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The (extrapolated) history of the Universe

Some characteristics:
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The (extrapolated) history of the Universe

The borders of our knowledge

Looking at the visible universe
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Our plan

First: The particle content of the
Universe and the newcomer
(facts)
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Brief history of elementary particle discoveries

“Elementary” is a concept quite old and evolving ...
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* Everything is composed

* Some atoms are round,

* |deas rejected by leading
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460 — 370 B.C.

* There are various basic

elements from which all
matter is made

of small atoms moving in
a void

pointy, oily, have hooks,
etc. to account for their
properties

philosophers because
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Brief history of elementary particle discoveries

“Elementary” is a concept quite old and evolving ...
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Brief history of elementary particle discoveries

“Elementary” is a concept quite old and evolving ...

Nucieus

... but the first elementary (??) particle that has been
discovered is the electron (1896).



Brief history of elementary particle discoveries

Thomson built the first particle accelerator...
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...and proved that there exists a particle with

a given charge and mass (actually, he measured
their ratio. Millikan disentangled the two quantities)



Brief history of elementary particle discoveries
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Brief hlstor/ | “:ﬂ{ntary particle discoveries

1936

1896

electron muon Z boson
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electron ) tau
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Bubble chambers are “phase transition” detectors. The superheated gas
liguefies where charge particles pass. The particle path is a bubble track.



Brief history of elementary particle discoveries
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Brief history of elementary particle discoveries
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Brief history of elementary particle discoveries

ATLAS ,,palr“ of muons, ,,palr * of electrons




Brief history of elementary particle discoveries
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Forces (repulsive)

Gauge bosons mediate the forces: photons — electromagnetism
gluons — nuclear (strong) force

Z W bosons — weak force (radioactive decays)
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Forces (attractive)

Gauge bosons mediate the forces: photons — electromagnetism

gluons — nuclear (strong) force
ot Z W bosons — weak force (radioactive decays)
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The situation before 2012

From the study of all observed collisions and particle processes we understood that:
* Among quarks there is a very strong attractive force. They always stay together forming objects
(hadrons) that have an integer charge (e.g. proton = uud — Q = 1; neutron = ddu - Q=0)

* Leptons like staying alone, i.e. they do not form composite objects;

Every time the quarks and/or the leptons interact, there is always a gauge boson;
Neutron Proton

Quarks and leptons can be engrouped in 3 fa

Some gauge bosons can interact with themsel

Neutrinos are extremely light and interact rarel

The strenght of the interactions depends on thg
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The situation before 2012

From the study of all observed collisions and particle processes we understood that:
* Among quarks there is a very strong attractive force. They always stay together forming objects
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The situation before 2012

From the study of all observed collisions and particle processes we understood that:

* Among quarks there is a very strong attractive force. They always stay together forming objects
(hadrons) that have an integer charge (e.g. proton = uud - Q = 1; neutron = ddu - Q=0)

* Leptons like staying alone, i.e. they do not form composite objects;

* Every time the quarks and/or the leptons interact, there is always a gauge boson,;

* Quarks and leptons can be engrouped in 3 families with same charges but different masses;

* Some gauge bosons can interact with themselves.

* The strenght of the interactions depends on the speed of the collision
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From the study of all observed collisions and particle processes we understood that:
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The situation before 2012

From the study of all observed collisions and particle processes we understood that:
* Among quarks there is a very strong attractive force. They always stay together forming objects
(hadrons) that have an integer charge (e.g. proton = uud - Q = 1; neutron = ddu - Q=0)

* Leptons like staying alone, i.e. they do not form composite objects;

Every time the quarks and/or the leptons interact, there is always a gauge boson;

Quarks and leptons can be engrouped in 3 families with same charges but different masses;

Some gauge bosons can interact with themselves.

Neutrinos are extremely light and interact rarely;

All these facts can be precisely described

.l in a deep, simple and beautiful way:
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... simple and beautiful in other words ...

.. R.Feynman 1918-1988

“One way that's kind of a fun analogy to try to get some idea of what we're doing
here to try to understand nature is to imagine that the gods are playing some
great game like chess. Let's say a chess game. And you don't know the rules of
the game, but you're allowed to look at the board from time to time, in a little
corner, perhaps. And from these observations, you try to figure out what the rules
are of the game, what [are] the rules of the pieces moving.

You might discover after a bit, for example, that when there's only one bishop
around on the board, that the bishop maintains its color. Later on you might
discover the law for the bishop is that it moves on a diagonal, which would
explain the law that you understood before, that it maintains its color. And that
would be analogous we discover one law and later find a deeper understanding
of it.



... simple and beautiful in other words ...

.+ R.Feynman 1918-1988

.... Ah, then things can happen--everything's going good, you've got all the laws,
it looks very good--and then all of a sudden some strange phenomenon occurs in
some corner, so you begin to investigate that, to look for it. It's castling--
something you didn't expect.

We're always, by the way, in a fundamental physics, always trying to investigate
those things in which we don't understand the conclusions. We're not trying to all
the time check our conclusions; after we've checked them enough, they're okay.
The thing that doesn't fit is the thing that's most interesting--the part that doesn't
go according to what you'd expect.



... simple and beautiful in other words ...

.« R.Feynman 1918-1988

... Also we can have revolutions in physics. After you've noticed that the bishops
maintain their color and that they go along on the diagonals and so on, for such a long
time, and everybody knows that that's true; then you suddenly discover one day in some
chess game that the bishop doesn't maintain its color, it changes its color. Only later do
you discover the new possibility that the bishop is captured and that a pawn went all the
way down to the queen's end to produce a new bishop. That could happen, but you
didn't know it.

And so it's very analogous to the way our laws are. They sometimes look positive, they
keep on working, and all of a sudden, some little gimmick shows that they're wrong--and
then we have to investigate the conditions under which this bishop changed color...
happened... and so on... And gradually we learn the new rule that explains it more
deeply.



... simple and beautiful in other words ...

4 § R. Feynman 1918-1988

... Unlike the chess game, though... In the case of the chess game, the rules become
more complicated as you go along, but in the physics when you discover new things, it
becomes more simple. It appears on the whole to be more complicated, because we
learn about a greater experience; that is, we learn about more particles and new things,
and so the laws look complicated again. But if you realize that all of the time, what's kind
of wonderful is that as we expand our experience into wilder and wilder regions of
experience, every once in a while we have these integration in which everything is pulled
together in a unification, which it turns out to be simpler than it looked before.”

All these facts can be precisely described

In a deep, simple and beautiful way:

GAUGE THEORY




The situation before 2012

In a gauge theory there is not only the electric charge. Further charges exist.

Leptons and quarks have these charges. Gauge bosons also have these charges.

An interaction is allowed only if all these charges are conserved.

In a more technical language, there are some ,symmetries® in Nature. These
symmetries are called “gauge symmetries”. From these you can derive the rules that

the particles follow when they interact.
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The situation before 2012

electric charge. Further charges exist.

'S. Gauge bosons also have these charges.

e charges are conserved.

2 some ,symmetries” in Nature. These

s”. From these you can derive the rules that
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BlG PROBLEM (no mass)

The gauge theory is wonderful, but when you try to assign
the charges to the discovered particles you realize that

THESE PARTICLES CANNOT HAVE A MASS




The situation before 2012
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The role of the Higgs boson

* Let's try to understand the role of the Higgs boson in a qualitative way.

* Consider a harmonic oscillator. Its motion can be implicitly described by a Lagrangian

u(t) — Acos(w.t)

fo = w./(27)




The role of the Higgs boson

* We add a second oscillator Y that does NOT interact with the oscillator X

* Again, how would you measure o, ? Is the result different?




The role of the Higgs boson

* We add a second oscillator Y that DOES interact with the oscillator X

* Again, how would you measure o, ? Is the result different?




The role of the Higgs boson

* We add a second oscillator Y that DOES interact with the oscillator X

* Again, how would you measure o, ? Is the result different?




The role of the Higgs boson

* We add a second oscillator Y that DOES interact with the oscillator X

* Again, how would you measure o 7 Is the result different? NARSESOOREIENE= CONSE S




The role of the Higgs boson

* We add a second oscillator Y that DOES interact with the oscillator X

* Again, how would you measure o _? Is the result differem_
1

Even if you could not write the term k x?, the object X still behaves

as a harmonic oscillator with kxef" .

You just need the object Y (which you might have not seen)

having an (almost) constant value !!!



The role of the Higgs boson

* We add a second oscillator Y that DOES interact with the oscillator X

* Again, how would you measere ® ? Is the result differentZNARAESRONEIEE=CONSES
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The Higgs prediction (mass in gauge theory)

There is a strong similarity between the harmonic oscillators and the particles:
* Each already-known particle is the harmonic oscillator X
* There is an undiscovered particle (Higgs) which is the harmonic oscillator Y

e There is an interaction proportional to g _between X and Y

* This interaction generates an effective mass, like in the oscillator case:

kST =k, 4+ g, constiee M '/ = m 4+ g, const

e The beautiful gauge symmetry forbids the mass term, i.e. it imposes :
thus all particles have masses proportional to the constant ,const”. This means

(& e
m = gy constim .’ = g. constlm , = gy const




The Higgs prediction (mass in gauge theory)

There is a strong similarity between the harmonic oscillators and the particles:
* Each already-known particle is the harmonic oscillator X
* There is an undiscovered particle (Higgs) which is the harmonic oscillator Y

e There is an interaction proportional to g _between X and Y

* This interaction generates an effective mass, like in the oscillator case:

kST =k, 4+ g, constiee M '/ = m 4+ g, const

e The beautiful gauge symmetry forbids the mass term, i.e. it imposes :
thus all particles have masses proportional to the constant ,const”. This means

(& e
m = gy constim .’ = g. constlm , = gy const

If you plot the couplings as a function of the masses,
what does the plot look like?



LHC measurements
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LHC measurements
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LHC measurements

* In 2012, both ATLAS and CMS experiments observed a new particle
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* In 2012, both ATLAS and CMS experiments observed a new particle

* These experiments also measured the interactions between the
new particle and the other well-known particles. They found...
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LHC measurements

* Eventually, everybody agreed that the observation was the discovery

of the particle so-long-ago predicted







Summary of the FACTS
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Summary of the FACTS

* We know that there exist (at least) these elementary particles:
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* These particles have a mass due to the interaction with the Higgs.

The larger the interaction, the larger the mass



Summary of the FACTS

* The Higgs boson (at present) has this kind of potential

.-‘
* We do not know how the Higgs potential was in early Universe:
1) Its behaviour when the Universe was very hot

2) Its behaviour when the energy involved in the early Universe
was much larger than the one we can test at the LHC



Inferring / Speculating




Inferring / Speculating

PLATOS | ooty
Ciylf | ALLEGORY of the CAVE " ==

ca F‘f fves

Shadow o
e

Plato 428-348 b.c.

A Hive who
n’dgg; his ﬁeﬁ
w&ﬁdng Yo s
Aay light .
Sunlight can
) \ cvmiﬁv be sefn

rigd of wodl 1,

Making some assumptions, we use the Higgs boson and its potential
to solve some deep problems in cosmology

Our trust on the assumptions increases ey
if they lead us to make PREDICTIONS )




Back again: Antimatter

In 1928 Paul Dirac predicted the existence of antimatter, when he tried to unify
Schrodinger's and Heisenberg's quantum mechanics with Einstein‘s special
relativity

Dirac equation:

. & This equation describes 4 states:
Paul Dirac 1902-1984 2 with negative charge (electron: spin %)
2 with positive charge (spin £%2)
— anti-electron = positron




The positron

The negative charge solutions to the Dirac equation describe the hydrogen
atom better than 1 part in a million — cannot be complete nonsense!

What about the mysterious positive charge solutions??

1932 Carl Anderson discovered the positron when
studying cosmic rays

The positron has exaclty the same mass as the electron §
but opposite (gauge) charges (e.g. the electric charge)

Electrons and positrons }
annihilate into photons
(E=mc?)

positron going through a
cloud chamber




All particles have antiparticles

Antiparticles have: the same mass
opposite charges
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All particles have antiparticles

Antiparticles have: the same mass
opposite charges
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Sl strange bottom down strange bottom photon
P . L . - 0.511 MeV/c? 105.7 MeVic? 1.777 GeVic2 91.2 GeVic?
0.511 MeV/c? 5 /lc? 1.777 GeV/c?
-1 -1 -1 0 Z
112 e 112 -I']' 112 T 1 :
electron muon > electron muon tau Z boson
<2.2 eVic? =0.17 MeV/c? V ) <22 eVic? <0.17 MeV/c? <15.5 MeV/c® 80.4 GeVic?
4] 0 0 + " - 0 0 0 +1 W
12 ve 12 ])11 12 vV L& 112 ])e 12 ])1-1 112 -I)T 1 v
electron muon tau % ' electron muon tau W boson
neutrino neutrino neutrino : neutrino neutrino neutrino

Examples: electron — positron up-quark — anti-up quark

proton — antiproton photon — photon (its own antiparticle)
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1995: Anti-hydrogen was produced at
CERN consisting of an antiproton and a
positron (since then a million pieces). So far
it completely behaves as normal hydrogen.




looks like matter
behaves very much like matter

IS routinely produced in particle colliders

J

Is there antimatter in the cosmos?



Direct search: AMS2 at ISS

Launch: May 2011

Aim: look for antimatter close to earth

Results:
found lots of antiprotons and
positrons

o AMS-02

all most likely from annihilations — Fitto Data

somewhere in our galaxy
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positron, electrclr?energy [GeV]

— there are no ,anti-bodies” close to earth



Indirect search: what about outer space?

Nothing in the universe is completely

isoloted.
E=mc?
i et
Even anti-galaxies or clusters would not
be completely separated! y TIayE

Look for gamma rays from annihilation
at the boundaries of matter-antimatter
domains.

No signs of such a signal!!

— there is practically no primordial
antimatter in the present Universe!




What happend to the
antimatter?



Initial asymmetry... no, thanks

hot and dense beginning: the big bang 1 = S ki

hot soup of quarks, leptons, photons, ...
and their antiparticles!

the universe expanded and cooled down |

particles and antiparticles annihilated

BUT when the possible particle-antiparticle BT
annihilation ended, a small fraction of particles
remained

— there must have been an asymmetry
between matter and antimatter!

#baryons — #antibaryons

A good way to quantify this asymmetryis 7B = Hphotons



Initial asymmetry... no, thanks

[ Was the Universe born with a matter-antimatter asymmetry? ]

Better no, because:

* If possible, we like to find an explanation for the numbers we observe
* We have strong reasons to believe that there was an (inflationary) epoch

producing a huge number of photons. So huge, that any initial asymmetry
would have been diluted to almost zero.

Is it possible that the matter-antimatter asymmetry was
generated during the history of the Universe?




Under what conditions could a baryon asymmetry emerge
(,baryogenesis*)?

1) Baryon number must be violated (predicted at high T)

2) Particles and antiparticles cannot behave exactly the same
(,CP violation®, discovered in neutral kaons 1964)

3) The universe must be out of thermal equilibrium (there
must be some arrow of time)

by Andrei Sakharov (1921-1989) in 1967; Soviet nuclear
physicist; dissident (against the nuclear program); -
1975 Nobel Peace Prize s SRR




Phase Transition of the Higgs boson?

Was the universe boiling?

Was there a phase transition like water — vapor involving the Higgs®?
Could this transition be responsible for the bayon asymmetry ?

How could we test the Higgs phase transition ?

How many phase transitions occurred to
the Higgs boson?
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