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Language of science
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Expansion and the distorsion of the past

Our world
line

Distant object
world line

“Light cone”

Time

\

Maximum Maximum
observable observable
Universe ~~ — Universe
=g - o>

* Even though Universe is expandin ally objects can move closer due to gravity
* Expansion rate depends on radlatlon matter curvature, cosmological constant
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13 800 000 000 (billion) years

Age of the Universe = 3 x Age of Earth !

Bic sunf dracones
Universe becomes First stars Galaxies form Expansion rate of Birth of the 13 October 2016
transparent light up the Universe starts Solar system
to accelerate
380 000 y. 100 milliony. 500 million y. ~5 billion y. 9 billion y. 13.7 billion y.
T= 3000 °C T=20°C T=-255°C T=-264 °C T=-267 °C T=-270°C
Size 1/1000 Size 1/100 Size 1/6 Size 1/3 Size 1/2 Size 1/1

Time ~zero
T= 100 000 000 000 000 000 000 000 000 000 000 °C

Size 0.000 000 000 000 000 000 000 000 000 000 000 010 M R. Jacobsson )



13 800 000 000 (billion) years

Age of the Universe = 3 x Age of Earth !
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Bic sunf dracones
Laws of physics
established here
Universe becomes First stars Galaxies form Expansion rate of Birth of the 13 October 2016
transparent light up the Universe starts Solar system
to accelerate
380 000 y. 100 milliony. 500 million y. ~5 billion y. 9 billion y. 13.7 billion y.
T= 3000 °C T=20°C T=-255°C T=-264 °C T=-267 °C T=-270°C
Size 1/1000 Size 1/100 Size 1/6 Size 1/3 Size 1/2 Size 1/1

Time ~zero
T= 100 000 000 000 000 000 000 000 000 000 000 °C
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The Big Bang Afterglow @)

@ Universe gets transparent at an age of 380 000 years!

@ The Cosmic Microwave Background (CMB) is the first
child picture of the Universe

® What Is behind the veil?
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Particle Physics and Cosmology C\E\/f@

® Quest to understand:
- Fundamental constituents of matter - Matter particles
- Interactions with which particles act on each other - Interactions
« Particles propagating the interactions - Messenger particles

® Ultimately describe: S -
- Birth of the Universe, the Big Baof e Al e
« Passed and future Evolutio

« Strong link between the infinitely small (particle physics) and infinitely large{@esmology)
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What is a “fundamental particle”? D)

NS

A “particle” is a propagation of a quantity of information (properties) perceived
through the different interactions (~forces)!

> That is, particles are perceived differently depending on their properties
> Technically, in quantum field theory, a matter particle is represented by an

excitation of a matter field, and interaction particles by excitation of a interaction
field, very similar to the waves on a surface of water

What is the size of a particle?
= Analogy: “What is the size of piece of cotton?” ©
=» Depends on how much energy you apply to interact with it!
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Heisenberg Uncertainty Principle cEn)

NL S
A tiny little complication though.... with astronomic consequences:

=» Nature has built in an unavoidable intrinsic randomness:

h h
ApAx < — AEAt < —

2TC
h

> AE <

2TTAL

@ Vacuum fluctuation = vacuum polarization = virtual particle creation (many names..)
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Generation 2 @Charm

n

@ Muon-neutrino
0 Electron-neutrinc

~
Generation 1 Q Up

)
a Down Electron

And as many types of anti-particles!

o Note the mass of the fundamental particles
> 80 kg of human body / m,,,(~1.6x1027kg) * Zm,,q/,4q(~2*10-%°kg) = ~1 kg....”?
> .. Rest s kinetic energy and interaction (binding) energy
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Interactions (~"forces”) and “Unification”

Electricity Magnetism

Gravity Gravity

Electromagnetism Newton’s

i Radioactivit
Electromagnetism Y : !
Atomic nuclei

Weak nuclear

Gravitation

General

Relativity

Time

—

Electroweak

N
/ )
\ force Strong force ,

-

Standard Model__~"_

~-

Grand Unified
Theory

Super Unified
Theory

Terrestrial Planetary

Temperature

Energy
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Interactions (~”forces”) and “Unification” &N

Terrestrial Planetary
Gravity Gravity

Electricity Magnetism

Newton’s

Electromagnetism Gravitation

Qe Radioactivit
Electromagnetism Y : !
Atomic nuclei

Weak nuclear
force

emperature

Time

Grand Unified

: > 8 10 12 14 16 18
Theory Log,,(QA GeV)

Compare macroscopic “coupling constants”,
" pe q q mim
Super Unified eg.F=k-3* F=G—F"

Theory
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Interactions (~"forces”) and “Unification D)
N7
. : Terrestrial Planetary
Electricity Magnetism Gravity Gravity
Electromagnetism Newton 3
Gravitation
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Maxwell’s : o S
Electromagnetism Jicioactiviy : ! ©
Atomic nuclei 5]
General o
Relativity =
Weak nuclear o
force ';
B - e S N
: _ L ~ -~ o I g
( b Strong force ) I c
I < force _7 : L
~
[ ~ = — \'Standard Model’ ~_ _ = =~
| ey |
[ Grand Unified I
| Theory |
I |
l . Super Unified |
Rulers of the early universe Theory I

L_____—_—_—_—__—_—_—_—_—_—_—_-
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Interactions mediators between particles (S

Electroweak

m Electromagnetic messmsmm——  \\egk ———
Charged Neutral

e ﬁ

e\/

/\

Range o, relative strength <102 Range ~10-2 m, relative strength 104

Hadrons
Baryons Mesons

° %o J

But hey, something weird is going on!
Example, particle — antiparticles at rest:

Interaction mediator

7B AVAVAVAVAVAVL 2
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Graviton?
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Electroweak Gravitation

m Electromagnetic messmsmm——  \\egk ———
Charged Neuiral

~

iton?
R A & eY . Graviton?
2 z

o

Range o, relative strength <102 Range ~10-2 m, relative strength 104

P -
Hadrons Vo
Baryons Mesons -

39

But hey, something weird is going on!
Example, particle — antiparticles at rest:

Interaction mediator (e.g. photon)

15 d\/\/\/\/\/\l‘ p Massless force carrier AEAt ~ Eine

k3

<
2T

Q=
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Electroweak Gravitation

m Electromagnetic messmsmm——  \\egk ———
Charged Neuiral

~

iton?
R A & eY . Graviton?
2 z

o

Range o, relative strength <102 Range ~10-2 m, relative strength 104

P -
Hadrons Vo
Baryons Mesons -

39

But hey, something weird is going on!
Example, particle — antiparticles at rest

Interaction mediator (e.g. Z°)

15 d\/\/\/\/\/\l‘ p Massive force carrier | AEAt ~ (Eint 1L <Emass>) r < 2
c

2T

Swiss HSSIP Lecture “Intro to particle physics”, 20 October 2021 R. Jacobsson (CERN) 17



What's so difficult about gravity? \

@ It's very weak (why so weak!?) and affects the space itself in which it acts...

...thatis:
1. Gravity couples to energy and mass and curves space

2. Vaccum fluctuations produces virtual mass and virtual energy
3. Gravity will curve space further

4. The smaller the distances (time-scales),
the more virtual energy is available,
the more gravity couples,
the more the space is curved....
Leads to infinities...

= No way to make a self-consistent quantum gravity theory up to no

Swiss HSSIP Lecture “Intro to particle physics”, 20 October 2021 R. Jacobsson (CER
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Back to Earth again!

Experimenting with the Big Bang

U S CARTOONSTOCK
2 ,\ 1;(!“'!

“If all else fails - it makes a-\éreat frothy latte.”
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Large Hadron Collider D)

Large Hadron Collider (LHC) is a 27 km long particle collider

=» Recreate conditions at “small scale”:
« Temperature 1016 K that is 1 000 000 000 x
-« 0.00000000001 second after Big Bang (10-'s)
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CERN

VoLumeE |

~. vurrents associatea W
. group are coupled to gauge fields.
wrpose of the present note is to report that,
as a consequence of this coupling, the spin-one
¢ quanta of some of the gauge fields acquire mass;
the longitudinal degrees of freedom of these par-
hicles (which would be absent if their mass were
g oo over into the Goldstone bosons whe
sends to zero. This phenomencg

hut in wh [ }

ity of two nom

t undar Ay ’PtCK A SIDE. ’_,/
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Higgs appears in 2011 - 2012

@ Most fundamental role of Higgs is to stop matter particles from being obliged to

move at speed of light on early Universe!

Vs =7TeV ][ Ldt=4.83fb"

ys =8 TeV

Events / 5 GeV

Data - Background

Nov 3, 2011

L§it =20.65f ' Dec 9, 2012

ATLAS Preliminary
H—2ZZ' )—>4I channel

[ Signal (mH=125.’GeV)
B Background zz"
I Background Z+ets, tt
—4— Data

f

« ATLAS+CMS: 1400 Higgs events after selection cuts

@ Mass of the Higgs is equivalent to the total mass of 130 protons!

Swiss HSSIP Lecture “Intro to particle physics”, 20 October 2021
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The Big Questions

Observations in Cosmoloqgy

Event horizon problem

Flatness

Density variation which lead to star and galaxy formation
Natural constants

The missing antimatter

The missing matter — Dark Matter

Universe expansion rate is accelerating today — Dark Energy

Observations in particle physics

Tiny neutrino mass and oscillations

Hints from particle physics theory

Stability of Higgs mass

Structure of matter and interactions
Unification of interactions

Why no CP violation in strong interaction
Gravity

= Which extension to the Standard Model??

Prejudice...: “Universe is fine-tuned by chance or driven by obligation?”

Swiss HSSIP Lecture “Intro to particle physics”, 20 October 2021
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The Big Questions 7

Observations in Cosmology
- Event horizon problem
- Flatness
- Density variation which lead to star and galaxy formation
« Natural constants
« The missing antimatter
« The missing matter — Dark Matter
« Universe expansion rate is acce

Observations in particle
« Tiny neutrj

eractions

violation in strong interaction

= Which extension to the Standard Model??

Prejudice...: “Universe is fine-tuned by chance or driven by obligation?”
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Energy - intensity frontier )

' ® What are the alternatives? “New particles” can hide in two ways:

Energy Frontier

=
(®)]
c
)
-
w
c
ke
©
©
—
e
=

Known physics Unknown physics'

' Neutrino physics. ﬁ )

| Flavour phySics: ;ﬁ >

Hidden Sector

Y’ Intensity Frontier’ 4€(

Energy Scale

[

/
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Precision measurements cErn)

Recipe:
Choose processes which are rare and calculable to high precision in SM
Indirectly find evidence for New Physics as discrepancy from SM prediction!
Virtual effects allow probing energies much higher than the E_ . of the LHC

Time

Example B meson decays to lepton pairs:

BR(B* > K e"e™)

R, =
K" BR(B* - K*tutu)

Swiss HSSIP Lecture “Intro to particle physics”, 20 October 2021 R. Jacobsson (CERN)~ 27



Precision measurements

Recipe:

Choose processes which are rare and calculable to high precision in SM
Indirectly find evidence for New Physics as discrepancy from SM prediction!
Virtual effects allow probing energies much higher than the E_ . of the LHC

B meson decays to lepton pairs:

_BR(BT - KTe"e")
- BR(BY —» K*u*u~)

Rk

Lepton Universality (LU)
Expected to be ~unity in SM

LHCDL 0 h LHCb

—— Data 9 bt —4— Data 9 !

— Total fit —— Total fit

...... B S K ete

B s T peEe)K

B Part. Reco.
Combinatorial

Combinatorial

/(24 MeV/e?)

Candidates / (7 MeV/
=4
o

w
¥
s
<
=
=
-
=]
@]

—
(=1
(=]

Bttty

0™ 5000 TU6000 05200 5300 5400 5500 5600
m(K*ete™) [MeV/e?] m(K* ) [MeV/e?]
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LHCb 3 fb™*
1.0 < g% < 6.0 GeV?

LHCb 5 fb?
1.1<q¢?<6.0 GeV?

LHCb 9 fb™!
1.1 <q?< 6.0 GeV?
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Precision measurements

Recipe:

Choose processes which are rare and calculable to high precision in SM
Indirectly find evidence for New Physics as discrepancy from SM prediction!
Virtual effects allow probing energies much higher than the E_ . of the LHC

E.g. lepto-quarks

B meson decays to lepton pairs:

_BR(BT - KTe"e")
- BR(BY —» K*u*u~)

Rk

Lepton Universality Violation? “REXP _ R?;M + RNewPhySl'CSu

K K

R¥P contribution from New Physics

Analysis based on 1000 0000 0000 0000 measured b-decays!

LHCDL 0 h LHCb

—— Data 9 bt = —4— Data 9 !

— Total fit —— Total fit

...... B S K ete

Bl 5T yEe)k”

B Part. Reco.
Combinatorial

Combinatorial

Candidates / (7 MeV/
=4
o

—
(=1
(=]

]
[
[
W
o
et
<
=]
=
1=
=
S

Bttty

0™ 5000 TU6000 05200 5300 5400 5500 5600
m(K*ete”) [MeV/e?] (KU ) [MeV/ 2]
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0.1<q?<8.12 GeV?

LHCb 3 fb!
1.0 < ¢ < 6.0 GeV?

LHCb 5 fb!
1.1<¢?< 6.0 GeV?

LHCb 9 fb™!
1.1<¢?<6.0 GeV?
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Example: missing anti-matter cErn)

NS

“Baryon asymmetry” of the Universe
np

Big Bang Nucleosynthesis and Cosmic Microwave Background n = <— ~6x 10710

nV>T=3K
=>» How did this happen?!

“Manifestations” of CP violation: Matter-antimatter differs
Production rate
Decay rate
Mass

Lifetime
Current CP violation in quark sector = n ~ 10720 1l

~
o
<
~=
>
>
]
—
—
~
22}
=
=
L
-
84|

5200 | 5300 5400 5500 5100 5200 5300 5400 5500
m(DK™) [MeV/c?]
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Establishing Dark Matter - direct observation ‘i@/

@ Tracing DM: Gravitational lensing confirms previous observations (2003)

.8 - “ -

- : e SHEAE % i 2 . . / - ®e . . e o S ..

. e ° . . i - S > o 4
3 y - - [ g - .
- . s P < . -~ g y. ’ "2 < e

"
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o
https://arxiv.org/abs/astro-ph/0608407
.
o o ‘._"' . B, Y
: £ e " b 4
¢
. "~
.
“
.
¥y
Credits: NASA, ESA, M.J. Jee and H. Ford

(Johns Hopkins University)

Collision between two galaxy clusters

* Inred, X-ray emitting plasma = dominant baryonic mass (5-15%)
* In blue, reconstruction of total mass distribution from lensing

Dark Matter remains around galaxy clusters (1-2% of mass) undisturbed
=> Almost collisionless

= Very different density profile and dynamics from ordinary matter!
Why does it form a halo?

> Independent limits on Dark Matter self-interaction, and interaction with ordinary matter

> Explore with accelerators!!
Swiss HSSIP Lecture “Intro to particle physics”, 20 October 2021 R. Jacobsson (CER 31




CM
\

More questions?
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Buon apetit ! cErn)

"I can't tell you what's in the dark matter
sandwich. No one knows what's in the
dark matter sandwich.”
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