Particle Physics:
The history of the Universe written with 17 letters
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* Historical overview: the long quest for knowledge of the Cosmos

* The questions addressed by Particle Physics




Brief history of human thinking about the Cosmos

> Foundation of the “natural philosophy”: greek pre-socratic philosophic schools
and asian philosophies on the essence of Nature
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> Thales — water

> Anaximander — the infinite

> Anaximenes — air

> Heraclitus — fire

> Parmenides — the being

> Empedocles — earth, water, air, fire

> Anaxagoras — elements that can be
indefinitely divided

> Introduction of the “particle” notion: the birth

of the atomic theory

> Democritus — individual tiny elements
(“atoms”) and vacuum
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Brief history of human thinking about the Cosmos

> Aristotle’s legacy in Medieval science —
strong influence on both christian and Common Alchemy Symbols
islamic philosophy in Europe, Middle East,
and North Africa

> Alchemy: metamorphosis of elements

: Gold The Philosspher 3
~ Astronomy: theory of celestial spheres : Stone | St

> Reason in human perception: y 3 - ¢ \ 4

Fire |
Lead ic Water
Nature can be understood by cause S Rt ;
and deduction — “physical law”
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Brief history of human thinking about the Cosmos
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Copernicus’ helio- Galileo showing Doge Descartes’ Newton'’s
centric Universe his telescope ‘principia” ‘principia”

> Revision of natural philosophy in modern times: European Enlightenment

> Empiricism — establish the concepts of “observation” and “experiment”
> Rationalism — advance “physical law” beyond human perception

> But Nature was still described with “passive” atoms — no “interaction” yet
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Brief history of human thinking about the Cosmos
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Brief history of human thinking about the Cosmos

nucleus

From galaxies... ...to atoms and nuclel

> The 20th century: building the “modern physics” — physical laws at the
Universe and (sub)atomic scales
> Modern theory of gravity — describes motion in the Universe
> Quantum mechanics — describes motion of subatomic particles

> Discovery of the particle “zo00” — deep study of the structure and
fundamental properties of matter
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Brief history of human thinking about the Cosmos

> The 21st century: searching for “new physics” — tracing the history of the
Universe all the way back to its origin

HISTORY OF THE UNIVERSE - A
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What is Particle Physics about

v" What is a particle: object whose motion does not depend on its structure?*, if any

v What is an elementary particle: a particle with no (known) structure

v Fundamental interactions: particles interact
by exchanging other particles, called “force > s 5 <
carriers”, for example two electrons interact
by exchanging a photon




What is Particle Physics about

v Matter particles have antiparticles
(antimatter partners): “mirror reflections”
with identical properties, except opposite
charges, annihilate with matter particles

v" Particles can be detected by tracing their interactions while traversing materials

4 Bubble chambers (1920-1980) — trajectories
d lonisation chambers — positions and times

J Calorimeters — energies
J Semiconductor pixels — positions and times
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What is Particle Physics about

v" The identity of a particle:

mass spin charge(s)

The energy of the particle at The angular momentum of

The strength by which the
rest (having zero momentum)  the particle at rest

particle interacts with other
particles that “feel” the same

requires special relativity requires quantum mechanics fundamental interaction

requires a “gauge” theory




Map of particles according to their properties
the paradigm of Mendeleev’s Periodic Table

Chemical elements grouped in “families” by common properties

The Periodic Table of the Elements, in Pictures
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radioactive, never found in nature, no uses except atomic research

Keeps expanding with new short-living elements
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Periodic table of elementary particles:
the Standard Model of Particle Physics
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It takes much
more than just
three types of
particles to
explain
everything...
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The Standard Model in a nutshell

4+ Three “families” or “generations” of particles
building up matter (“fermions” with spin 1/2)

4+ Fourth column shows particles-“messengers”
of interactions (“bosons” with spin 1)

strange bottom

4+ Three interactions: “strong”, building nuclear
structures, electromagnetic, building atomic
and molecular structures, and “weak”, e e e
causing particle decays—but not gravity, -9 . ® .6
responsible for astronomical structures

05.7 MeVic* 1.777 GeVic*
1 -1 T
2 I 12

electron

neutrino neutrino neutrino

4+ One particle interacting with the others to give
them mass (the “Higgs boson” with spin 0)

4+ Building matter from elementary particles —
the Quark Model

4 Isthatall ?
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Looking back in the Universe:
how well does the Standard Model describe it?

Cosmological data show that the
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But then why is the Universe all made " .. |
of matter? Where did antimatter go? i
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Cosmological data also show that the
Universe contains 4-5 times more
mass than the visible mass

" - s




More questions about the Standard Model:
Is it self-consistent?

= What about incorporating gravity? It is by far the weakest interaction, but
we need a particle-based theory of it to describe the interior of black holes
(regions of space and time where gravity binds everything without escape)

= Putting interactions with all particles together, the Standard Model predicts
an enormous Higgs boson mass, unless a miraculous cancellation of those
interactions occurs to bring it down to the measured mass




Searches for new physics beyond the Standard Model

Searches with particle colliders: the highest energies
~ probe the shortest distances

Searches with large detectors: maximise the chance of
elusive particles to reveal themselves
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Colliders: direct probes of the shortest distances

>k The colliders accelerate two oppositely moving charged particle beams which
then collide at selected beam extraction point(s), giving rise to the highest-
energy events humankind can produce in the laboratory

>¢ Quantum mechanics interprets events with very high energies as processes
occurring in very short times (or distances, in relativistic terms), revealing the
existence and the nature of all particles involved in these processes

>k Beams can be formed with particles, as in proton-proton or ion-ion colliders,
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The Large Hadron Collider (LHC) at CERN

>¢ The most powerful collider built so far,
located in Geneva, Switzerland

>k Accelerates protons at energies up to
7000 times higher than the proton mass

>k The place of discovery of the Higgs
boson in 2012 by the ATLAS and CMS
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The Large Hadron Collider (LHC) at CERN




The Large Hadron Collider (LHC) at CERN

LHC - B CERN
..,:..npt.)tt‘lt 8 - ATLAS ALICE
Point 1 —— Point 2

Experiments: CMS, ALICE, LHCb in France; ATLAS in Switzerland
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The Large Hadron Collider (LHC) at CERN

AV AN CMS

ALICE | | ; LHCb

>k ATLAS and CMS: of general purpose, detect all particles except neutrinos

>k ALICE and LHCb: specialised in the physics of strongly interacting particles
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The Compact Muon Solenoid (CMS) experiment

Total weight 14000t C M S
Overall diameter 15 m ECAL 76k scintillating

PoWQ, crystals |

Overall length 28.7m | . MUCN ENDCAPS
HCAL Scintillator/brass 473 Cathode Strip Chambers (CSC)
Interleaved ~7k ch 432 Rosistive Plate Chambers (RPC)
3.8T Solenoid | IRONYOKE

Preshower
Si Slips ~16 2
-14/7k ¢ch

."l Foward Cal
 Sleel + quarlz
Fibers4-k ch

Pixel
Tracker Pixels & Tracker

» Pixels (100x150 wm?)
ECAL ~1 m2 ~66M ch
HCAL *Si Slrips (80-180 win)

~200 m? ~9.6M ch
Muons MUON BARREL
Solenoid coil 250 Drift Tubes (DT) and '
480 Resistive Plate Chambers (R”C) 8
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The Compact Muon Solenoid (CMS) experimen

{

Doing physics with CMS

CME Expeoriment atthe L4C, CERN
Dt ecorded J0M-un0% 0908 29 M604) GVTIM 01 21CDT
H—e-
1§ =7TaV, L=51 '
1500 ‘.': =8ToV, L= 531‘)",

S+B) Weighted Events / 1.5 GeV

S/

140 150
m. (GeV)

The mass spectrum of photon pairs
in CM5




Neutrinos: physics beyond the Standard Model

3% Neutrinos are the most abundant known matter particles in the Universe, but
they interact with other particles only via the weak interaction, thus making
their study very difficult

¥ They were postulated by Wolfgang Pauli in 1930 to conserve momentum in
measurements of radioactive decays of unstable nuclei, endorsed by Enrico
Fermi in 1933 in his theory of the 3-decay, and observed at a nuclear reactor
experiment by Clyde Cowan and Fred Reines in 1956

3 They come in three “flavours”, associated with the three types of charged
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The Deep Underground Neutrino Experiment (DUNE)
at Fermilab
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3% DUNE, the most ambitious experiment for the neutrino study, is being built at
the US Fermi National Accelerator Laboratory (Fermilab) near Chicago




The Deep Underground Neutrino Experiment (DUNE)
at Fermilab

3 DUNE will consist of two neutrino detectors placed in the World’s most
intense neutrino beam, provided by the Long-Baseline Neutrino Facility
(LBNF)

Deep Underground Neutrino Experiment

Sanford Underground Farmi Natiomal
Ressarch Fecility Accelerator Lataratory
Leadd, Songth Dabioia Eatavia, [lincis

SURF D -

Yok Celeny

« 5 ~@ Fermieb

II'10=‘

¥ One detector will record
particle interactions near
the source of the beam
at Fermilab

NELTIERO
PARTCLE PRODUGCTION
DETECTONR

PIP-I PROTON

UNDEROROUND
- ACCELERATOR

FARTICLE DETECTOR
L EXSTING
LADS

¥ The second, much larger, detector will be installed 1.5 km underground at the
Sanford Underground Research Facility (SURF) in Lead, South Dakota—1,300

km downstream of the source
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The Deep Underground Neutrino Experiment (DUNE)
at Fermilab

Long-Baseline Neutrino Facility

South Dakota Site Neutrinos from
Fermi Nalional

Accelerator Laboratory
in lllinois

Ross Shaft
1.5 km to surface

T~ Facility
and cryogenic
support systems

15
..
)

- ‘ - - - e . - B ] \‘\
3 F -~ P .~ .
-’ . AP One of four
. ol ’.” -_l’

: n 4 S e detector modules of the
B o N, [ Deep Underground
- Neutrino Experiment
4850 Level of
Sanford Underground
Research Facility

¥ The far-site detector at SURF will comprise four cryogenic 18m high by 19m
wide by 66m long calorimeter modules, containing a total of 68,000 metric
tons of liquid argon at -184 °C — the largest cryogenic instrument ever to be

placed deep underground
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Muons: stress-testing the Standard Model

> The muon, a “heavy electron” (207 times heavier), was discovered by Carl
Anderson in cosmic rays in 1936

X It has many nice features that help its detailed study: elementary, relatively
light, easy to produce, with a relatively long mean proper lifetime of 2.2 ys that
allows for making muon beams sufficiently stable to investigate various
particle phenomena with very high precision

X It does not interact with the strong force and it is known to decay exclusively

-\. o B a - 'y al¥la | ala a al~ “ n . ,,- “
" f | C PN ] 10 [ ( 1'; el f

HP L
olalle




The g-2 experiment at Fermilab

X Ina magnetic field, the muon wants to align its intrinsic magnet along the field
axis, like a compass with the geomagnetic field, but its motion prevents this
and makes the magnet axis rotate, or “precess”, about the field axis

X In the quantum world, the vacuum is not just empty space: it is filled with a
foam of “virtual” particles, such as massless photons, light electrons and
quarks, heavy W, Z and Higgs bosons, or even so massive “exotic” particles
that are difficult to create directly in colliders like the LHC




The g-2 experiment at Fermilab

- R=7112 mm from ring center o )ﬁ'% 4 ’!Q k.

Outer cryostat

Iron wedge
i Upper pole piece
1
Inflector 77 mm

'''''''

— Pole bump

chamber

N Pole bump

Superconducting \ Partition wall .
coils Passive superconducting
shield

———————— 10N wedge

X A longitudinally polarised muon beam is injected into a magnetic storage ring
with the field perpendicular to the muon beam

X The energy of positrons produced by muon decays in the ring is correlated
with the precession angle of the muon spin and is measured in calorimeters
regularly placed along the ring

X The precession frequency is measured from the undulation pattern of the
positron energy distribution and, together with the field strength, yields g-2

X The experiment aims to measure g-2 with a precision of 140 parts per billion,
which will definitely resolve the tension with the Standard Model
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Astro-particles: multi-messenger astronomy

B

Gamma rays -

They point to their sources, but they
can be absorbed and are created by
multiple emission mechanisms.

AGNs, SNRs, GRBs... VR ¢

Neutrinos

They are weak, neutral
particles that point to their
sources and carry information
from deep within their origins.

air shower

*

They are charged particles and
are deflected by magnetic fields,
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The IceCube experiment

The IceCube Neutrino

)

Installed at the geographical South Pole in Antarctica
Reachable from mid November to mid February, but continuously operating

*

*

% Uses large volume of pure ice for neutrino detection and the Earth as a shield
against other cosmic particles

*

Aims to study neutrino properties at very high energies (thousands to millions
of times higher than the LHC energy) and the nature of the sources of such
energetic neutrinos
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The IceCube experiment

% A high-energy neutrino lceCube Lab
interaction creates energetic e e 0,

charged partiC|eS Sl o g Sl 324 optical sensors

% When these travel faster than

: . . lceCube Array
the light travels in the ice, 86 strings including
. = g eepCore strings

they emit Cherenkov radiation (ORI | 5160 optical sensors

DeepCore

8 strings-spacing optimized
for lower energies

480 optical sensors

% Optically transparent ice I
allows this light to reach 4:|Eiffel Tower
¥ 324 m
some of the 5160 photo-

sensitive sensors installed in

the ice HE
sedrock 5

% This UV/blue light is the same with that produced in nuclear | = % .
reactors - - ?\
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The Alpha Magnetic Spectrometer (AMS) on the
International Space Station (ISS)
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The Alpha Magnetic Spectrometer (AMS) on the
International Space Station (ISS)

% AMS consists of a magnet surrounded by an array of detectors to identify the
passing particles and nuclei and measure their momentum and charge:

TRD
Identify e-, e

Time of Flight
% The Transition Radiation Detector

(TRD) identifies electrons and Aw
positrons and discriminates nuclei &g

% The silicon tracker is the central
instrument for high-precision
measurements of charge and
momentum

% The Time Of Flight (TOF) counters
initiate event recording (trigger)

% The Ring Image Cherenkov (RICH) counter measures the charge and velocity of

the passing particles and the Electromagnetic Calorimeter (ECAL) measures the
momentum of very energetic electrons and positrons
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Summary

B The Standard Model (Theory) of Particle Physics explains the Universe we see

B This is one of the greatest achievements in the history of human culture

e Standard Model does not explain the Universe we do not

- L




The long quest for knowledge of the Cosmos continues
more exciting than ever!




