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Universe at 0 K – 1015K in one formula?

2

And a few more pages…
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• Even though Universe is expanding, locally objects can move closer due to gravity

• Expansion rate depends on radiation, matter, curvature, cosmological constant
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Age of the Universe = 3 x Age of Earth !
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 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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 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:

• Birth of the Universe, the Big Bang

• Passed and future Evolution

 Strong link between the infinitely small (particle physics) and infinitely large (cosmology)

http://www.google.com/url?sa=i&rct=j&q=cosmic+inflation&source=images&cd=&cad=rja&docid=ePK4Mvr6S9hw4M&tbnid=7AjlzloJ2jWI-M:&ved=&url=http://vippasstothespiritworld.blogspot.com/&ei=nAdrUfqvOaGK7Aai34HwAw&bvm=bv.45175338,d.ZGU&psig=AFQjCNFbyZBu9tz1Fevvaa6rTpTBJcnecA&ust=1366055197600601
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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!

http://www.google.com/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&docid=YDJxnyJc0i7g3M&tbnid=iueZ3fzl6Q4H0M:&ved=0CAUQjRw&url=http://www.freightscancargo.com/about.html&ei=b1RQUsf5JrH7yAHizYDICA&bvm=bv.53537100,d.aWc&psig=AFQjCNG6vlejiSCxaDkURVu5ADHM81I4NA&ust=1381082520174650
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A tiny little complication though…. with astronomic consequences:

 Nature has built in an unavoidable intrinsic randomness:



 Vacuum fluctuation = vacuum polarization = virtual particle creation (many names..)

∆𝑝∆𝑥 ≤
ℎ

2𝜋
∆𝐸∆𝑡 ≤
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ℎ
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Today’s periodic system of the fundamental building blocks

And as many types of anti-particles!

 Note the mass of the fundamental particles

 80 kg of human body / mp/n(~1.6x10-27kg) * Smuud/udd(~2*10-29kg) = ~1 kg….?

 .. Rest is kinetic energy and interaction (binding) energy
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 :z

15

Gravitation

Graviton?

Hadrons
Baryons Mesons

But hey, something weird is going on! 

Example, particle – antiparticles at rest:

𝑟

Interaction mediator

ҧ𝑝 𝑝
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Gravitation

Graviton?

Hadrons
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But hey, something weird is going on! 

Example, particle – antiparticles at rest:

∆𝐸∆𝑡 ~ 𝐸𝑖𝑛𝑡
𝑟

𝑐
≤

ℎ

2𝜋

𝑟

ҧ𝑝 𝑝 Massless force carrier

Interaction mediator (e.g. photon)
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Gravitation

Graviton?

Hadrons
Baryons Mesons

But hey, something weird is going on! 

Example, particle – antiparticles at rest

𝑟

∆𝐸∆𝑡 ~ (𝐸𝑖𝑛𝑡 + 𝐸𝑚𝑎𝑠𝑠 )
𝑟

𝑐
≤

ℎ

2𝜋
ҧ𝑝 𝑝 Massive force carrier

Interaction mediator (e.g. Z0)
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 It’s very weak  (why so weak!?) and affects the space itself in which it acts…

…that is:

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 now… 

http://www.google.com/url?sa=i&rct=j&q=curved+space+around+mass&source=images&cd=&docid=RCPO2X3r-eMP8M&tbnid=c2FDYW9ma9w1uM:&ved=0CAUQjRw&url=http://scienceblogs.com/startswithabang/2013/02/22/for-the-love-of-science/&ei=nIFuUefiFIiPOK6wgdgP&bvm=bv.45368065,d.ZGU&psig=AFQjCNHAZGJoYnE5PjA4uTnDxm5s8ufavg&ust=1366283034143316
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Back to Earth again!
Experimenting with the Big Bang

19
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 Some 27 km of plumbing and 9000 magnets, 

• More than 1500  magnets cooled to 1.8K (-271.3oC) (total cool mass of 36 000 

tonnes with liquid helium)
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~9 km

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 (10-11s)

 Giant microscope with resolution of a 1/10000 of a proton (10-19m)

Alice

Atlas

CMS

LHCb

LHCf

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

move at speed of light on early Universe!

 ~1 - 5 Higgs per minute without us knowing!.... O(1 million) at production in total!

• ATLAS+CMS: 1400 Higgs events after selection cuts

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

23
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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 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?”
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 What are the alternatives?   “New particles” can hide in two ways:

Very massive OR very weakly coupled
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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 Ecms of the LHC

Example B meson decays to lepton pairs:

𝑅𝐾 =
𝐵𝑅(𝐵+ → 𝐾+𝑒+𝑒−)

𝐵𝑅(𝐵+ → 𝐾+𝜇+𝜇−)

Time
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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 Ecms of the LHC

B meson decays to lepton pairs:

𝑅𝐾 =
𝐵𝑅(𝐵+ → 𝐾+𝑒+𝑒−)

𝐵𝑅(𝐵+ → 𝐾+𝜇+𝜇−)

Lepton Universality (LU)

Expected to be ~unity in SM



Swiss HSSIP Lecture “Intro to particle physics”, 20 October 2021 R. Jacobsson (CERN) 29

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 Ecms of the LHC

B meson decays to lepton pairs:

“𝑅𝐾
𝑒𝑥𝑝

= 𝑅𝐾
𝑆𝑀 + 𝑅𝐾

𝑁𝑒𝑤𝑃ℎ𝑦𝑠𝑖𝑐𝑠
”

𝑅𝐾 =
𝐵𝑅(𝐵+ → 𝐾+𝑒+𝑒−)

𝐵𝑅(𝐵+ → 𝐾+𝜇+𝜇−)

𝑅𝐾
𝑁𝑃 contribution from New Physics

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

+

E.g. lepto-quarks

Lepton Universality Violation?
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 “Baryon asymmetry” of the Universe

 Big Bang Nucleosynthesis and Cosmic Microwave Background 𝜂 =
𝑛𝐵

𝑛𝛾 𝑇=3𝐾

~ 6 × 10−10

 How did this happen?!

 “Manifestations” of CP violation: Matter-antimatter differs

 Production rate

 Decay rate

 Mass

 Lifetime

 Current CP violation in quark sector  𝜂 ~ 10−20 !!

30
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 Tracing DM: Gravitational lensing confirms previous observations (2003)

 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!!

Galaxy cluster Cl 0024+17 (ZwCl 0024+1652)

C
re

d
it
s
: 
N

A
S

A
, 

E
S

A
, 

M
.J

. 
J
e

e
a

n
d

 H
. 

F
o

rd

(J
o

h
n

s
 H

o
p

k
in

s
 U

n
iv

e
rs

it
y
)

h
tt

p
s
:/

/a
rx

iv
.o

rg
/a

b
s
/a

s
tr

o
-p

h
/0

6
0

8
4
0

7

Collision between two galaxy clusters

• In red, 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

Bullet galaxy clusters (2003)
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More questions?

32
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