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Astroparticle Physics
It is perhaps somewhat paradoxical that the study of the
smallest things we know, the elementary particles, can
have applications in the study of the largest structures in
the universe. However, this is the case and Astroparticle
Physics is a quite new, but growing, field of research,
emerging at the intersection of particle physics,
astronomy, and cosmology.
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or Astrophysics, but a multi-disciplinary approach.
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e is the absolute value of

Matter

the charge of the electron

The basic building blocks of matter are quarks and leptons. We know
three families of such particles, each consisting of two leptons (one
neutral and one with charge -e) and two quarks (with electric charges
2/3e and -1/3e). For each particle there is a corresponding antiparticle.

Besides the electromagnetic force among charged particles, we know
that leptons interact also weakly and quarks interact strongly (with a so
large intensity that in ordinary conditions they are confined in the bound
systems they form, hadrons).
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QED
In the 1950s electromagnetic force was successfully described by QED.
The fact that the coupling constant of QED, the fine structure constant,

αem = 1/ 137.0359895(61)
was “small”, meant that physicists could succesfully power expand the
theory in powers of αem, with confidence that this was a reliable
approximation of the theory. The power expansion in the fine structure
constant, called perturbation theory, remains the predominant tool in
quantum field theory.
However, the early attempts at generalizing quantum field theory to
describe the other forces of nature met with disappointment: without
major modifications, quantum field theory appeared to be incapable of
describing all four fundamental forces of nature.
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Hadrons
In contrast to QED, the strongly interacting particles, the hadrons, have a
large coupling constant, meaning that perturbation theory was relatively
useless in predicting the spectrum of the strongly interacting particles.
After the Yukawa theory of the nuclear forces, based on the exchange of
a pion, the experimental situation became confusing when so many
resonances began to be discovered.
A succesfull approach was the SU(3) flavour quark theory of Gell-Mann,
Ne’eman, and Zweig, which explained the spectrum of strong interacting
particles considering three constituent blocks in the fundamental
representation of SU(3).
Q=T3+Y/2, Y=B+S
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η0 and η’ are

Mesons and baryons

mesons = qq

mixtures of
singlet and
octet states

Below the QCD phase transition temperature only
color-neutral systems seem to be allowed. One
way to achieve this is to consider a quark-antiquark
system. From the group theory point of view, this
means that we are considering the product
3x3=1+8:

0- octet
Another way to produce a color-neutral system is to take three quarks:

3/2+
decuplet
1/2+ octet
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baryons = 15
qqq

η0 and η’ are

Mesons and baryons

mesons = qq

mixtures of
singlet and
octet states

Below the QCD phase transition temperature only
color-neutral systems seem to be allowed. One
way to achieve this is to consider a quark-antiquark
system. From the group theory point of view, this
means that we are considering the product
3x3=1+8:

0- octet
But… no experiment
discovered the
fractional
chargesystem
of the
quarks!
Another way to
produce a color-neutral
is to take
three quarks:
Mathematical artifice?

3/2+
decuplet
1/2+ octet
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baryons = 16
qqq

Weak interactions
Weak interactions were first experimentally
observed when strongly interacting particles
decayed into lighter particles, such as the
decay of the neutron into a proton, electron,
and antineutrino.
Fermi postulated the form of the Lagrangian that could give a reasonably
adequate description of the lowest-order behaviour of the weak
interactions,
Combinations of the Dirac matrices → V-A form

(

)(

)

GF
A
L=∑
ψ p ΓA ψ n ψ e Γ ψν + h.c.
2
A
However, any attempt to calculate quantum corrections floundered: the
theory was non renormalizable because the coupling constant had
negative dimensions.
Astroparticle Course

17

Gauge revolution
The situation dramaticaly changed with the discovery by ‘tHooft that
Yang-Mills gauge theories (a generalization of Maxwell theory with a nonabelian symmetry), even when their symmetry group is “spontaneously
broken”, was renormalizable. An earlier theory of Weinberg and Salam of
the weak interactions, based on the symmetry group SU(2)L⊗U(1)Y, was
resurrected and proved to be correct for describing electroweak
interactions. The experimental discovery of the gauge bosons W± and Z0
gave a nice confirmation of the theory.
In the framework of strong interactions, the SU(3)c symmetry gave a
possible explanation for the mysterious experimental absence of the
quarks: since the effective SU(3)c coupling constant became large at low
energy, the quarks get confined into the hadrons. On the other side, the
coupling constant had to become small at large energies (asymptotic
freedom), where the quarks acted as free particles.
At the end, the electroweak and strong interactions were spliced together
to become the Standard Model, with group SU(3)c⊗ SU(2)L⊗U(1)Y.
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Gauge fields
Special relativity tells us that the interaction
between two particles cannot be instantaneous
(the old “action at a distance”). The modern
description of forces is based on the notion of
mediator fields, which have to be quantized like other dynamical degree
of freedom: the lowest excitations of the fields can be interpreted as
particles. Where do they come from?
Let us consider, for example, a pion, which is
described by a complex scalar field,
transforming under a Lorentz transformation as
which satisfies the relativistic
Klein-Gordon equation (in
absence of interaction)

µ

φ ' ( x ' ) = φ ( x)
2

∂ µ ∂ φ ( x) + m φ ( x) = 0
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Global gauge invariance
This can be derived as the Euler-Lagrange equation

∂L
∂  ∂L 
=0
− µ
*
*
∂φ ∂x  ∂φ,µ 
for the following Lagrangian density,

(

L = ∂ µφ

*

)(∂ φ )− m φ φ
µ

2 *

which is invariant under a global phase transformation

φ ' ( x) = eiαφ ( x)
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Local gauge invariance
φ ' ( x) = eiα ( x)φ ( x)

The previous Lagrangian density is not
invariant if the phase is not constant,

since the derivatives of the fields spoil the invariance. We can restore it
introducing a new field, Aµ, with given transformation rules, by which we
construct a new type of derivative, the gauge covariant derivative,

1
Aµ ( x) → Aµ ( x) + ∂ µα
e

Dµ = ∂ µ − ieAµ

to be substituted to the ordinary one in the Lagrangian density,

(

L = Dµφ

*

)(D φ )− m φ φ
µ

2 *

µ

2

Dµ D φ ( x) + m φ ( x) = 0
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Particle interactions
Of course, in all the Lagrangian density we have
considered, it is necessary to add a kinetic term for
the dynamical field Aµ,

1
µν
− Fµν F
4

The same procedure can be followed for the field which describes an
electron (spinorial field),

(

)

L = ψ iγ µ ∂ µ − m ψ

(

)

L = ψ iγ µ Dµ − m ψ

In this way, the form of interaction is driven by
symmetry! In fact, from the term with the
covariant derivative it results the vertex
ieψγµψAµ, which gives the interaction of an
electron with the photon.
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Feynman diagrams
A very common and practical pictorial way to describe interactions
through particle exchange is by means of Feynman diagrams.
By using the associated rules, ones can
calculate the invariant matrix element, Mfi,

M fi = (− ie)

2

− igµν
k

2

(v γ u )(u
µ

e

e

m

ν

γ vm

)

and then cross-sections or decay rates. For example,
3

( out)
d pi 
1
4 ( 4)


(2π ) δ
dσ12 =
∏
3
i


N j
(2π ) 2 Ei 
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Electroweak interactions
Since QED had been so successful, it was natural to generalize it to
other interactions. Indeed, the theory which describes weak interaction is
so intimately related to QED that the two interactions are nowadays
considered as one electroweak interaction. Of course, for particles like
the neutrinos, which do not have electrical charge and interact only
weakly, there are new exchange bosons, W± and Z0.
The masses of these particles were
found to be very high, 80-90 GeV,
differently from the massless photon.
But a mass term introduced “by hand” in
the Lagrangian density would destroy
gauge
invariance
(with
terrible
consequences,
for
example,
for
renormalizability). The only way for
solving this problem is by the Higgs
mechanism.
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Spontaneous symmetry breaking
This is one final part of the electroweak theory, necessary for giving
mass to the intermediate bosons but not yet proven experimentally, since
the Higgs particle was not discovered untill now. Let us consider the
Lagrangian density of a complex scalar field with a self-interaction
described by the potential
λ positive so that V is bounded
2

from below

4

V (φ ) = b φ + λ φ + const
If b is positive, the minimum of V is Ф=0: this
is the unique symmetric vacuum state. But, if
b is negative, we can write

(

2

V (φ ) = λ φ − v

2

) + const
2

−b
v=
2λ

and the vacuum state is |Ф|=v.
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Higgs-Kibble mechanism
Any direction in the complex plane (ReФ,ImФ) gives a possible ground
state of the theory. Now, let us break this degeneracy by singling out a
specific vacuum. By making an expansion around this field in the
Lagrangian density, one finds that the original symmetry is broken and a
massless boson appears (Nambu-Goldstone boson).
In general, the breaking of a global group G, which has N generators, to
a subgroup H, with M generators, leaves N-M Nambu-Goldstone massles
boson fields, one for each broken generator.
A surprising feature of this method, however, arises when we apply it to
gauge theories. In this case, the N-M Nambu-Goldstone massles boson
fields disappear and, at the same time, the N-M vector gauge bosons
corresponding to the broken symmetries acquire mass. One says that the
Nambu-Goldstone bosons “are eaten” by the massless vector bosons
and give them mass.
The key point is that Yang-Mills theories remains renormalizable even
after the Higgs mechanism has generated massive vector particles!
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Weinberg-Salam model

u
 ve 
Q =   L =  −  uR d R eR−
 d L
 e L

The Weinberg-Salam model, one of the most successful
quantum theories besides the original QED, is a curious
amalgam of the weak and em interactions. Strictly
speaking, it is not a “unified theory” of the electroweak
interactions, since we must introduce two distinct coupling
constants, g and g’, for the SU(2)L and U(1)Y interactions.

φ + 
φ =  0 
φ 

1 a µν 1
µ
µν
L2 = i∑i ψ iγ µ D ψ i
L1 = − Wµν Wa − Fµν F
4
4

(

L3 = Dµφ

+

)(D φ )− m φ φ − λ(φ φ )
µ

2 +

+

2

~


L4 = Ge  Qφ d R + Qφ uR + Lφ eR− + h.c.
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Weinberg-Salam model
The covariant derivative is

µ

µ

µ

a

D = ∂ − ig Wa T − ig'Y B

µ

sin2θW=0.2325±0.008,
mZ=91.173±0.020 GeV,
mW=mZ cosθW=80.22±0.26 GeV

In terms of the mass eigenstate fields, this becomes

1
g
+ +
− −
Dµ = ∂ µ − i
Wµ T + Wµ T − i
Z µ g 2T 3 + g '2 Y
2
g 2 + g '2

(

−i

g g'

)

(

Aµ T 3 + Y

g 2 + g '2

)

(

)

cosθW=g/√(g2+g’2),
sinθW=g’/√(g2+g’2),
g=e/sinθW

T3+Y=Q

and, after defining the weak mixing angle, θW,

g
g
+ +
− −
Dµ = ∂ µ − i
Wµ T + Wµ T − i
Zµ T 3 − sin2 θW Q − ieAµ Q
cos
θW
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Quarks: the statistical problem
By implementing the quark scheme, one runs into trable when considers
the resonance ∆++ in the 3/2+ decuplet. It is obtained combining three
quarks u in their ground state. The associated wave function is
completely symmetric in the exchange of its variables, contrary to the
relation spin-statistic.
The solution to this problem is in the introduction of the quark “color” and
the request that all objects in nature appear as “colorless” (or singlets
under the group SU(3)c). This explains also why the only quark
combinations we have are qq and qqq (and their antiparticles).
QCD is a gauge theory with gauge group
SU(3)c. The vector bosons which mediate
the strong interaction are eight gluons.
Since the gluons themselves carry a color
charge, they can directly interact with other
gluons. This is a consequance of the fact
that SU(3)c is a non-abelian group.
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Asymptotic freedom
The effect of charge screening is essentially
different in QED and QCD. A particle is
surrounded by a cloud of virtual particles which
is polarized by the central charge. In the case of
a electron, the closer one approaches the
electron, the larger is the charge that a test
charge will measure. For a color charge it turns
out that the additional diagrams we have
reverse the familiar result of QED: a red charge
is preferentially surrounded by other
red charges. So, by moving our test
probe closer to the red charge, it
penetrates a sphere of predominantly
red charge and the red charge
measured
decreases.
This
is
asymptotic freedom: two red quarks at
very small separation interact through
color fields of reduced strength.
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Infrared slavery
When a quark and antiquark separate, their color interaction becomes
stronger. The color field lines of force between the quark and antiquark
are squeezed into a tube-like region from the interaction of gluons with
one another. The potential energy will increase with separation so that
quarks and gluons can never escape (infrared slavery). How is it that
hadrons can materialize in similar conditions? The color lines are
stretched until the increasing potential energy is sufficient to create
another quark-antiquark pair. More pairs are produced until eventually
their kinetic energy has degraded into clusters of quarks and gluons,
each with zero net color and low internal momentum (and therefore very
strong color coupling): the hadrons.
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Degrees of freedom of the SM
Let us count the number of independent degrees of freedom of the SM.
For one family, we have 2 quarks of 3 colors and 2 spins = 12 states.
Then we have a charged lepton with 2 spins and a neutrino of 1 helicity =
3 states. Thus, the three families count 15×3×2=90 particles and
antiparticles.
The gauge particles of the SM are displayed in the following table:

The additional degree of freedom are 2 for the massless photon and for
each massless gluon = 18 states. The 3 massive weak bosons give 3×3
= 9 states and the Higgs boson 1. The total is 118!
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Problems of the Standard Model
Although the SM has been extremely successful in explaining all
observations concerning three of the fundamental forces, still there are
many unresolved problems:
• there are many parameters in the SM (masses, couplings, etc.): does it
exist some unifying principle?
• is it a coincidence that the three couplings tend to unify towards an
energy of ~ 1015-1016 GeV?
• if one calculates the contributions of loops to the Higgs boson mass,
one obtaines huge corrections: what does it prevent this mass from
becoming too large?
• how can one describe gravity?
• why do we observe much more matter than antimatter in the universe,
when in the SM the CP-violation is so small?
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Grand unification
The SM group, G321, is the product of three
disconnected gauge groups and the three
couplings are not related by theory. In Grand
Unified Theories (GUT’s) a real unification of
the three interactions is realized, since there is
a unique gauge group, G, which contains G321.
Moreover, the number of representations
which contains quarks and leptons is usually smaller than in the SM case.
In particular, the problem of the next-to-leading order huge corrections to the
Higgs mass and the possibility of including also gravity can be solved if there
exists in the new theory a whole new type of symmetry, called supersymmetry,
which is a symmetry between fermions and bosons.
In a supersymmetric theory there are an equal number of helicity states of
fermions and bosons. For example, to the spin-1 vector bosons correspond the
spin-1/2 particles called photino, zino, wino, and gluino, to the spin-1/2
fermions correspond spin-0 squarks and sleptons, to the spin-0 Higgs boson
the spin-1/2 higgsino: the superpartners.
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Supersymmetric dark matter I
In many supersymmetric models there emerges a conserved
multiplicative number, R-parity, which has value +1 for ordinary and -1 for
supersymmetric particles. This means that supersymmetric particles can
only be created or annihilated in pairs, and that a supersymmetric particle
can only decay into a lighter supersymmetric particle plus ordinary
matter. Moreover, the lightest supersymmetric particle has to be stable,
since it has no allowed state to decay into.
Shortly after the Big Bang, supersymmetric particles should have been
pair produced at a large rate. When the universe then cooled, most of
them decayed except the stable lightest supersymmetric particles. If they
are electrically neutral but massive (WIMP), they would have very weak
interactions (like neutrinos) but they could contribute to the dark matter of
the universe.
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Supersymmetric dark matter II
In supersymmetric theories, the most likely dark matter candidate is the
so-called neutralino, which is a superposition of electrically neutral
fermions,
~
0

~

~

~

0
1

χ = N1 γ + N2 Z + N3 H + N4 H
photino
gaugino
parameter

zino
2

0
2

Σ|Ni|2=1

higgsinos

Z g = N1 + N2

2

2

Zh = N3 + N4

2

higgsino
parameter

Cosmologically interesting models have the lightest neutralino as a
higgsino if the mass is from hundred GeV up to a few TeV, and a
gaugino or full mix of gaugino and higgsino for mass between 20 and 30
GeV.
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Neutrinos
Apart from their possible gravitational interactions, ν’s interact only
weakly with matter. For this reason, are very important in astrophysics,
since they are able to escape where other particles become trapped or
propagate through very slow diffusive processes.
Astrop. Phys. 20 (2004) 507

The lack of electric charge and
the smallness of their magnetic
moment imply that ν’s point back
to the sites of production, and
offer a unique potential for
obtaining
information
about
particle
production
and
acceleration in the universe.
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Neutrino masses
Direct measurements of neutrino masses gave untill now only upper
limits. The best limit on the mass of electron neutrino comes from the
analysis of the electron energy spectrum in tritium decay,
3

−

3

H → He + e +ν e

mν e < 3 eV (95% CL)

Limits on the mass of the muon neutrino are extracted from the
measurement of the muon momentum in the decay of charged pions,

π + → µ + +ν µ

mν µ < 170 keV (90% CL)

Mass limits on the tau neutrino are set from missing energy in τ decay
±

τ → 5π +ντ

mντ < 18 MeV
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The “solar neutrino problem”

2% of energy is
carried by ν’s

The main source of energy in hydrogenburning stars is the pp-fusion reaction,

4 p + 2e− →4He + 2ν e + 26.731 MeV
ν e +71Ga→71Ge + e− ν e +37Cl→37Ar + e− ν + e− →ν + e−

The expected flux of ν’s from the
Sun is

Φν e = 6.5 ⋅1026 m−2 s −1
but the observed rates at different
experiments show a deficit with
respect to this prediction.
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Neutrino oscillations I

separate measure of CC and
NC ν processes

The measurements of the total neutrino flux, carried out in the last
generation of neutrino experiments (SNO, BOREXINO) show that the
standard solar model works very well. So, in order to explain the
discrepancy in the observed ν flux, particle physicist have suggested the
alternative explanation of ν oscillations.
A mixing of ν species may occur if the
weak interaction eigenstates are not
sinϑ ν1 
mass eigenstates, which are the ones ν µ  =  cosϑ
 
that propagate in vacuum. For example, ν   − sinϑ cosϑ ν 
 2 
 e 
for 2 ν’s,
While νe and νµ are produced in weak interactions, the physical states
are ν1 and ν2. Therefore, the time evolution of a νe is

ν e = − sinϑ e−iE t ν1 + cosϑ e−iE t ν 2
1
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Neutrino oscillations II

ν’s in matter have different
effective mass than in vacuum

The probability that a νe remains a νe after a time, t, is
2
2


m1 − m2  
2
2
t 
P(ν e →ν e ) = 1 − sin (2ϑ) sin 
 4E  

In addition to the possibility of a convertion in vacuum, in matter a
resonant conversion, called Mikheev-Smirnov-Wolfenstein effect, can
happen, due to the contribution of W± exchange diagram. The net effect
is the replacement of the vacuum mixing
angle with a matter mixing angle,
2

sin (2ϑm ) =

sin2 (2ϑ)
2

2EHCC 

2
+
sin
(2ϑ)
 cos(2ϑ) −

2
∆m 
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Supernova neutrinos
After the core of an aging massive star ceases to generate energy from
nuclear fusion, it may undergo sudden gravitational collapse into a
neutron star or black hole, releasing gravitational potential energy that
heats and expels the star's outer layers. One can make a rough estimate
of the energy release and the number of neutrinos produced in this
process. The gravitational binding energy released is

3 GN mns2
Eb =
= 2 ⋅1046 J
5 Rns

mns=1.4 msun
Rns=15 km

Only about 1% of the energy is tranferred to the ejected cloud, and a
hundred of times less to power the visible light curves. So, it is a good
approximation to assume that the energy carried by ν’s is ~Eb. Since the
average energy of neutrinos is ~25 MeV, it follows that about 1058
neutrinos will be produced in a supernova explosion!
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ν’s as tracers of particle acceleration
Neutrinos are produced in any astrophysical environment where hadronic
matter is accelerated.

Unlike gammas, neutrinos provide unambiguous evidence for cosmic ray
acceleration!
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Neutrinos from dark matter
Dark matter candidates, like the
neutralino, moving with nonrelativistic
velocities,
get
gravitationally trapped inside
celestial bodies, like Earth or
Sun, and assemble near their
center.
There,
they
can
annihilate with each other and
give rise to ordinary particles.
Most of these are stopped by the
surrounding matter, but the potential high energy neutrinos created would
go across the body and eventually reach the Earth.
So, a signal of high energy neutrinos from the center of the Sun or the
Earth would be a signature of WIMP annihilation.
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