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Your brand new, perfectly working computer

freezes out of nowhere. Why?
Hint: the culprit may be a few billion years old...
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Your brand new, perfectly working computer

freezes out of nowhere. Why?
Hint: the culprit may be a few billion years old...

The presence of dark matter

Universe goes kaboom allows to form structure
(I mean, big bang)

2= Fermilab
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Your brand new, perfectly working computer

freezes out of nowhere. Why?
Hint: the culprit may be a few billion years old...

Massive stars may explode into a supernova
Structure (galaxies)

form stars ® — | S — s —e

Average
Star Red Giant Planetary

Nebula

‘o,

Neutron Star

Massive
Star Red Super Supernova
Giant

Black Hole
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Your brand new, perfectly working computer

freezes out of nowhere. Why?
Hint: the culprit may be a few billion years old...

SN explosion accelerate
lots of debris (nuclei)

2= Fermilab
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Your brand new, perfectly working computer

freezes out of nowhere. Why?
Hint: the culprit may be a few billion years old...

SN explosion accelerate When they reach the Earth, we call them cosmic rays
lots of debris (nuclei)
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Your brand new, perfectly working computer

freezes out of nowhere. Why?
Hint: the culprit may be a few billion years old...

SN explosion accelerate When they reach the Earth, we call them cosmic rays
lots of debris (nuclei)

Cosmic rays hitting your computer may flip a

0 toa | inthe RAM memory and freeze it!!!
3¢ Fermilab
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Who am I?

2= Fermilab
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to science at Fermilab
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Who am I?

Sao Paulo, southeast of Brazil
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and | spent some time in Paris
(PhD) and Madrid (postdoc)
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£l . Who am I?

* Associate scientist at Fermilab
* Theorist
* Neutrinos

* A bit of Higgs and dark matter

Gordan, friend and collaborator

* How to interpret experimental data in
terms of specific theories

* Come up with theories that explain
open questions in physics (where do
neutrino masses come from?)

* Come up with new experimental
setups and strategies

2= Fermilab
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What is science!

2= Fermilab
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13

unknown

progress
logics
universe
What is science?
, method
ideas
discovery experiment

Sep/2018

questions

Pedro A. N. Machado | Introduction to science at Fermilab

explanation

nature

knowledge
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What is science!

From Wikipedia

Science (from Latin scientia, meaning "knowledge") is a systematic enterprise
that builds and organizes knowledge in the form of testable explanations and
predictions about the universe.

2= Fermilab
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What is science!

From Wikipedia

Science (from Latin scientia, meaning "knowledge") is a systematic enterprise
that builds and organizes knowledge in the form of testable explanations and
predictions about the universe.

In summary:
blah blah blah blah blah blah blah blah blah blah blah blah blah blah blah blah blah
blah blah blah blah blah blah blah blah blah blah blah blah blah blah blah blah blah
blah blah blah blah blah blah
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What is science!

In my opinion science is the search for truth

2= Fermilab
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What is science!

In my opinion science is the search for truth

but there is a catch...

2= Fermilab
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What is science!

How do we do it?

The scientific method

2= Fermilab

18 Sep/2018 Pedro A. N. Machado | Introduction to science at Fermilab pmachado@fnal.gov



mailto:pmachado@fnal.gov

The scientific method

Observation Hypothesis Predictions Experiment

2= Fermilab
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The scientific method

Observation Hypothesis Predictions Experiment

Light arrives
from the Sun
and other stars

2= Fermilab
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Observation

Light arrives
from the Sun
and other stars

The scientific method

Hypothesis

Similar to sound, there is
a medium through which
light propagates
(the luminiferous aether)
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Predictions

Experiment
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Observation

Light arrives
from the Sun
and other stars

22 Sep/2018 Pedro A. N.

The scientific method

Hypothesis

Similar to sound, there is
a medium through which
light propagates
(the luminiferous aether)

Machado | Introduction to science at Fermilab

Predictions Experiment

Since the Earth is moving through the
aether, the speed of light depends on
the direction it is emitted

‘ ll'-‘ I'.,um.i.nifef*ous:aetl\\‘el

Sun .

TIV AN
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Observation

Light arrives
from the Sun
and other stars

Similar to sound, there is
a medium through which

coherent
light
source

The scientific method

Hypothesis Predictions Experiment

light propagates
(the luminiferous aether)

Since the Earth is moving through the
aether, the speed of light depends on
the direction it is emitted

Luminiferous aethel

mirror

|‘\ ‘ ‘nl'

Sun

23 Sep/2018

e ——— .
_ /-”’”,,,,- mirror .|

semi-silvered
mirror

detector

AEREERERERRERR

} Michelson-Morley experiment

2= Fermilab

pmachado@fnal.gov



mailto:pmachado@fnal.gov

Observation

Light arrives
from the Sun
and other stars

coherent
light
source

The scientific method

Predictions

Hypothesis

Experiment

Since the Earth is moving through the
aether, the speed of light depends on
the direction it is emitted

. Vo '-.“ I‘.,um%njfe%*ous:aetl?el

Sun

24 Sep/2018

mirror
= /"—

semi-silvered
mirror

AEREERERERRERR

\ Michelson-Morley experiment
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The scientific method

Observation Hypothesis Predictions Experiment

Earth seems to
be rotating

2= Fermilab
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The scientific method

Observation Hypothesis Predictions Experiment

Laws of classical
Earth seems to gravitation,
be rotating classical mechanics,
Earth’s rotation

2= Fermilab
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The scientific method

Observation Hypothesis Predictions Experiment

Laws of classical
Earth seems to gravitation,
be rotating classical mechanics,
Earth’s rotation

Foucault’s pendulum

2= Fermilab
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Foucault’s Pendulum (1851)

At north pole, pendulum is oscillating and
Earth is rotating beneath it

Ouest

Est

Sud

2= Fermilab
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Foucault’s Pendulum (1851)

At north pole, pendulum is oscillating and a
Earth is rotating beneath it \

Est

What happens to the precession at the south pole?
a) Same as north pole

b) Opposite of north pole
c) No precession at all
» J|d) Pendula don’t work there...
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Foucault’s Pendulum (1851)

At north pole, pendulum is oscillating and a
Earth is rotating beneath it \

Est

What happens at the equator (where | am from)!?
a) Same as north pole

b) Opposite of north pole
c) No precession at all
» fd) Pendula don’t work there...
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The scientific method

Observation Hypothesis Predictions Experiment

Laws of classical
Earth seems to gravitation,
be rotating classical mechanics,
Earth’s rotation

Foucault’s pendulum

Pantheon, Paris, France

2= Fermilab
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The scientific method

Observation Hypothesis Predictions Experiment

Laws of classical
Earth seems to gravitation,
be rotating classical mechanics,
Earth’s rotation

Foucault’s pendulum

Pantheon, Paris, France

It works!

a) Hypothesis confirmed

b) Hypothesis rejected

c) Neither, but theory more

robust
d) Science is a lie, gravity does
not exist...
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What is science!

In my opinion science is the search for truth

The catch is that we cannot confirm a hypothesis, only reject it!
But as more and more tests fail to reject certain hypothesis, we accept it as
“as the truth as possible”

2= Fermilab
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The scientific method

Observation Hypothesis Predictions Experiment

2= Fermilab

34 Sep/2018 Pedro A. N. Machado | Introduction to science at Fermilab pmachado@fnal.gov



mailto:pmachado@fnal.gov

The scientific method

Observation Hypothesis Predictions Experiment

Not obvious at all!

2= Fermilab
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The scientific method

Observation Hypothesis Predictions Experiment

Greeks

Not obvious at all!

DE MNMOCRITUSS

Ex marmore wnfigwe u‘rv./ . )
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The scientific method

Observation Hypothesis

Greeks

Not obvious at all!
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7572
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Experiment
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The scientific method

Observation Hypothesis

Greeks

Not obvious at all!

o \ o
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TS ’
(=

DR O G S0 5D

Ex marmore Jnhl'r..‘ ,"rv.l . )
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Predictions

Experiment
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The scientific method

Observation Hypothesis

Greeks

Not obvious at all!

DT AL O GRS 0TS

Ex marmore ..'nlrl'r..‘ .-‘rv.l . )
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Predictions

Experiment
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The scientific method

Observation Hypothesis Predictions Experiment

Not obvious at all!

Needs logics/mathematics for predictions

2= Fermilab
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The scientific method

Observation Hypothesis Predictions Experiment

Not obvious at all!

Needs logics/mathematics for predictions

Zeno of Elea

2= Fermilab
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The scientific method

Observation Hypothesis Predictions Experiment

Not obvious at all!

Needs logics/mathematics for predictions

Zeno of Elea

0 I
needs

0 1/2
needs

0 | /4

2= Fermilab
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The scientific method

Observation Hypothesis Predictions Experiment

Not obvious at all!

Needs logics/mathematics for predictions

Zeno of Elea

0 | 12+ 1/4+1/8+...=
needs

0 1/2
needs

0 | /4

2= Fermilab
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The scientific method

Observation Hypothesis Predictions Experiment

Not obvious at all!

Needs logics/mathematics for predictions

Zeno of Elea

0 | 12+ 1/4+1/8+ ... =
needs a) zero
b) one
0 112 c) infinity
needs d) all of the above at the same time

0 | /4

2= Fermilab
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The scientific method

Observation Hypothesis Predictions Experiment

Not obvious at all!

Needs logics/mathematics for predictions

Zeno of Elea

0 | 1/2+ 1/4+ 1/8 + ... = impossible
(according to Zeno of Elea!)
needs
0 |/2
needs
0 |/4

2= Fermilab
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The scientific method

Observation Hypothesis Predictions Experiment

Not obvious at all!

Needs logics/mathematics for predictions

Zeno of Elea

0 | 112+ 1/4+ 1/8 + ... = impossible
needs (according to Zeno of Elea!)
0 /2
needs - .
0 /4 Motion is impossible!
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The scientific method

Observation Hypothesis Predictions Experiment

Not obvious at all!
Needs logics/mathematics for predictions

Experiment needs to be done with great care (unbiased, controlled)

2= Fermilab
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The scientific method

Observation Hypothesis Predictions Experiment

Not obvious at all!
Needs logics/mathematics for predictions

Experiment needs to be done with great care (unbiased, controlled)

Zeno of Elea

One grain of millet makes no sound when it falls
A thousand grains make sound
A thousand nothings become something

ABSURD!
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The scientific method

Observation Hypothesis Predictions Experiment

Not obvious at all!
Needs logics/mathematics for predictions
Experiment needs to be done with great care (unbiased, controlled)

The choice of observation or question is extremely important

2= Fermilab
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The scientific method

Observation Hypothesis Predictions Experiment

Not obvious at all!

Needs logics/mathematics for predictions

Experiment needs to be done with great care (unbiased, controlled)
The choice of observation or question is extremely important

Experiment should be designed to refute hypothesis

2= Fermilab
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Physics

(I am including astronomy in Physics!)

Branch of science that studies the most basic aspects of Nature:

- What is the universe made of?
- What are the laws of Nature?
- Where does the universe comes from?

2= Fermilab
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Physics

(I am including astronomy in Physics!)

Branch of science that studies the most basic aspects of Nature:

- What is the universe made of?
- What are the laws of Nature?
- Where does the universe comes from?

Physics is very broad: particle physics, astronomy,
astrophysics, cosmology, condensed matter physics, nuclear

physics, ...

2= Fermilab
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Physics

(I am including astronomy in Physics!)

Branch of science that studies the most basic aspects of Nature:

- What is the universe made of?
- What are the laws of Nature?
- Where does the universe comes from?

Physics is very broad: particle physics, astronomy,
astrophysics, cosmology, condensed matter physics, nuclear

physics, ...

The goal of Fermilab is to contribute to the

search for the truth in Physics
3F Fermilab

53 Sep/2018 Pedro A. N. Machado | Introduction to science at Fermilab pmachado@fnal.gov



mailto:pmachado@fnal.gov

Particle physics and cosmology
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Particle physics and cosmology

Frombork cathedral, PoJand

o R
“% Copernicus, 1473-1543
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Particle physics and cosmology

Frombork cathedral, PoJand

o R
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Particle physics and cosmology

Frombork cathedral, PoJand

PRt Question

§ a
\Copermcus 1473-1543

¥— one of his

o equipments

Hypoti'[e:sm : ';';;?‘.. =
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Particle physics and cosmology

Galilei, 1564-1642
|

%l f - Phases of Venus

- Diffraction telescope

- Jupiter’s moons
| - Milky way stars

- Sunspots

- Systematic approach
- Mathematics and laws of nature

2= Fermilab
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Particle physics and cosmology

Newton, 1643-1727

- Mathematics

- Optics

- Classical Mechanics
- Gravitation

2= Fermilab
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Particle physics and cosmology

Classical mechanics
From Newton’s laws of motion and some in information like
position, velocity and forces, everything can be calculated: past
and future of a system!

2= Fermilab
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Particle physics and cosmology

Classical mechanics
From Newton’s laws of motion and some in information like
position, velocity and forces, everything can be calculated: past
and future of a system!
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. . LS tal\k
Physics and society T

Research in physics has led to great changes in society

Natural phenomena

Technology

Internet
Health

Communications

Transportation

and much more...

2= Fermilab
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Particle physics and cosmology

Classical mechanics
From Newton’s laws of motion and some in information like
position, velocity and forces, everything can be calculated: past
and future of a system!

63 Sep/2018 Pedro A. N. Machado | Introduction to science at Fermilab



mailto:pmachado@fnal.gov

Particle physics and cosmology

Classical mechanics

From Newton’s laws of motion and some inJd
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Particle physics and cosmology

The laws of physics: quantum mechanics and relativity

2= Fermilab
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Particle physics and cosmology

The laws of physics: quantum mechanics and relativity

Physics of very small scales

Observable quantities are quantized

Things are both particles and waves

Measurements have intrinsic limited
precision

Dans walk

2= Fermilab
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Particle physics and cosmology

The laws of physics: quantum mechanics and relativity

/ /

Physics of very small scales Physics of fast moving objects

Observable quantities are quantized Physics is independent of the

reference frame

Things are both particles and waves

The speed of light is the limit
Measurements have intrinsic limited

precision
Elliotes @
Dans walk

2= Fermilab
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The standard model of particle physics

Building blocks of the universe

Cecilia's ralk

2= Fermilab
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@ @ 2 standard model of particle physics

Proton

Building blocks of the universe

Cec'\\\a‘ s talk

Everything we see in this room

2= Fermilab
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The standard model of particle physics

Building blocks of the universe

Cecilia's ralk

Heavier copies of the “first family”

2= Fermilab
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The standard model of particle physics

Building blocks of the universe

Cec'\\'\a‘ s talk

Gives mass to all elementary particles

2= Fermilab
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The standard model of particle physics

Building blocks of the universe

Cecilia's ralk

2= Fermilab
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The standard model of particle physics

Building blocks of the universe

Forces

. Cecilia's ralk
Gives most of the mass to all we see

2= Fermilab
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The standard model of particle physics

Building blocks of the universe

Cec'\\'\a‘ s talk

Forces are a manifestation of symmetries

2= Fermilab
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role in discovery

Being thoroughly studied
7 at Fermilab
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The standard model has been
extremely successful in almost all
experiments performed so far.
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The standard model has been
extremely successful in almost all
experiments performed so far.

The goal of Fermilab is to test the
standard model hypothesis as much as
possible! Where does it break down!?
How!?

Are we living a similar time as in 19017
Are the “clouds” we have been
observing the edge of the standard

model?
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Open questions:

How did matter (and not antimatter)
survived in the big bang?

Primordial Primordial

——

10,000,000,001 10,000,000,000
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Wait! What is antimatter?
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Wait! What is antimatter?
kw'\er's ralk

photon
Positron ‘ g
4
(Matter) annihilation
. | | l(’r-?.'.
</
Anti-Proton
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Open questions:

How did matter (and not antimatter)

survived in the big bang?

What is the mass of the neutrinos?

Mass?
/

25x10° eV2<

\
7.6 x 10° eV? {
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)
1
)
y m,
Normal Inverted
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Open questions:

How did matter (and not antimatter)
survived in the big bang?

What is the mass of the neutrinos?

What is dark matter and dark

energy!
Atoms
Dark
4.6% Energy
72%
Dark ’
Matter
23%

Fermilab
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Open questions:

How did matter (and not antimatter)
survived in the big bang?

What is the mass of the neutrinos?

What is dark matter and dark
energy!

Why is the universe expanding?
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Open questions:

How did matter (and not antimatter)
survived in the big bang?

What is the mass of the neutrinos?

What is dark matter and dark
energy!

Why is the universe expanding?

Any reason behind the 3 families?
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Open questions:

How did matter (and not antimatter)
survived in the big bang?

What is the mass of the neutrinos?

What is dark matter and dark
energy!

Why is the universe expanding?
Any reason behind the 3 families?

What is the mechanism of neutrino

masses’
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Science at Fermilab and beyond

Neutrino experiments at FNAL

Short baseline neutrino program
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Detector Solenoid
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dark matter /dark energy

Dark Energy Survey CDMS/SuperCDMS
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Science at Fermilab and beyond

Earth, water, air, fire

geocentrism
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Science at Fermilab and beyond

Earth, water, air, fire s
’ » & scientific method, calculus, Heliocentrism

telescopes, prisms, ... Classical mechanics

Electromagnetism

geocentrism
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Earth, water, air, fire | iontific method, calculus,

geocentrism telescopes, prisms, ...

Quantum mechanics

Relativistic mechanics
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Earth, water, air, fire = ( iontific method, calculus,

geocentrism telescopes, prisms, ...

Quantum mechanics

Relativistic mechanics Advanced math,

condenses matter TH, ...
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Quantum mechanics

Relativistic mechanics Advanced math,

condenses matter TH, ...

The standard model
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Earth, water, air, fire

geocentrism

Quantum mechanics

Relativistic mechanics

The standard model
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Quantum mechanics

Relativistic mechanics

geocentrism

Science at Fermilab and beyond

scientific method, calculus,

telescopes, prisms, ...

Advanced math,

condenses matter TH, ...

The standard model
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Science at Fermilab and beyond

What do you want to know?
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