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

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

~1071°m

Several 1071° m

molecule atom atomic nucleus proton/neutron quark



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

In mathematical terms,
particles are local
excitations of quantum
fields. There are matter
fields (fermions) and force
fields (bosons)

mass
charge
spin

LEPTONS

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
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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

Decades of international
high-technology
accelerator-based
research gave us these
insights

mass
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St

spin

LEPTONS

Standard Model of Elementary Particles

three generations of matter
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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

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
mass = =2.2 MeVi/c? =1.28 GeVi/c? =173.1 GeV/c? 0 ) =124.97 Gevic
charge @ % % % 0 0

spin | % U Ve C Yo t 1 y 0 H

The Standard Model is a highly predictive theory

For example, prediction of the magnetic dipole moment of the electron:
9/, =1.001159 65218059 +0.000000 00000013

In agreement with experiment within a precision of 1010

% < % I.l % L 1 3

electron muon tau ‘ Z boson
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Do
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Cosm icrowave ctu.re
Background radiation formation

RHIC &
Accelerators |LHC is visible ’
= o The Standard Model
High-energy b, G of V’\sib\e universe

Size

cosmic rays

. should not only work today,
but also describe the history of
the universe since the Big Bang
13.8 billion years ago

LIVW Y3Va 37g)
<l SSOd

WIO4 SNOI1OAN
WAOA 131ONN

gg\ﬂ‘c\ 3

t = Time (seconds, years)

E = Energy (GeV) & u.jl

Key

© quark % A o
neutrino > ion * star ‘o2 5
% gluon V SR
iﬁ bosons b 2 LK
electron ‘ atom @ galaxy »

meson

Q muon Blagk
P @ baryon (-’ photon G ho(T:

tau

Particle Data Group, LBNL© 2014 Supported by DOE




Accelerators

| High-energy
cosmic rays

Big

LHC
protons

¥ Matter ~ Antimatter ¥
— Annihilation

t = Time (seconds, years)

WAOA 131ONN

- iple universs

is visible

Cosm icrowave %fiu.re
Background radiation formation
|

E = Energy (GeV) & A g
Ke 2y
quar oy
neutrino > ion * star
% gluon % [ V
M b
electron =200 ‘ atom (g galaxy
meson
0 o= o black
O tau @ baryon piidion hole
Particle Data Group, LBNL© 2014 Supported by DOE

The Standard Model

. should not only work today,
but also describe the history of
the universe since the Big Bang
13.8 billion years ago

But something is odd: why is there
only matter left in the universe?



Cosmic Microwave
Background radiation
is visible

RHIC &
ccelerarors LHC
/:HCI = Ko The Standard Model

protons

High-energy
cosmic rays

... should not only work today,
but also describe the history of
the universe since the Big Bang
13.8 billion years ago

o 1

matter =

But something is odd: why is there
only matter left in the universe?

WRO4 1I310NN

And what is the origin of the huge
quantity of dark matter?

t = Time (seconds, years)
E = Energy (GeV)
Key

vark
O s (V) neutrino

e .
Ao e -
gluon
bosons >0
©® electron ‘atom Q galaxy

B muon (a7 ) meson

0 ta @  baryon ;
Particle Data Group, LBNL © 2014 Supported by DOE




Cosmic Microwave %ﬁtu‘re
Background radiation formation
Accelerators |LHC is visible

The Standard Model

LHC ions
protons

High-energy
cosmic rays

. should not only work today,
but also describe the history of
the universe since the Big Bang
13.8 billion years ago

But something is odd: why is there

TR 4 only matter left in the universe?

— Annihilation

And what is the origin of the huge
quantity of dark matter?

\ 4

And why do elementary

particles have mass at all?
(Simply sticking masses onto particles

t = Time (seconds, years)
E = Energy (GeV)

Key . has disastrous effects, causing certain
i u  _predictions to diverge to infinity and
.g‘ e neutrino Q‘ e * star y ) __creating mathematical inconsistencies)
gluon s T 4
e M Fason: Q- B ~ A simple, though very profound
m oon e:en - question: how and when did
ac
0 ‘o @ baryon 4 photon P hole mass occur?
Particle Data Group, LBNL © 2014 Supported by DOE




Gauge symmetry and the Higgs mechanism

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

This non-zero Higgs field fills all space. The interaction of a particle with the field
gives the particle mass. The stronger the interaction, the greater the mass.

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

10



Gauge symmetry and the Higgs mechanism

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

This non-zero Higgs field fills all space. The interaction of a particle with the field
gives the particle mass. The stronger the interaction, the greater the mass.

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

Vi
The Higgs potential energy: () > Tew

V(p) = —p?lpl* + Algl*
| |

At lowest order (tree level) T= TEW

T< Teyw
/ [of

v
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Gauge symmetry and the Higgs mechanism

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

This non-zero Higgs field fills all space. The interaction of a particle with the field
gives the particle mass. The stronger the interaction, the greater the mass.

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

Peter Ware Higgs (1929 — 2024)

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 “ S\t 1) e W
his colleagues in 1964 = »’ o 4 %ﬁ.

[My life as a boson, 2010] | : N ' Peter Higgs with Peter Jenni
;F/'/%’Eer Higgs and Fabiola on 4 July 2012 visiting TLAg\S on 4 April 2008
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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

Gauge symmetry and the Higgs mechanism

A few further comments:

The 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 10 times larger than the dark energy observed
— “It would curve the universe into an object roughly the size of a football” (veltman, 1986)

The remarkable similarity between the Higgs mechanism and the Bardeen—Cooper—Schrieffer (BCS) theory of
superconductivity, where the Bose condensation of a Cooper pair of two electrons plays the role of the Higgs
field (note: T, = Tew ~ 107 K!), raises the question whether the Higgs boson might not be elementary after all

13


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

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

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

tp://www.shardcore.org/



Large Hadron
Collider (LHC)

e 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

el

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



-

Areal view



\gtqh;protOn collision? ="

g a hlgh-energy )

N P r~ L YR
Its constituents fuse and transform into new, ATLAS
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




The ATLAS Detector

ATLAS

EXPERIMENT

Toroid magnets

Muon chambers

Tile calorimeters

\ : LAr hadronic end-cap and
forward calorimeters
Pixel detector

LAr electromagnetic calorimeters

Solenoid magnet | Transition radiation tracker

Semiconductor tracker

25 m diameter, 44 m long, 7000 tons weight

High resolution silicon detectors:
* 100 Mio. channels (50 ym x 250 ym)
* 6 Mio. channels (80 ym x 12 cm)

spatial resolution ~15 ym (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 1°
to the beam line with a calorimeter
system

Independent muon spectrometer
(superconducting toroid magnet system)

Trigger based on ultra-fast custom
electronics and high-performance
computers

18



The ATLAS Collaboration

ATLAS

EXPERIMENT

ATLAS is a multi-decade
international experimental
programme involving:

o 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

Links: ATLAS public home page, Physics results,

Interactive ATLAS world map, Static world maps,
List of ATLAS institutes

Photo takenr in Dec 2024 ét the ATLAS detector site at CERN

3 [ [ AT

ATL
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https://atlas.cern/
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/WebHome
https://atlaspo.cern.ch/public/ATLASMap/
https://cds.cern.ch/record/2654110
https://atlaspo.cern.ch/public/institutions/

A 'Wl//\\.
] // \ v,\

D




%

TLAS inner P

K !
) .‘h’ \
Y|

| detectors. At the centre, \the
\inner tracking|detector

radius of dbout 1m: 118,
A\ surrod c} by r‘g} ner
§ producing @ uniform 2:Teslafele
hout the {/olt{rhe;bfithe‘ i
‘ r“hagnetléiﬁis =]

“of the ™

layers of muon chambers, part of,
thé muon specirometer, ; '
aRdivided info sixteen azimuthal™

\ ~ are seen Y%




i‘M‘uJ.l/’.




Higgs boson production and de

&

About 1 Higgs boson per second is produced in
ATLAS at the LHC (about 20M total by today)

It decays within 1022 s

f

N o Y
v

f

W/Z
_ ] Zmﬁ,/z

U
W/Z

H — yy, Zy occur through virtual top or W loops (no direct
Higgs coupling to massless patrticles)

-_—

‘ t the LHC

8.2% 0.23% 0.15%

!’ 0.010% (e,u)

0.012% (e,)

» /
0.02%
TT
cc

6.3%

2.9%



ATLAS

EXPERIMENT

A Higgs boson to 4 muons candidate



\

The nggs boson discovery

N N

2012

Phys. Lett. B 716 (2012) 1-29

e Data ATLAS
o5 [l Background zz"

B Background Z+jets, tt
[ ]Signal (m =125 GeV)

7% Syst.Unc.
\s=7TeV:|Ldt = 4.8 b

H—zZ" =4

Events/5 GeV
N
()

—_
9}

\s=8TeV:|Ldt=5.8fb"

A Higgs boson to 4 muons candidate > 7


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2012-27/

ATLAS

EXPERIMENT

Run: 280862
Event: 2068254682
2015-10-03 02:48:56 CEST

didate

26



didate

\ EXPERIMENT
Run: 280862
Event: 2068254682
2015-10-03 02:48:56 CEST

Phys. Lett. B 716 (2012) 1-29
ATLAS |} DataS/BWeighted
— Sig+Bkg Fit (m =126.5 GeV)
Bkg (4th order polynomial)

2 weights / 2 GeV

(s=7 TeV, f Ldt=4.8fb
(=8 TeV, [Ldt=5.910" H—=yy

2 weights - Bkg



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2012-27/

\

The Higgs boson dAiscovery

. Fabiola Gianotti and Peter |

ncbeviescomecspyiets

Phys. Lett.B 716 (2012)
Cited almost 15,000 times

bly 2012: ATLAS (Fabiola Gianotti) und CMS (Joseph Incandela)
announce the Higgs boson discovery before a packed auditorium
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The Higgs boson dAiscovery

The LHC’s magnum opus

A very special particle... whose discovery allows us to
access a totally new sector of the Standard Model:

« Higgs—matter interactions
» Higgs—force particle interactions

. Fabiola Gianotti and Pe

S

« Higgs potential and Higgs self-interaction

v

-~

ter Higgsi4 July 2012

A ¥

Phys. Lett.B 716 (2012)

Cited almost 15,000 times
(today)
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The nggs boson — At 10 ATLAS

EXPERIMENT
"

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

T T T T T T T T T T T T rLl TT | TTTT I TTTT I TTTT l TTTT l TTTT I TTTT I TTTT I T T 1]
Data ATLAS - ATLAS 2 e
Vs=13TeV, 139 fb™

| H N ZZ* —5 4| Higgs (125 GeV)
—— Signal + Background

XX, VVV
B Zjets, tt
% Uncertainty

Events/2.5 GeV

All categories

In(1+S/B) weighted sum
H— yr S = Inclusive

H—- 2Z* > 4¢

IIIIlIII|IIIIIIIlIIIlIII'IIIIIII

0 90 100 110 120 130 140 150 160 170
m, [GeV]



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

v 4

Higgs boson mass ATLAS

. G | Eur. Phys. J. C 80 (2020) 942
N \ & : \
* . S & \ ® Data
\ ‘ = ; ; \ ATLAS* Higgs (125 GeV)
N Y \\\ IR H— Z7* — 4l . B )
S Vs=13TeV, 139 fb XX VW
; B zijets, tt
The Higgs mass is peculiar Z 77 Wnestainy

m, = 125.11 + 0.11 GeV (0.09%)
% arXiv:2308.04775

90 100 110 120 130 140 150 160 170
m,, [GeV]



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

v 4

Higgs boson mass
B >4

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

. 0.10
\ N ¢ \ : Higgs
\77 TN 508 potential
L U S B S '

Our Stable

vacuum

0.06 \ ?

Metastable

The Higgs mass is peculiar
» Itis consistent with the global electroweak fit 5
« But the electroweak vacuum seems to be

metastable 0.02

M, =171.3 GeV

Higgs quartic coupling A

A P | 0001 T~ <a (M) =0.1163

Al ¢ | 4 A may become zero and M, = 1749 GeV
even negative at high energy

102 10* 10 10% 10 10'?2 10' 10! 10'® 10%

arXiv:1205.6497 RGE scale pin GeV


https://arxiv.org/abs/1205.6497

T~
Higgs boson couplings ™

Huge experimental programme, some channels suffer from

A \{‘\ large backgrounds, huge improvements from smart
At &//%/ analysis techniques and machine learning
< N . ¢
o A

The Higgs boson couplings to the SM particles are cgtzzr;?gs E
experimentally determined by measuring cross- .
sections of all accessible Higgs boson production Cross Section | 4o 5 0h | 3.8pb | 2.3pb | 0.5 pb

and decay modes (13 TeV)

w0z | | | |
o Joww| v [ o |
)

In grey: evidence for decays, but not observed yet



The Higgs
- ATLAS Run 2
mechanism . g %y .

k. is a free parameter

= e e |
IS real ! R\l : ——— SM prediction

Leptons

Theinternational journal of science /7 July 2022

\ nature / g oo

Force carriers Higgs boson

L] - I

107 10 10°
Particle mass [GeV]

Nature 607, 52 (2022)


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

The Higgs

mEChan ISIT\ N ‘ The Higgs boson and open questions in particle
iS real | physics and cosmology

* Why is the Higgs boson so light?

R

N4 > § lf B Is the Higgs boson elementary or composite ?
e A RN |

: o , Do Higgs interactions violate matter-antimatter symmetry?
The Higgs sector is directly connected with very

profound and crucial questions Is the Higgs boson unique?
- ‘ Does the Higgs boson couple to dark matter?
>\7\ (8 ) — What is the origin of the large mass hierarchy in the
\ % T g Standard Model?
: %\ e | . Is the vacuum metastable?
k >\\> Is the Higgs field connected with cosmic inflation?
\\V Why is the dark energy in the universe so much smaller

than the Higgs vacuum energy?



The Higgs
mechanism
IS real !

7N
“

The Higgs sector is directly connected with very
profound and crucial questions

)
e

The Higgs boson discovery allows us to directly
study this sector, requiring a broad experimental
programme that will extend over decades

The Higgs boson and open questions in particle
physics and cosmology

+ Why is the Higgs boson so light?
Is the Higgs boson elementary or composite ?
Do Higgs interactions violate matter-antimatter symmetry?
Is the Higgs boson unique?
Does the Higgs boson couple to dark matter?

What is the origin of the large mass hierarchy in the
Standard Model?

Is the vacuum metastable?
Is the Higgs field connected with cosmic inflation?

Why is the dark energy in the universe so much smaller
than the Higgs vacuum energy?
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Deep searches for new phenomena

y 4

EXPERIMEN



Run: 329716
Event: 857582452

Are quarks elementary partlcles')

<10®m

~1075m
Several 107" m

~10710m R
g \i

molecule atom atomic nucleus proton/neutron quark
substructure ?

b BN
A S

1/
L

ATLAS

EXPERIMENT ==




Run: 329716
\ ’ Event: 857582452

Are quarks elementary particles? .

ATLAS . Data

Vs=13 TeV, 139 fb™ — Background fit
Inclusive — BumpHunter interval

O-- q*s mq* = 4 TeV
q’, m.= 6 TeV

q*, ox10
p-value = 0.89

I

Slgnlflcance

EXPERI



Searches for Dark Matter ATLAS

Are dark matter particles produced in proton collisions or in Higgs-boson decays?




3\@:/% _/  Studies of physics in
L s extreme electromagnetic
fields

ATLAS

EXPERIMENT




And a detailed
mapping of
the properties
of the quark-
gluon plasma
with soft and T
hard probes |

In collisions of heavy ions, the LHC
creates for a very brief moment a quark-
gluon plasma of up to 6 trillion degrees,
almost half a million times hotter than the
core of the sun







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

LHC HL-LHC

13.6 TeV _ss JEE R

13 TeV nergy
Diodes Consolidation
splice consolidation cryolimit LIU Installation -LH
7 TeV 8 TeV hutton collimators interaction - ; lpeciiplet i o c
—_— R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 # 2022 2023 2024 2025 2026 2027 mm 2030 Illllllw
ATLAS - CMS i‘,{
T upgrade phase 1 ATLAS - CMS e

beam pipes ; 3 o x HL upgrade
nominal Lumi w ALICE - LHCb ) 2 x nominal Lumi .

75% nominal Lumi I/"‘ upgrade g 1
m 'E::Ii:n integrated JEA4UY fb™!
m luminosity :LJJoR{ o3

HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY y PROTOTYPES / CONSTRUCTION | INSTALLATION & COMM. | PHYSICS

HL-LHC CIVIL ENGINEERING:
DEFINITION EXCAVATION BUILDINGS CORES

44



LHC and High-Luminosity-LHC project timeline

R y

LHC / HL-LHC Plan

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

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/u, 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 (— Michael Benedikt)

e

14 TeV

energy

=

5t07.5
ninal Lumi

75% nominal Lumi

/ I upgrade
I/—‘ m integrated JEA4UY fb1
MY 4000 fb

HL-LHC TECHNICAL EQUIPMENT: _

DESIGN STUDY % PROTOTYPES / CONSTRUCTION | INSTALLATION & COMM. |

HL-LHC CIVIL ENGINEERING:
DEFINITION EXCAVATION BUILDINGS CORES

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

EXPERIMENT

Upgraded Trigger and
Data Acquisition system
Level-0 Trigger at 1 MHz

Improved High-Level Trigger
(150 kHz full-scan tracking)

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

o Electronics Upgrades
« Radiation hardness « LAr Calorimeter

Tile Calorimeter
Muon system

« High detection granularity and resolution

LAr hadronic end-cap and
forward calorimeters

High Granularity Timing
Detector (HGTD)
Forward region (2.4 < || < 4.0)

Low-Gain Avalanche Detectors (LGAD)
with 30 ps track resolution

* Precise timing detectors

Semiconductor tracker

« More powerful triggers

* Deeply embedded M I— & AI New Muon Chambers New Inner Tracking Detector (ITk) Additional small upgrades
. . Inner barrel region with new All silicon, up to |n| = 4 Luminosity detectors (1% precision goal)
« High-performance software & computing s HL-ZDC

Detailed scope described in 7 TDRs approved by the CERN Research Board in 2017, 2018, 2020

ITk Strip
endcap !
petal




1ner Tracker ATLAS

EXPERIMENT

ATLAS Simulation
vs=14 TeV, HL-LHC

tf, (1)=200

ATLAS new silicon inner tracker (simulation)



alf-coupling ATLAS

EXPERIMENT

ATL-PHYS-PUB-2025-018

ATLAS + CMS projections ESPPU 2026
Vs =14TeV, S3, 3 ab~! per experiment

All other couplings fixed to SM
68% CL k3 €[0.74,1.29]

—2 Alog(L)

Combination
bbt*tT-
bbyy

bbbb
Multilepton

95% CL |

68% CL

V(p) = —u?l$l? + Algl*



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







An analogy to the Higgs mechanism

Superconductivity

SC (BCS) theory Higgs mechanism
Cooper pair Bose condensation Condensed Higgs field
Electrically charged (2€) Weak charge

Mass of the photon Mass of W & Z bosons
T..it ~ mK —several 10s of K Tt = Tew ~ 1010 K

— Is the Higgs boson elementary or composite?

i; 1
omp, mp,
~ 0.32am
~ 1.6am

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

Our universe

S il

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
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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

Vacuum energy

Quantum field theory describes the fabric of empty space

Electroweak theory and Brout-Englert-Higgs mechanism

In QFT, the vacuum is not an empty void but a dynamic and structured entity with

vacuum fluctuations, virtual particles, zero-point energy (Nullpunktsenergie) Casimir
plates

Vacuum
fluctuations

Zero-point energy: quantum fields have vacuum energy even in absence of real particles

(cosmological constant problem: pgrr « M ~ (109 GeV)* — 10'10 eV4 > pp ~ (2x102 eV)* ~ 1071 V) Harnessing the zero-point energy

This costs too much
« Higgs field has vacuum expectation value (0|¢|0) = v ~ 246 GeV Non—zgro QQ Pang out down thre.
, 204 _ 1045 a\/4 ground state
(1Priggs| ~ My v* /2 ~ 10 6V7) of the Higgs
field
QCD vacuum "vacuum expectation value”
» The non-perturbative QCD vacuum involves the quark condensate (breaking chiral , .
symmetry) and gluon condensate characterising the confined phase of quark matter | wic M lasma
(lpacol ~ (0.1 GeV)* ~ 1032 eV4) Phase diagram .
of hadronic
matter

General relativity

color
superconductors

(YCys9) #0

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

Compact Stars

pion condensed
phase

{15 # 0
(0) #0

M

13}
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Higgs boson production at %
L YN

About 1 Higgs boson per second is produced in ,, ATLAS
ATLAS at the LHC (about 20M total by today) |

production)

particles [ A

5 J 000D E H Sensitivity to l / d
(88% of H k heavy new ¢ /
k

(4%)




