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Outline
Today we will discuss more disjoint topics:
●
●
●
●
●
●

Elements of statistics,
Feynman diagrams,
Units and relativistic kinematics,
Decays of particles,
Examples of data analysis.
Physics Beyond Standard Model.
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Distributions, histograms
and a bit of statistics
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Probability
Consider a set S with subsets A and B:
●

For all A⊂S, P(A)≥0,

●

P(S) = 1,

●

If A∩B≠∅, P(A∪B)=P(A)+P(B).

Interpretation (relative frequency):
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Probability density functions
A random variable is a numerical characteristics assigned to an element of sample
space, can be discrete or continuous. Suppose outcome of experiment is a continuous
variable x:

f(x) is the probability density function (pdf). It has:
For discrete variables:

5

Probability distribution functions: examples
●

Uniform distribution:

●

Poisson distribution

λ=6.5:

●

Gaussian distribution

This is particularly important distribution! Many
stochastic processes follow it.
In the area of [μ-σ;μ+σ] 68% of events are contained,
In [μ-2σ;μ+2σ]: 95% (1σ and 2σ intervals).
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God does play dice!
In the quantum world, nothing is for certain!

In particle physics:

I.e. a radioactive decay of 11C nucleus has half-life of
20 min.
We cannot say when a given nucleus will decay. We
can observe multiple nuclei and half of them would
decay within that time. This is a statistical ensemble.

Every LHC collision brings a different event (most
of them are not interesting…)
Even the particle properties, such as masses, are
not the same between identical particles:

We normally perform many, many experiments to
learn how the probability density function for a given
process looks like.

7

Histograms
Experimentally we do not measure continuous
distributions: we have a finite number of
measurements.

x

To extract the information from the results we
need to group them in some reasonable way.
Usually, we divide the range of parameter of
interest into intervals: “bins”. This is called
“histogramming”.
The content (n) of each bin ~follows Poisson
distribution, so its uncertainty is √n.
1 entry in bin has uncertainty of ±1,
4 entries have uncertainty of ±2,
100 entries have uncertainty of ±10.
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Feynman diagrams
and perturbation theory
9

Interlude: coupling constant
The coupling constant is a (dimensionless!) parameter that describes the strength of
the interaction.
In QED we have fine structure constant α=e2/4πħc = 1/137 ≪ 1.
In other interactions the definition is less obvious, yet you can easily find that
coupling constant of weak interactions is lower, and that of strong interactions is
higher.
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Perturbation theory
●
●
●

●

●

Allows for approximate solutions of
mathematically unsolvable problems.
Starts with a simplified (solvable) version of
the problem,
The simplified problem is then perturbed to
become closer to the full problem. The
perturbations are corrections to the
approximate solution.
The corrections are also simplified, so not
perfect, but every cycle of corrections should
bring us closer to the real problem, yielding
more and more accurate solution.
Next correction is smaller than the previous
one.

A common example: Moon orbit. It is affected by
Earth, Sun and other objects in our system.
●
●
●

In the 0th step (order) we can start with just
Earth & Moon,
Next, we introduce Sun’s gravity as
perturbation (1st order),
Next, we can add Jupiter, etc…

We can also do this in quantum world.
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Feynman diagrams
Feynman diagrams are a way of presenting particle
interactions in a graphical and intuitive way.

Each interaction happens in so-called vertex in
which (at least) 3 lines join.

Each graphical symbol represents underlying math.
Feynman diagrams are actually a sophisticated
mathematical tool for calculations in particle
physics.

For instance: electron-photon vertex:

Basic graphic symbols:
fermion (quark, lepton)

So, for example a process in the LEP collider where
electrons and positrons collide and a pair of muons
is produced would be:

electroweak boson (W, Z, photon),
gluon
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Feynman diagrams & perturbation theory
Feynman diagrams are used to calculate
cross-sections (probabilities) of various processes
in perturbative way.

For an exact calculation, we should count every
possible “complication” - loop on every single line:

Basic diagrams without “perturbations” (leading
order, LO) don’t contain closed loops:

Higher orders include more complicated diagrams,
such as:

Fortunately, more loops means higher
perturbation order and smaller correction. Why?
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Feynman diagrams & perturbation theory
Every interaction vertex added to a diagram
induces multiplication by a coupling constant of
that given interaction.
In QED the coupling constant (related to electric
charge) is ≈ 1/137 (0.007), so higher perturbation
orders should add smaller and smaller corrections.
Well, almost.
The loop diagrams have contributions of type:
(this is an integral over
4-momentum and is
logarithmically divergent).
Not what we want for “probability”...

OK, so, another crisis like yesterday? I want my
cake back!
OK, there’s one trick mathematical procedure for
that: renormalization. The idea is the following:
Imagine 2 measurable quantities, W1 and W2.
They are given by:

W1 = a1 × ∞, W2 = a2 × ∞ .
Measuring (finite) W1 may still give us the correct
value for W2:
W2=W1exp × a2/a1

Let’s try this for electron charge & mass!
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Renormalization
Idea: the mass and charge of electron used in
theory formulae (Lagrangian, etc). are “bare”. They
have no correspondence to the values measured in
laboratories.
So, eexp = e0 Ie and mexp = m0 Im where I is
divergent.
We measure these quantities for particles “dressed”
in all the virtual loops:

This works only if the number of divergent
diagrams is finite (and this only holds for gauge
theories)!
In reality, we always perform measurements at
some given conditions. Usually, the energy-scale is
well defined:
- energy of the LHC collision,
- energy equal to Z-boson mass-point,
etc.
This is also the case for renormalization. But there
is a price:
Our coupling constant is no longer constant…
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Running coupling constant
This is how electromagnetic interaction looks like
now - the charge is effectively screened, so its
strength will change:

This is how it looks like in QED.
The value at lower energies is 1/137.
For higher ones, around Z-boson mass it rises to
1/128. This is still << 1.

The higher is the photon momentum, the deeper it
penetrates the “cloud” - the stronger the
interaction is!
Coupling constant now depends on the
energy-scale of the process.

Any ideas how this looks like in QCD?
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QCD coupling
constant
There is a point where αS ≥ 1 and we cannot
use perturbation theory anymore.
It’s at ΛQCD = 218 ± 24 MeV.
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Relativistic kinematcis
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Units
In particle physics it is convenient to measure
energies in Electronvolts (eV).

There is a relativistic relation between energy,
momentum and mass:

1 eV is the kinetic energy obtained by a particle of
unit charge (1e) moving across an electric potential
difference of 1 V.

E2 = p2c2 + m2c4

-19

1 eV = 1.6 ∙10

J

It is more natural in the world of unit-charge
particles accelerated in electric fields.

Another lazy but ingenious choice of units would
be to set c = 1.
This will not only save time but will also underline
the fact that energy, momentum and mass are the
same thing.

Note that this is not c = ħ = i = π = 1 !
Now we have energy, momentun and mass
expressed in eV.
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Energy scales
1 eV is a very low energy from our point of view.
●
●
●
●
●
●
●
●
●

1 - 3 eV: energy of photon from visible light,
500 keV: mass of electron,
1 GeV: mass of proton,
80 - 90 GeV: W & Z masses
125 GeV: mass of Higgs boson
1 TeV: energy of a flying mosquito,
7 TeV: energy of protons in the LHC
1020 eV: highest-energy cosmic particle ever observed,
1028 eV: Planck energy (?)
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Relativistic kinematics
The particles we observe are usually moving fast.
Really fast.
A proton (m=1 GeV) with energy of 20 GeV (not
too much) has the velocity of 0.999c.
We need to use Special Relativity.
4D-geometry with metric:

How this works?

pμ=ημνpν
So, a scalar product is:

pμqμ = pμημνqν,
So, vector length squared:

pμpμ = pμημνpν. If pμ=(E,px,py,pz) then
p2 = E2 - px2+py2+pz2= E2-p 2
This holds for every 4-vector. The one above is
called 4-momentum.
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Relativistic kinematics & invariants
In special relativity the Lorentz transform is used
to move from one coordinate frame to another:

It is therefore convenient to use quantities that
don’t change with Lorentz transformation: the
Lorentz invariants.
One of them is the 4-momentum squared:

p2 = E2 - px2+py2+pz2= E2-p 2
where γ is the (in)famous Lorentz factor:

It has the meaning of the so-called invariant mass
and is actually reflecting the energy-momentum
conservation.
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Invariant mass
Imagine a Z-boson produced in quark-antiquark
collision at the LHC. The Z-boson decays into pair
of muons:

p1=(p,0,0,p); p2=(p,0,0,-p);
(p1+p2)2 = 4p2+0+0+(p-p)2 = 4p2 = mZ2
The same holds for the decay, we start with:

pZ = (mZ, 0, 0, 0) and we end up with:
P1,2 = (0,0,0,±mZ/2)
Let’s work in the center-of-mass (CM) frame.
We can disregard quark masses.

This is how we usually check what happened in the
collision.

Z-boson mass is 91 GeV. What are the momenta of
quarks needed to create it on-shell?
23

Data analysis
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How to examine the particle collision?
Collision of particles is still the only way we know
of probing the microscopic world…
Usually, we want to have as large collision energies
as possible, to create new particles (from energy
surplus). Interesting particles are usually heavy.

At LEP collider it was easy to tune the collision
energy to scan the mass range around Z-boson
mass. After collecting many events in which people
measured energies and momenta of outgoing
particles, we saw this:

Heavy particles decay quickly into stable particles.
So, in a collider experiment we can observe
electrons, muons, photons and many light hadrons
(such as kaons or pions).
We never observe W’s, Z’s or Higgses directly.
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How to examine the particle collision?
At the LHC things are more complicated - but at
least we can see the Higgs!

In the plot we can see two mass-peaks and a
continuum of points elsewhere. How do we know
what is what? And why there is anything else?
Life is life and, always, when looking for a given
process we also see other processes. The one we
look for is called signal and all others form the
background.
To model the behavior of signal & background
events we (usually) use Monte Carlo simulations.
They simulate the behavior of given classes of
processes inside our detector.
26

How to sell your results: the cross-section
The cross-section is a measure of probability of
some process to occur.
It is expressed in units of area. These units in
particle physics are called “barns”.
1 barn is a very large number - it’s hard to miss a
barn with a beam of particles.
Normally, we are interested in cross-sections of the
order of nano-barns, pico-barns, etc.

When you look for a new process and you find it,
you need to quote the observed cross-section - this
way it is easy to communicate with others.
If you don’t find what you look for, you can give a
cross-section limit: our sensitivity is such that the
cross-section for the searched process is lower
than...

The cross-section is usually multiplied by
branching fraction: a probability for a given
particle to decay into final states we look for.
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Interlude: signal and background
We usually look for interesting processes by
looking at final states of collisions (stable particles
recorded by the detector).
We might however be wrong at times:
●
●

We can observe processes with similar (or
identical) final states as the one we look for,
We can wrongly identify the final state.

Using our physics knowledge we can simulate both
the signal and background processes.
With the simulations we model the shapes of
probability distributions of our observables and
then we can compare them or even fit them to the
results observed in data.

There is nothing wrong in being wrong if you
know how often this happens.
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Where we are?
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●

Is this all?

●
●

We have seen the necessity of the Higgs
boson (field),
We have been looking for it for 40 years,
having eventually found it in 2012.
Is there anything else for us to do?
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Problems of SM (the real ones)
Apart from its great features, and despite the Higgs solution of the mass problem, it
still has many limitations:
●
●
●
●
●
●

It has many parameters that need to be measured and cannot be computed (at
least 19: coupling constant, Higgs mass, fermion masses and more),
The parameters are fine-tuned: small change of one of them gives a huge change
of other ones.
Why there is (almost) no antimatter?
What is dark matter? What is dark energy?
Is there a quantum gravity? What is it like?
Why is electric charge quantized? Why there are 3 generations? Why…
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SUSY: a wishful thinking
There was a great idea - a theory that would solve
most of the problems. The SuperSymmetry
(SUSY).
SUSY would be an extension of SM by adding
more particles: every SM fermion would have an
accompanying boson, and every SM boson would
have a fermion super-partner.
The superpartners should have masses accessible at
the LHC.

With the light superpartners the problem of
fine-tuning was also suppressed (new loop
corrections from new particles were smoothing-out
the standard dependencies),
In addition, for free, in SUSY all the interactions
would be unified at one single point.
There is only one problem:
SUSY does not exist...

The superpartners were natural candidates for dark
matter.
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Where is antimatter?
In (almost) every known processes when matter is
created from energy, there is also antimatter
created in equal amount.
If Big Bang is correct, the world started as pure
energy (some say it will end in a segfault) - so
there should be a similar amount of matter and
antimatter uniformly distributed.
It is not - this is why we exist.

People keep looking for processes that would
break the matter-antimatter symmetry (known as
CP symmetry), especially in “B-physics” (Belle &
LHCb experiments).
There are such processes!
But their rate is too low to make it sufficient.
There is a bold hypothesis, that an accidental
quantum fluctuation was at one point in time
stretched by inflation...
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What is the universe made of?
From cosmological observations we can see that
there is a huge amount of some (non-luminous)
dark matter mostly surrounding the galaxies.

There are strong hints that the DM is
non-baryonic:
●
●

It is not back-lit by stars,
Big Bang nucleosynthesis predicts the
abundance of elements which would be
different if more baryons existed,

There is 4x more DM than the normal matter.
The rest is the mysterious dark energy of which we
know even less.
Particle physicist will always look for more
particles, so searches for DM candidates at
colliders are very trendy these days.
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Why is gravity so weak?
The weakness of gravitational force in the
quantum world is a puzzle (such a weakness).

Maybe gravity is strong in these additional, hidden
dimensions?

Several ideas exist here, most of them involves
extra spatial dimensions…

Searching for extra-dimensions and quantum
gravity can also be done in collider experiments:

Extra dimension may look like this:

●

1-D system:

●

Extra dimension:
(limited)

Direct searches for graviton (new particle!
new particle!),
Searches for cases where particles would be
produced and disappear (in the extra
dimensions).
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We are not done yet!
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Thanks!

Contact:
pawel.malecki@cern.ch
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