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Initial warnings

* For the physicists in the audience: you know all of
this and do not need to be convinced, so just
relax

* This Is not about interpretations, philosophy or
anything polemic, but just about the science as it
IS: facts

 The events we will look at are not models,
schemas, Gedankenexperiments, ... but REAL
MEASUREMENTS made by REAL DETECTORS

* The following considerations are things we
usually take for granted
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Complex systems

OMOGENIA.COMI

e Always involved in complex
Processes.
— Elementary constituents
— Elementary processes
Elementary / fundamental
physical laws
e Assumption: these laws are
respected in the more
complex processes
l.e. biology obeys the laws of
physics
CAVEAT: this is not to say that

biology can be reduced to
physics!
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Let's agree on some concepts

e Unpredictable:
which cannot be predicted, foreseen, computed

« Random (or undetermined):
which can (and will}) happen in different ways

Every random system Is unpredictable
but

Not every unpredictable system is random

(so called “deterministic chaos”)

Question: where do nature’s most elementary processes belong?
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A 5 minutes introduction
(o)
Particle Physics
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What is Particle Physics all about?




What the world is made of
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Mendeleev table, version 2008
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Interactions between
elementary particles:

FORCES
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Physical forces in 1900
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Two new forces for the 20 ™ century

Strong nuclear force

Holds protons & neutrons in nucleus, quarks in mesons
and barions 7

Only quarks feel it

Weak nuclear force
Responsible for radioactive decays

b-decay:® p+e +n
b*decay: f® n+e"+n (e.g.,'"O;® N, + €' +n)
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Elementary particles & interactions
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The ultimate goal: unification!

Electroweak

Magnetism
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Experiments with elementary particles

2 ways to study elementary particles
Scattering experiments

Decays (almost all particles are unstable)
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Experimental tools: accelerators ...

Example:
LHC (CERN)

Proton-proton collisions

E = 7000 + 7000 GeV
800 millions collisions / s
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... and detectors
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... and Detectors

Example: CMS detector (CERN)
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Always looking at single events

* In many manifestations of quantum physics,
you deal with enormous numbers of
particles

 Randomness of the single event is hidden
by statistics:

E.g. Photoeffect
* In particle physics, we instead usually look

at the decay or scattering of just ONE
particle, event by event.
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In the lab: single events

Example of antiproton annihilation at rest in a liquid hydrogen bubble chamber
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Example: Z decay

Experiment
collide electron and positron beams head on at center of mass energy of 91 GeV
We produce Z bosons and observe their decay...

Interesting, isn't it?
Well, let’s do it again...
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One more Z decay

Well, that looks quite different!
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And one more

$ % & '
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And yet another one

Seen with a different
detector
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And one more
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Summarizing the observations

Everything | showed you are real measured events
In real detectors, not simulations!

 The very same (very simple!) experimental initial
conditions produce very different final states

— The Z boson decays every time in a different final state,
at a different angle, etc.

e Do we understand it? Yes, In the context of
particle theory:

— Quantum field theory of electroweak interactions

V. Brigljevic Randomness in Particle Physics



Particle theory

Theoretical building of the Standard Model of Particle Physics

Quantum Mechanics Relativity

N\ /

Quantum Field Theory

)
Standard Model

/ N

Gauge theories (symmetry) Experiments
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Particle theory: some comments

e Using the “correct” quantum theory: Quantum Field
Theory. It is the right approach, overcoming the
limitations of “classical’ quantum mechanics:

— Relativity taken into account

— Single Particle wave function inappropriate to explain
» Anti-particles
« Annihilation and creation of particles
(The vacuum is not the boring place you imagine it to be!)

|t is wholeheartedly “quantum?”:
— Compute probabilities, not the outcome of single events
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Particle theory: a success story

« Awesome agreement with data:
e.g. anomalous magnetic momentum of the muon

a theory(SM) = 1.00 116 591731(76)
a, exp- = 1.00 116 59160 +/- 0.0000000006

amexp. _ arﬁheory(Sl\/I) — 300(110) 10-11

Quantum theory Is not to be taken lightly!!
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What does it tell us about Z decays?

* Predicts which decay
channels are possible

e Predicts how often (%)
it will decay into each

And quite accurately!

%
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If the theory is right, it is not determined by any
It is purely random!

physical cause,
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Random decay, really?

 Same behavior observed with all unstable particles.

« A friend of mine, an engineer, explained it this way:

“It’'s not really random, the particular decay channel is
determined by the wild dance of quarks within the
decaying particle”

(Was he aware to be reinventing hidden variables?)
e Hard to accept alternate explanations

(trying to save determinism) :

— True decay mechanism would be a completely different
one than what we assume it to be

— Hard to see why theory predictions would work so well
To me that's even more magic than Harry Potter can bear!
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Another example: decay time
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When are we sure of a discovery?

q

e The red curve Is what
we expect

 Did we discover
anything new???

* How can we establish
whether we have seen
something
unexpected?
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Let’'s turn to ... dices!

 Let’s ask the following questions:

1. What do you conclude if you throw a dice 100 times
In a row and get 100 times 6?

This dice is not normal!

2. And if you get 5 times 6 in a row?
You were lucky!

What's the difference: (1/6)1%0 << (1/6 )

 Neither of the two cases is actually impossible,
they are just unlikely, especially 1.

« We can do that because we’re in presence of a
random process (dice throwing), but so Is
physics, actually even more so!
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When do | claim to have a discovery?

O C:  The red curve is what we expect on
average

* Due to the quantum nature of the
processes, it is NOT what | will get
most of the time: FLUCTUATIONS

« Compute the probabillity that | get a
fluctuation as high as the peak
observed

* Is it too small, send quickly your paper
to PRL, and stay close to the phone,
waiting for a call from Stockholm...

/ ' 0 1+
2" 3 -
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Another example: waiting for the Higgs boson

 We could be lucky: e ___ Or not:

23.5% probability to have
equal or less favorable

8.5% probability to have
equal or more favorable
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Closing remarks (1)

Elementary particles are
perfect dices
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Closing remarks (2)

There I1s randomness at the heart of
every complex process in nature

Deterministic chaos may be a useful concept, but it is
probably never realized in the real world
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Closing remarks (3) : Iinvitation to humility
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Randomness unexpected consequences
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