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Povh Ch 12: The standard model

All collected basic knowledge of elementary particles 
(leptons and quarks) and their interactions is called “the 
standard model” (SM). Such standard models also exist 
for the Big Bang (BBSM), cosmology (CSM) and the sun 
(SSM).



The standard model consists of many seemingly 
disconnected parts (not related in any known way):

- The QCD theory of the strong interaction between 
quarks and gluons

- The electroweak theory, including the Higgs 
mechanism

- The existence of 6 quarks and 6 leptons in 3 families

- The conservation of 3 lepton numbers and one 
baryon number



Many other properties are just put in by hand (= not 
computable):

- All masses of leptons, quarks, Z and the Higgs 
boson (>14 masses, depending on how many 
Higgs one wants)

- The stability of some particles, and instability of 
others

- Some coupling constants (the strong and 
electroweak ones)

- The Cabibbo (or rather: CKM) and Weinberg 
mixing angles (12 parameters).



No relations are known between any of these.

Hence there are around 30 unknown parameters 
in the standard model.

Some other phenomena are not even included 
(yet) in the standard model:

- Gravity

- CP violation (to be discussed later)

- Neutrino oscillations (discussed today)



Interactions in the SM:



Particles in the SM:

The advantage with the SM is that one can really use all 
these rules to compute things, and the outcome of future 
experiments can be reasonably well predicted. This is 
good for planning the experiments, and to look for “non-
standard model” results.



Many experiments and theories now look for “beyond-
the-standard-model” results. There is even a “standard 
model” of such “beyond-the-standard-model”
phenomena. In this model one tries to unify the strong 
interaction with the electroweak, in order to get a 
“Grand Unified Theory” - GUT.

If these are unified quarks and leptons should be “the 
same particles”, and the gluon, g and W/Z should be 
“the same force particles”. GUT must then include yet 
a new type of force particles that can turn a quark into 
a lepton, and back – “leptoquarks”. In this model, the 
proton (u quark) is no longer stable. It decays in some 
1030 years.



GUT predicts “supersymmetric" partners to all particles: 
Spin-0 partners to quarks and leptons, and spin-1/2 
partners to force particles (“squark”, “slepton”, 
“photino”, “gluino”, “wino”, “zino” etc).

The drawback with the standard model is that all its 
ingredients are “put in by hand”. Nothing is really 
understood in terms of something deeper.

A leptoquark decay
at the DESY laboratory?



Nature cannot be so complicated!

And still, in this course, we have not yet discussed all
complications, e.g., the oscillations of neutrinos between 
different types, and the completely mysterious violation 
of the CP symmetry.

Can one “explain it all” with a new level of matter:

Preons?

(Mini-project, MSc diploma work, PhD studies?)



Astroparticle physics

(not in the text-book)

A lot of research is now focused on “particles from 
space” - both experiments, measurements and theory.

The reason for this is the great interest in “Universe”, 
its structure, its origin, and its development. A lot of 
thrilling discoveries in pure astrophysics can be 
related to particle or nuclear physics.

There is a close connection between “the smallest”
and “the largest” in the Universe.



A popular “slogan” is “from quarks to quasars”:



..or symbolically with famous images:



Examples:

- Supernova explosions (quarks, neutrinos,..).

The mechanisms behind the explosion (neutrino shock 
wave) and the bounce-off of matter are unknown.



- The interior of normal stars (neutrinos, nuclear 
processes,..).

The sun's neutrinos are “missing” and the source of the 
magnetic field is unknown.



- The extremely dense interior of neutron stars and 
pulsars (quarks, neutrinos,..).

Many features are
unexplained, such
as their high
velocities
(“natal kicks”)
and why pulsars
suddenly change
frequency (“pulsar glitches”).



- The very mysterious dark matter inside galaxies 
and in-between galaxies (neutrinos, neutralinos, 
quarks,…?).

Is the Universe filled with stable, weakly interacting, 
massive particles (WIMPS)?



- The even more mysterious gamma-ray bursts at 
enormous distances and with extreme energy outflows.
About ones per day there is an enormous outflow of 
gammas from a “point” in space, many billion light-
years away. The sources are evenly distributed over the 
sky.



Some of them can be seen in visible light too:

But they are
very far away –
up to 10 billions
light-years from
us.



- The accelerating Universe.
Is there a “dark energy” in empty space? What does it 
consist of?



- The Big Bang. Not much is known about the 
exact particle physics behind the very earliest 
development. Did “nuggets” of pure quark matter 
survive? Is there an “afterglow”, not only of photons 
(the cosmic microwave radiation), but also of neutrinos 
from Big Bang?

Did Higgs play a role? Or “inflatons”? Or magnetic 
monopoles? Or leptoquarks? Or…?



Astrophysical neutrino telescopes

Most efforts in astroparticle physics are now devoted 
to “neutrinos from space”. Why?

The neutrino is the most common particle in the 
Universe!

In every cubic centimetre around us there are around 
6000 neutrinos at any moment in time. Most of them 
come from the sun. They are produced in the same 
nuclear reactions that create the heat inside the sun.



Some 200 of them might come 
from Big Bang. Even fewer are 
from violent processes in deep 
space, like supernovas, quasars or 
black holes.

Each second, we are “showered”
by around 70,000,000,000 solar 
neutrinos per second per square 
centimetre! Only a handful of 
them react with us every second.

There are many paradoxes, and
we will discuss some of them.



Solar neutrinos

The standard model of the sun predicts a certain 
number of nuclear reactions per second, which give a 
certain number of electron neutrinos.

But only around 1/3 of the expected number is 
observed in detectors on earth.

All other aspects of the solar model are understood, 
except the neutrino flow. Do the “missing neutrinos”
“disappear” inside the sun, or on their way to us 
through empty space, or do they turn into “sterile”
neutrinos (non-interacting), or are they not even created 
(because the solar model is wrong)? 



This is the expected flow of neutrinos from the sun (from 
theory):



The standard model of the sun is very complicated.

It is a huge computer programme, which starts by 
simulating how a cloud of hydrogen and helium 
contracts and becomes the sun.

Then it includes a lot of nuclear and particle physics, 
as well as kinetic gas theory, gravitation, fluid 
dynamics and Maxwell's equation.

All results are very well in line with observations, 
except the neutrino flow.



This is, however, also very difficult to measure, and 
different techniques must be used for different neutrino 
energies:



There are by now laboratories and instruments all over the 
world, from Japanese mines to the Mount Blanc tunnel.

The Davis detector in the Raymond Davis Jr
Homestake Gold Mine in Nobel Prize 2002
South Dakota, 1600 m below
ground level.



The Davis detector is a typical “chemical” one. A hit 
by a neutrino inside the tank causes a nuclear reaction, 
which turns one element into another. The problem is 
to find these isolated atoms after some time.

The chemical fluid in the tank is chosen so that the 
new element is radioactive, with a suitable lifetime.

The fluid is run (continuously) through a detector 
system where the new radioactive atoms are counted.

−+→+ eArCl 3737ν



The system is calibrated by putting a little, known 
amount of some other radioactive isotope of the same 
element into the tank.

The number of “clicks” from the new atoms is 
compared to the number of "clicks" from the known 
isotope. After correcting for different lifetimes, the 
number of neutrino reactions can be calculated.

The number of new, interesting atoms is very small, 
and the whole procedure is very difficult. It takes years
to get interesting results! See the home assignment….



The biggest electron neutrino detector on earth is the 
SuperKamiokande in Japan.

It is a full mine
filled with very
pure water.
From start it was
built to find
proton decays
among the
hydrogen atoms
in the water.



The walls of the mine are filled with electronic 
detectors, which try to find the neutrino events “on 
line”.

One single
“photo-tube”: Inside

SuperKamiokande



Masatoshi Koshiba, the “father” of SuperKamiokande

Nobel Prize 2002

http://www.google.se/imgres?imgurl=http://nobelprize.org/physics/laureates/2002/koshiba-award.jpg&imgrefurl=http://nobelprize.org/physics/laureates/2002/koshiba-award.html&h=480&w=350&sz=25&tbnid=l-s9jxn-gGgw8M:&tbnh=126&tbnw=91&hl=sv&start=1&prev=/images%3Fq%3D%2B%2522koshiba%2522%26svnum%3D10%26hl%3Dsv%26lr%3D%26sa%3DG


The detectors use a technique built on the “Cherenkov
effect”.

P.A. Cherenkov I.M. Frank I.Y. Tamm

Nobel Prize in 1958 “for the discovery and the interpretation of 
the Cherenkov effect”.



Cherenkov radiation (mostly ultraviolet light) is caused 
be a charged particle that moves faster than light in a 
medium.



This is possible because the speed of light is reduced to

cmedium = cvacuum/n,

with n = refractive index.

When vparticle > cmedium, there will be a “light-boom”, 
just like the sound-boom when an object moves faster 
than sound in a medium.

The angle of the shock-wave of light, relative the path 
of the particle, is

cos θ = cmedium/vparticle (<1).



One measures the angle of the light with detectors for uv
light, and calculates vparticle for each event. One single 
particle triggers a full “ring” of detectors that react to 
the Cherenkov light. This gives a lot of information 
about the speed and direction of the incoming charged 
particle. Even the intensity of the uv light is useful: It 
gives the electric charge.

In this way one detects neutrinos indirectly, through the 
charged leptons that they turn into when they collide 
with “something”. This can be either water inside the 
detector, or the “rock” under or over the mine.



The SuperKamiokande detector has studied, e.g., the 
day-and-night, and the seasonal variation in the flow of 
solar neutrinos.

Solar neutrinos have to penetrate the whole earth from 
“below” in the night, which reduces the flow.

A weak seasonal variation
is expected, because the
distance to the sun varies
over the year (the earth's
path is elliptic).



There are some weak signs that the neutrino flow 
changes in pace with the solar cycle of 11 years. Can this 
have to do with variations in the sun's magnetic field?

Why would neutrinos “feel” a magnetic field?
The variation is “out of phase”: There are more neutrinos 
when there are fewer sunspots, and the other way 
around!

This interesting trend
has not yet been
confirmed, as it takes
11 years for one cycle.



Atmospheric neutrinos

There is a strange lack of muon
neutrinos from cosmic ray 
collisions with the atmosphere.
According to common sense 
there should be roughly twice as 
many muon neutrinos as 
electron neutrinos from such 
events.



In the atmosphere, cosmic rays of high energies hit nuclei 
in the air. A lot of pions are created, and they decay 
quickly. A charged pion decays mostly to a muon and its 
neutrino. The muon then decays to an electron, a muon
neutrino and an electron neutrino:

(and similar for π-).

In real life they are about equally many, as shown by very 
accurate results from the SuperKamiokande.

μμμ ννννμπ +++→+→ +++
ee



These are the results as functions of observing angle 
relative the normal direction against the earth. They are 
for both muons and electron and for low or high 
energies.



The common idea is that neutrinos can oscillate into 
each other. Some muon neutrinos disappear by 
oscillating into a neutrino type that SuperKamiokande
cannot “see”. The main candidate is the tau neutrino 
(there is no excess of electron neutrinos).

Such oscillations can happen only if neutrinos have 
rest masses.

Question:
Why not study if solar νe turn into νμ??



The neutrinos that 
come from below have 
oscillated more than 
those from above, 
because they have had 
a longer way to travel 
since they were created.

Tests of neutrino 
oscillations can also be 
made with the help of 
neutrino beams from 
accelerators, directed 
toward some neutrino 
detector.



This neutrino beam already exists.
Conclusion so far: Half of the e-neutrinos “disappear”
along the way!

Name:
“K2K” = KEK to
Kamiokande
(KEK = Japanese
high-energy lab)

“CERN to Gran Sasso”
will start up soon,
with participation of the
Rostock group.



The Kamland detector in Japan measures neutrinos 
from Japanese nuclear reactors and from the interior of 
the earth. It shows clear signs of neutrino oscillations.
Reactor neutrinos “disappear” along the way.



Very energetic cosmic neutrinos

Are neutrinos some fraction of the dark matter? Or 
produced in reactions between very heavy dark 
matter particles (WIMPS)? Are there energetic 
neutrinos from supernovas or pulsars, and why?

Neutrinos with extremely high energies (TeV and 
up) are so rare that huge detectors are needed. A 
detector the size of a football field might register only 
a few per year.



These are the 
expected 
sources of 
high-energy 
neutrinos:



Only one shower of neutrinos from supernovas has 
been seen:

Pulse of
neutrinos from
supernova
SN1987A,
seen in two
different
detectors.



Very big Cherenkov
detectors for energetic 
cosmic neutrinos now exist 
in Japan 
(SuperKamiokande), in 
Lake Baikal, with deep and 
clear water and in the clear 
ice under the South Pole 
(AMANDA and IceCube).

A new one is under 
construction outside the 
French Mediterranean 
coast:

The Antares detector.



The dream is to build a detector of one cubic 
kilometre. The most ambitious one is IceCube under 
the South Pole, with Swedish groups (Stockholm, 
Uppsala and Kalmar). It is under construction and is 
an extension of the existing AMANDA (Antarctic 
Muon and Neutrino Detector Array.

It uses a huge chunk of extremely clean ice 1-3 km 
below the South Pole, for detection of the Cherenkov
light from high-energy muons, coming mostly from 
“below”.



Amanda and 
IceCube look 
mostly down 
through the 
earth, because 
nothing else 
than neutrinos 
can get 
through.

From above
there is also a 
lot of 
uninteresting
radiation.



AMANDA:



The AMANDA/IceCube site at the South Pole:



Drilling holes and sinking down detectors.





Hot water is used for “drilling”, and when it comes up 
from the hole, it can be used for fun, until it freezes to ice.



This is how the IceCube site looks today.
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