  4.0 ab–1 in 8.5 years

CLIC (> 20 years of operation)

• Giga-Z:     ?
• 380 GeV:  1.0 ab–1 in 8 years
• Upgrade to > 1 TeV in > 15 years

> 105 × LEP

All numbers assume 2 experiments

Another important consideration is one vs. two running experiments

FCC-ee (14 years of operation)
Jenny List

Stable beam time assumed:
• FCC-ee: 1.08 ×107 s
• ILC:        1.6   ×107 s
• CLIC:     1.2   ×107 s

Compare:
• SLD:   < 1.0 ×107 s
• Belle:  < 1.2 ×107 s
• LHC:   < 0.7 ×107 s

July 6, 2021 15:43 The Adventure of the Large Hadron Collider - 9in x 6in b4228-ch15 FA page 537

Looking Ahead 537

Fig. 15.32. Expected peak luminosity versus centre-of-mass energy for the various e+e−

collider projects. The figure indicates several luminosity upgrades in the designs of ILC
and CLIC. The lower CEPC luminosity compared to FCC-ee is in part due to different
electric power bounds assumed. Image: J. List (2019); figure modified by authors.

by the various collider options and upgrade stages are given in figure 15.34.
While there are no large differences between the e+e− colliders, the inte-
grated FCC measurements including the FCC-hh project discussed below
obtain the best precision. All e+e− colliders, but most prominently the
FCC-ee, are electroweak boson and flavour factories, allowing more than
five times improved indirect constraints on new physics in the electroweak
precision sector compared to the HL-LHC, three to four orders of magni-
tude improved sensitivity on charged-lepton flavour violating decays such
as Z → eµ. It is expected that the FCC-ee produces 200 billion τ -leptons,
and decays such as B0

s → τ+τ− and B0
d → K∗τ+τ− can be cleanly mea-

sured using a sample of two trillion bb̄ events. They allow powerful searches
for weakly coupled particles or new weak forces.

The avalanche of data must be paired with theoretical calculations
that significantly improve the precision of the currently available Standard
Model predictions. While there may be no conceptual obstacles to this, the
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Future e+e– colliders

The question whether or not an e+e– collider should be upgradable to at least  500 GeV depends on 
the expected HL-LHC and FCC-hh potential. 

Main considerations:

1) Top-Higgs coupling: expectation at HL-LHC: s(kt) = 3.4% (from mostly ttH(® gg), 3.7M ttH produced in total)

• FCC-hh: 1.0% (systematics limited)

• ILC-500 (4 ab–1, 8.5 years): 6.3% (~9k ttH produced)                                                                                              
Note: strong cross-section rise for > 500 GeV (2% precision at 600 GeV)

1) Higgs self-coupling: expected precision on λA
• HL-LHC: < 50% (HH) + some constraint on λ3 in single-H loops
• FCC-ee: 21% from λ3 in loops* (EFT), note also information from energy dependence of λ3 at 

 240 and 365 GeV

• ILC-500: 27% (HH), 32% (λ3 in loops) [The ILC a Global Project, 1903.01629]
• ILC-1000 and CLIC-3000 achieve ~10% (36% for CLIC-1500)
• FCC-hh: 5% (HH), 530 × events at HL-LHC

coupling, for both pp and e+e� collisions, as shown in Fig. 9. Figure 10 shows the depen-
dence of the inclusive double Higgs production cross section when the value of the Higgs
cubic coupling is varied, assuming no other deviation from the SM. Gluon fusion production
at a hadron collider has been computed within the SM at NNLO accuracy in the infinite
top mass limit[58–61] and at NLO with the full top mass dependence[62–64], leading to a
prediction whose theoretical and parametric uncertainties are of the order of a few percent.

For the LHC at 14 TeV, the cross section is predicted to be 36.69+2.1%
�4.9% fb, about three

orders of magnitude smaller than the single Higgs production, which makes the double
Higgs channel a challenging process to observe. The most up-to-date analysis relies on the
combination of the bb̄�� and bb̄⌧⌧ decay channels to reach almost 5 standard deviation
evidence for double Higgs production at HL-LHC (see Table 55 and Fig. 65 of Ref [13]),
which can be translated into a 68% CL bound of order 50% on the deviation of the Higgs
cubic coupling relative to the SM prediction. Note that the mapping of the inclusive
gg ! HH cross section onto a value of the Higgs cubic self-coupling is not unique: for
instance, at 14 TeV LHC, a value of the cross section equal to the SM prediction corresponds
either to 3 = 1 or to 3 ⇡ 6.2. This ambiguity can however be resolved by analysing the
shape of the invariant mass distribution of the reconstructed two Higgs boson system:
the larger the value of 3, the closer to threshold the mHH distribution is peaked. This
kinematic information is a crucial element of Boosted Decision Trees (BDT) based analysis
performed at HL-LHC. However the BDT and the final selection cuts are often devised to
optimise the significance of the SM cross section for double Higgs production and therefore it
is not necessarily optimised for the determination of the Higgs self-coupling directly, leaving
room for possible improvement towards an even higher sensitivity. At lepton colliders,
double Higgs-strahlung, e+e� ! ZHH, gives stronger constraints on positive deviations
(3 > 1), while VBF is better in constraining negative deviations, (3 < 1). While at HL-
LHC, values of 3 > 1, as expected in models of strong first order phase transition, result
in a smaller double-Higgs production cross section due to the destructive interference, at
lepton colliders for the ZHH process they actually result in a larger cross section, and
hence into an increased precision. For instance at ILC500, the sensitivity around the SM
value is 27% but it would reach 18% around 3 = 1.5.

Modified Higgs self-interactions can also affect, at higher orders, the single Higgs pro-
cesses [67–69] and even the electroweak precision observables [70–72]. Since the experimen-
tal sensitivities for these observables are better than for double Higgs production, one can
devise alternative ways to assess the value of the Higgs self-interactions. For a 240 GeV lep-
ton collider, the change of the ZH production cross section at NLO induced by a deviation
of the Higgs cubic coupling amounts to

�NLO
ZH ⇡ �NLO,SM

ZH
(1 + 0.014 �3). (4.3)

Thus, to be competitive with the HL-LHC constraint, the ZH cross section needs to
be measured with an accuracy below 1%, but this is expected to be achieved by e+e� Higgs
factories at 240/250 GeV. However, one needs to be able to disentangle a variation due to
a modified Higgs self-interaction from variations due to another deformation of the SM.
This cannot always be done relying only on inclusive measurements [73, 74] and it calls

– 43 –
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Electron–positron Higgs factories

Expected precision on Higgs couplings: LHC Run 2 (ATLAS today)
Top quark

κµ < 30% 

κ! ~ 8%
κb ~ 11% 

κW, Z ~ 6%

κt ~ 11%

*Precision on !

Fermions EW bosons

Invisible Branching

Brinv <  11%

Effective loop

κ" ~ 6%    

!, #, $

!, #

κg ~ 7%

κZ" ~ 30%

Higgs width

Γ! ~ 100%

Gluon 
and 
photon

DM?

Nature 607, 52-59 (2022)
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Electron–positron Higgs factories

Expected precision on Higgs couplings: HL-LHC

*Precision on !

Fermions EW bosons

Invisible Branching

Effective loop
!, #, $

!, #

Higgs width

Gluon 
and 
photon

DM?

Top quark

κµ ~ 4% 

κ! ~ 1.9%
κb ~ 3.7%

κW, Z ~ 1.5%

κt ~ 3.4%
κH ~ 50%

Brinv <  2.5%

κ" ~ 1.8%    

κg ~ 2.5%

κZ" ~ 9.8%

Γ! ~ 20%

Nature 607, 52-59 (2022)
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Electron–positron Higgs factories

Expected precision on Higgs couplings: FCC-ee
Top quark

Brinv <  0.5%

κ! ~ 1.8%    

κg ~ 1.0%

κZ! ~ 9.8%

*Precision on !

Fermions EW bosons

Nature 607, 52-59 (2022)

Invisible Branching

Effective loop
!, #, $

!, #

Higgs width

Gluon 
and 
photon

DM?

κµ ~ 4% 

κ" ~ 0.74%
κb ~ 0.69%

κZ ~ 0.18%

κH ~ 50%
κt ~ 3.4%

Γ! ~ 1.3%

κc ~ 1.3%

Rule of thumb (Higgs):

Probing a scale Λ requires precision 
of order ⁄𝜐/ Λ/, i.e. sub-percent to 
reach ~10 TeV 

Precision on key electroweak 
observables:

𝑚2 ∼ 1034, 𝑚5 ∼ 103', 𝑚"#$ ∼ 1036

sin/𝜃5 ∼ 3 A 1034,	𝛼789(𝑚2
/) ∼ 103',

𝛼:(𝑚2
/) ∼ 1036
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Detector challenges for hadron colliders

FCC-hh key detector design challenges
• High luminosity: extremely large pileup, high occupancy and data rates, high trigger rates
• At FCC-hh Higgs produced up to rapidity of ~ 6.5 (0.3 deg) (up to 2.5 (9 deg) at LHC)
• Detector granularity will be critical: decay product of a Z at 10 TeV separated by Δ𝑅 ∼ 0.01

Dimensions of 50 m × 20 m (ATLAS: 46 m × 25 m)



Muon collider

Best of all worlds?
• High energies, high luminosities with excellent luminosity per 

MW ratio, (relatively) clean lepton collision events
• Similar precision reach as FCC-ee on Higgs precision but 

not for EW precision measurements at Z and WW thresholds
• Multi-TeV energy reach for new physics searches

…but incredibly challenging!

Conceptual and design challenges

• High neutrino flux (requires mitigation above 3 TeV)
• Beam backgrounds challenge detector design
• Production, cooling and preservation of the muons within ~0.1 s

Constant muon 
decays bring beam 
backgrounds, and 
radiation levels 
similar to LHC

Initial targets for the integrated luminosities have been defined, 
namely 1, 10 and 20 ab−1 for 3, 10 and 14 TeV, respectively

MAP (Muon Accelerator Program) — proton driven scheme
Reduction of the longitudinal and transverse emittance with a 
sequence of absorbers and RF cavities in a high magnetic field 


