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Abstract

The CERN-Latin-American School of High-Energy Physics is intended to give young physicists an introduc-
tion to the theoretical aspects of recent advances in elementary particle physics. These proceedings contain
lecture notes on the Standard Model of electroweak interactions, quantum chromodynamics, flavour physics,
new physics beyond the standard model, heavy-ion physics, cosmology, and statistics for particle physicists.
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Preface

The ninth Event in the series of CERN-Latin-American Schools of High-Energy Physics took place from
8 to 21 March 2017 in San Juan del Rio, Mexico. It was organized by CERN with the support of Mexican
colleagues from BUAP, CINVESTAV, MCTP, SMF, UAQ, UCOL, UGTO, UMSNH, UNAM and USON.

The School received financial support from: CERN; CIEMAT, Spain; and the Mexican national funding
agency Consejo Nacional de Ciencia y Tecnologia (CONACyT). Financial and in-kind contributions were also
received from the following institutes and universities: UAQ; Facultad de Ciencias Fisico Matematicas, BUAP;
Instituto de Ciencias Nucleares, UNAM; Division de Ciencias Exactas y Naturales, USON; and Secretaria de
Turismo de Queretaro. Our sincere thanks go to all of the sponsors for making it possible to organize the School
with a large number of young participants from Latin-American countries, many of whom would otherwise not
have been able to attend. We would particularly like to thank CONACYyT for their generous financial support,
and UAQ and UNAM for their important in-kind contributions and practical help.

The School was hosted in the beautiful and traditional Hotel Hacienda Galindo near to San Juan del Rio.
We are indebted to the hotel and its friendly staff for their help in making the Event such a success. In particular,
we would like to mention Luis de la Barrera Martinez and Karina Pifia Herndndez who helped us greatly in
preparing the School, as well as during the Event itself.

Malena Tejeda Yeomans from USON acted as local director for the School, assisted by members of the
local organising committee. We are extremely grateful to Malena and her colleagues from BUAP, CINVESTAY,
UAQ, UCOL, UGTO, UMSNH, UNAM and USON for their excellent work in organizing the School and for
creating such a wonderful atmosphere for the participants.

Seventy-five students of 18 different nationalities attended the School, including 26 from Mexico. Fol-
lowing the tradition of the School the students shared twin rooms mixing nationalities, and in particular the
Europeans mixed with Latin Americans.

The 12 lecturers came from Europe, Latin America and the USA. The lectures, which were given in En-
glish, were complemented by daily discussion sessions led by five physicists coming from Latin America. The
lectures and the discussion sessions were all held using the conference facilities of the hotel. The students
displayed their own research work in the form of posters in a special evening session during the first week.
The posters were left on display until the end of the School. The students from each discussion group also
performed a project, studying in detail the analysis of a published paper from an LHC experiment. A represen-
tative of each group gave a brief summary talk during a special evening session during the second week of the
School.

Our thanks are due to the lecturers and discussion leaders for their active participation in the School and for
making the scientific programme so stimulating. The students who in turn manifested their good spirits during
two intense weeks undoubtedly appreciated their personal contributions in answering questions and explaining
points of theory.

The opening ceremony of the School included a question-and-answer session with Julia Tagiiefia Parga,
Deputy Director for Scientific Development, CONACyT, and Fabiola Gianotti, Director General of CERN,
who joined via a live video link.

Hosting the School was an important event for the physics community in Mexico and many Outreach
activities were arranged around it, benefitting from the presence of high-level scientists who were teaching
at the School. In particular, nine public lectures were arranged at the UAQ and UNAM campuses in nearby
Queretaro, and there was substantial coverage published online via the CONACyT Press Office.



A highlight of the Outreach programme associated with the School was a public lecture in Spanish on 8
March, International Women’s day. The lecture, Einstein, agujeros negros y ondas gravitacionales (Einstein,
black holes and gravitational waves), was given by Gabriela Gonzalez, spokesperson of the LIGO collaboration.
The programme included introductory talks by Julia Tagiiefia Parga and Fabiola Gianotti, illustrating the role
of women in top-level scientific functions.

We are very grateful to Kate Ross, the administrator for the CERN Schools of Physics, for her efforts in
the lengthy preparations for the School and during the Event itself. Her efficient work, friendly attitude, and
continuous care of the participants and their needs were highly appreciated.

The participants will certainly remember the two interesting excursions: an afternoon visit to the nearby
town of Bernal, followed by a wine tasting and dinner at the Bodega Cote Vineyard; and a full-day excursion
to the outstanding archaeological site of the Teotihuacan pyramids, followed by dinner at a traditional gorditas
restaurant in Queretaro. They also greatly appreciated evenings spent together in the hotel, especially the
farewell party on the last night.

The success of the School was to a large extent due to the students themselves. Their poster session and
group projects were very well prepared and highly appreciated, and throughout the School they participated
actively during the lectures, in the discussion sessions, and in the different activities and excursions.

Nick Ellis
(On behalf of the Organizing Committee)
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Field Theory and the Electro-Weak Standard Model

C.A. Garcia Canal
IFLP/CONICET and Departamento de Fisica
Universidad Nacional de La Plata, C.C.67, 1900, La Plata, Argentina

Abstract

These lectures present an introduction to Quantum Field Theory and its partic-
ular application to the building of the Standard Model of Electro-Weak inter-
actions.

Keywords
Quantum Field Theory, Standard Model, Electroweak interactions

”One should never underestimate the pleasure we feel
from hearing something we already know”
Enrico Fermi

1 Introduction to Quantum Field Theory

Even if Quantum Mechanics was extremely successful in describing and predicting the atomic physics
phenomena, it clearly appears that the inclusion of Relativity in its treatment produces serious difficulties.

We had learned that as soon as the characteristic distances of a given problem are so small as the
atomic size (1A = 10~8 cm) or smaller, the Newton Mechanics has to be replaced by Quantum Mechanics
with all its consequences. We have to remember that in these conditions we are into the validity domain
of the Heisenberg Uncertain Principle, the basic brick of Quantum Theory.

AxAp ~h ()

The Planck constant 7 provides the scale where quantum effects are protagonists. This principle implies
that it is not possible to define a trajectory for the quantum objects because you cannot provide sim-
ultaneously the position and the velocity of the particle, necessary data for the integration of Newton
equation.

The uncertain principle has still further and important consequences. In fact, if the distances
implied are smaller than the Angstrom, then Ap should be larger. In other words, the velocities implied
will be larger and even comparable to the light velocity. In this case it is essential to take into account
the Special Relativity rules. In particular, the well known equation E = mc? has as a consequence that
with sufficient energy, mass can be generated in the form of new quantum particles. The number of
particles can change, is not more a constant of movement. It is necessary to build up a formalism able
to treat a variable number of particles, of quantum objects. This formalism is the Quantum Field Theory
(QFT). This is, at present, the best starting point to study and to describe matter and interaction at the
most elementary level. It contains the possibility of creation and/or annihilation of quantum particles as
for example electrons, photons and quarks.

QFT provides a set of formal strategies and mathematical tools that give rise to an image of the
micro-world completely different to the classical conception of particles and fields (as the classical elec-
tromagnetic and gravitational ones).

As the paradigm of QFT is the quantum version of the electromagnetic field: Quantum Electro-
dynamics. Then, it is worth discussing, even briefly, the concept of a classical field that one uses for
describing electricity, magnetism and the gravitational macroscopic forces.

2519-8041- © CERN, 2018. Published by CERN under the Creative Common Attribution CC BY 4.0 Licence. 1
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Let us remember the Coulomb interaction between point charges that implies that electric charges
interact even if they are not in contact, situation known as an action at a distance. To avoid this situation,
the concept of field was born that among its important consequences it is mandatory to mention the
prediction of electromagnetic waves. Electric and magnetic fields are propagated in space and time as
waves. The situation of the electromagnetic field is reproduced by the gravitational interaction with only
attractive forces in this case.

We should realize that at this point we are living together with two different phenomena related
to the dynamics. From one side we have the wave process that implies propagation of a perturbation
without a net displacement of matter and from the other side we have the displacement of concentrated
elements as the classical particles are.

From the beginning of XX century one has fundamental advances in the understanding of the
intimal constitution of matter, namely, the quantum hypothesis of Planck to take care of the black body
radiation and the photon concept introduced by Einstein to explain the photoelectric effect. The quantum
presence is not only in the process of emission of radiation, but also in the way energy travels. On the
other side, the association of a characteristic wave length, proportional to its momentum, to a particle
was proposed by de Broglie. This was confirmed by the experimental detection of diffraction of electrons
by crystals. These phenomena gave rise to the wave-particle duality dilemma. Today we know that this
duality is not more than the result of prejudicially pretending to keep the language of classical design
(appropriate for the human scale) for the description of the atomic and subatomic phenomena.

Consequently, for a coherent treatment of the observed phenomena related to a wave character
connected with the probability of presence of the quantum object, that takes into account the possibility
of a variable number of the quantum particles according to the energy, it was necessary to develop the
quantum formalism of QFT.

Quantum Electrodynamics (QED) is the paradigm of QFT and explain with astonishing precision
the interaction between electrons (the electron field) and the quantum electromagnetic field (the field of
photons). The quantization of the electromagnetic field implies the presence of photons as quanta or
quantum excitations of the field. On the other hand, it contains a relativistic treatment of the electron.

The process of quantizing a field contains two steps. First one produces an analysis of the classical
fields in terms of normal modes, namely a Fourier analysis corresponding to infinity degrees of freedom.
Then each mode (each Fourier component) is independently described as a quantum harmonic oscillator.
As a result, the energy of the system is expressed as the sum of terms corresponding to the energy
of each oscillator, weighted by the number of oscillators with each particular energy. This number is
a quantum operator and counting the number of objects in each mode is synonymous of the quantum
particles (quanta) corresponding to the field in the state characterized by each possible energy. This is
clearly the interpretation of the QFT in terms of quantum particles. Notice again that these quantum
particles are completely different objects to the classical particles. They only share the property of being
discrete entities that can be counted.

The following step in the development of the formalism of Quantum Field Theory is to couple
different fields following precise rules that are mainly based on symmetry.

2 Introduction to the Formalism of QFT

In QFT, to each quantum particle species one assigns a field x(z,X) so that, this correspondence with

classical mechanics is performed.

Classical Mechanics Point mass m in one dimensional space = a generalized coordinate g(7)
Lagrangian: L = L(g(t),4(t))

Classical Field Theory Field in three dimensions = a generalized coordinate (¢, X) at each space-time

point
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Lagrangian: L = [ d°x.%; where the Lagrangian density is ¥ = % (x, X, %x)
Now, from the action S = [df L = equations of motion (Euler-Lagrange):

Classical Mechanics

oL daL_
dq dt dq
Classical Field Theory

0% 00% - 0%
-5 5 +V—=-=0
dx dt dy oVy

Let us first consider free fields (.Z,;; = 0). Through their behavior under Lorentz group transform-
ations, one distinguishes i) scalar fields; ii) spinor fields; iii) vector fields; ...

1) Scalar field
It corresponds to spin 0. The field equation is the Klein-Gordon one and the Lagrangian density
reads: )
o_1](19¢ _(6 )2 R 5
ii) Spinor field

It corresponds to spin 1/2. The corresponding field equation is de Dirac equation and the Lag-
rangian density:

L= (17" O —m) ¥ 3)
1ii) Vector field
It corresponds to spin 1. Maxwell equations are the corresponding ones. The Lagrangian density
is:
1
L = —ZFMVF“V 4)

The next step is to take into account interactions between fields. We postpone the discussion of
this point for a while.

The third step is to make the theory quantal. The process of quantizing the field theory is done,
in our presentation, by “copying” Quantum Mechanics. Namely, we define the canonical momentum
through the field version of

and impose the canonical commutation relation, now with ¢ and p read as operators, equivalent to

lg(1), p(t)] = 11 (5)

that guarantees the validity of the uncertainty principle.
In this way, for
i) Spin 0:
m(t,X) = 8$
29 (t,%)

and the quantization is imposed through the equal time commutation relation

[6(2,%), 7(t,%)] = 12 8P (¥ - %) (6)
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ii) Spin 1/2:

o (1,X) = 78'2
O N (1,7)
with the equal time anti-commutators
{wa(t, %), mg(t,%) } = 1h 8, 8% (X —¥) (7)
i) Spin 1:
0
A, (t,%)
with the quantization imposed by
(A (1, %), 2" (t,%)] = thgt" §) (¥ — %) ®)

Notice that in this case there are some difficulties because gauge invariance of electromagnetism implies
A3 = 0 and consequently, for these components A and 73 one cannot satisfy the previous relation. This
problem needs a particular treatment for the quantization of the electromagnetic field (See Bibliography).

After the quantization procedure we have ended with a series of field operators. The natural
question now is where are the quantum particles?

Let us answer this question by analyzing the scalar field, whose equation of movement is
(B+m?) ¢(1,%)=0

Taking profit of the fact that it is a linear equation, we write its general solution in terms of the Fourier
transform

O (1,X) o< /dEd3p5(E2 _p'2 _mZ) {a(E,ﬁ) o1 (Et=P.3) _i_a’r(E’l—)») e+1(Et7ﬁ.£)]

Due to the quantization condition (6), the Fourier coefficients a(E, ) and a'(E, ) must be operators,
clearly satisfying the commutation relations

la(E,p).a'(E,p)] = 2E18° (5P ©)
[a(E,p),a(E.P))] = 0 (10)
[a'(E,p),a"(E,p)] = 0 (1n
Consequently, the Hamiltonian of the system can be written as
H — / B ()

~ [dE&pS(E>~F ) Ed' (E,p)a(E. Fla(E. )
where appears the "number operator”

N(p) =N(E,p)=d' (E,p)a(E, p) (12)

acting in the multiparticle-states Fock space, verifying the eigenvalue equation

N(E,p) |n(E, p)) = n(E, p) |n(E, p))

that allows one to interpret n(E, p) as the number of quanta with spin 0, mass m, energy between E and
E +dE and momentum between j and p+dp. Certainly the validity of the relationship E = \/p* +m?
is implicit. The number operator has the property

N(p)a (p) In(p)) = [n<p> ) 1] D (p) n(p))
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that induce the names: creation operator for a'") (p) and annihilation operator for a(p), with the corres-
ponding eigenvalue equations.

The previous analysis clearly shows that the quantization procedure provides the connection between
quantum fields and quantum particles.

One can now consider multiparticle states. To this end one has to recall that the indistinguishability
between identical quantum particles makes necessary to introduce the corresponding statistic. Namely
Bose-Einstein for integer spin and Fermi-Dirac for half integer spin.

In the case of Bose-Einstein, a multi-boson state reads

1 (p1)s-= () o< [ (p1)]"] -+ @) (pm)]™ 0)

that presents a total symmetry under the interchange of any pair of particles.

For the case Fermi-Dirac one has to ensure the validity of the Pauli exclusion principle that implies
using anticommutators (as we have already used in the process of quantization) instead of commutators
because

{a(p),aD(p)} =0 = (@D (p)? =0 = n =01

and the multiparticle fermion state reads

p1s s pm) = a P (p1)---aD(p,)]0)

Notice that the use of anticommutators for fermions guarantees also that the energy of the system is
bounded from below.

Let us now go to discuss the parameters and the observables of a quantum field theory.
In general, to specify a field theory is equivalent to give a Lagrangian. For example, for the scalar
case one gives .Z(9,d9). Lets take the simple case with a quartic self-interaction, namely

1 1 1
Z =5 [udn(0)]" = 5305 — 1 40" (13)

where the index B is there for “bare”, the initial value before any interaction, measured by gp has oc-
curred. Remember that the field and the corresponding canonical momentum verify (6). If we compute
now physical observables like cross-sections, or decay rates, or the physical mass, all of them result func-
tions of the bare parameters mp and gg. Consequently, any perturbative calculation one can do (following
the similar mechanism we use in Quantum Mechanics) will end with a series in powers of gg. The con-
struction of the perturbative series has a protocol based on clear rules known as Feynman diagrams. The
reader can consult, for example, these specific recent references where Feynman diagrams are treated: i)
K. Kumericki, "Feynman diagrams for beginners”, arXiv: 1602.04182; ii) S.M. Bilenky, “’Introduction
to Feynman diagrams”, vol.65 in International series in natural philosophy, ISBN: 978-0-08-017799-1.

Feynman diagrams are a pictorial representation of probability amplitudes at a given order of the
perturbation theory. Every line and every cross in the picture has a mathematical interpretation, in a
similar way as in an electrical circuit.

In any case, calculations could depend on other parameter. In fact, it is valid to perform the
quantization as

1
AR (1,3), 7" (1,9)] = - g 89 (- F)
¢
where Z is an arbitrary number. Certainly, Zy = 1 corresponds to the bare situation. It is also clear that
any magnitude you can compute, say the S-matrix, will start depending on Z;.

The important fact to notice is that both, mp and gg do not contain any physics. In fact, one can

ask, for example, which is the physical mass of the quantum of the field ¢. It is the value of p?, the square
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of the momentum, where the propagator of the quantum particle has a pole. If there were no interaction
(g = 0) then of course Pgole = m%. But if interactions are present, the pole of the propagator is at a value
meze = m? # m}. It acquires infinite corrections!

This simple example shows the necessity of renormalization.

We present briefly the idea of renormalization. If m;, gg and Zy = 1 are maintained fixed, the per-
turbative contributions, coming from the calculation of Feynman diagrams, ends with divergent integrals.
Take as an example the electron selfenergy in QED. It has at the lower order a logarithmic divergence.
If a cut-off A in momentum is introduced, one gets in this example a result / «< ¢% InA (in this case the
bare electron electric charge plays the role of gp).

So under this cut-off intent, in general one ends with S-matrix elements Sg = Sg(pi,mg,8p,Zy; 1)
and for many of these contributions, the (physical) limit A — o gives rise to the non sense result S — oo.

Just to try to get sensible results from the perturbation theory approach to quantum field theory,
the renormalization scheme was proposed. Namely, to allow that

mp = mB(k)
gg = gs(A)
Zy(A) # 1

and to adjust the functional dependence on A in order to cancel the divergencies that appear when A — oo,
This is achieved computing some S and comparing the results with experimental data in order to deduce
the dependence of the above functions, for example mp = mg(A). Clearly, a priori there exist a big
problem, namely, in principle there is an infinite number of potentially divergent contributions and only
three functions to be adjusted. But extraordinary cases exist... Some theories are certainly renormalizable
and three function to adjust are enough. Those theories where the number of terms that are independently
divergent (primitive divergent as they are called) is equal or less than the functions of A to adjust.

The practice of renormalization goes through the replacement

o = \/Zy(A)9
g8 = Z,7(A)Z(A)g
My = 2y () Zu(A)m

and the adjustment of the Z;(1) so to get g and m finite and independent of A. These Z;(A) are treated
as power series in g. The relations before seems capricious but they are chosen in this way because the
Lagrangian written in terms of the new magnitudes reads simple

1 1 1
$:§Z¢ [8ﬂ¢(x)]2—§ mm2¢2—ZZgg¢4 (14)

that certainly can be treated with the Feynman diagrams technique, now in terms of ’dressed” constants.

3 Standard Model

What is what one understands for a Standard Model? It is a theoretical framework that starting from
observation allows to predict and correlate new data. In general it is an excellent “approximation” at a
given (energy) scale. Consequently, one is always driven to go beyond. In Physics, the Standard Model
has had a nice evolution. We can first mention the proposal of Empedocles of considering the four
elements: earth, water, air and fire, as the compounds of everything, linked by love and hate. The next
step in the evolution of the Standard Model is Mendeleev’s periodic table, the base of Chemistry. After
this, Quantum Mechanics, the theory of atoms, is the following Standard Model. Today Standard Model
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is 3!, the Glashow-Salam-Weinberg electroweak model plus Quantum Chromodynamics that includes
quantum particles and quantum fields with validity down to distances of the order of 10~ '3 .

The present Standard Model contains, in an extremely economical way, the ingredients to describe
(almost) everything. It is based upon Gauge Symmetry. This symmetry is the engine of the present
physics development allowing a unified treatment of the fundamental forces. This treatment conforms
the Gauge theories. A Gauge theory is a synthesis of Quantum Field Theory with a particular symmetry.
The idea of a gauge theory was introduced by Hermann Weyl in 1919. At that time, only the electron
and the proton were known...It was an idea for future times.

4 Symmetries

Wigner, referring to Einstein’s relativity, stated: “Einstein’s work sets the inversion of a tendency: before
it, invariance principles came from the dynamical laws. Now, is natural for us, to obtain the laws of
Nature from invariance principles”. This is the way our present knowledge of the fundamental interac-
tions is obtained.

Certainly, people love symmetry and also Nature loves symmetry, or better said: our model of
Nature loves symmetry. In the same way that we act in front of a framed picture that is not in the
right position because we are compelled to exert a force in order to restore the broken axial symmetry,
fundamental forces of Nature are present just to ensure the validity of a symmetry, the gauge symmetry.
In order to arrive to this concept, let us start by recalling which are the symmetries in Physics.

One can divide the symmetries in Physics into two types: i) Geometrical symmetries, related
to transformation on the space-time coordinates that have to do with observational situations and ii)
Internal symmetries, acting on the dynamical variables and operators, having to do with the quality of
observables. These internal symmetries could be global if they have no contact with space-time, or local
when the parameters of the internal transformations are connected with space-time. These local internal
symmetries are gauge symmetries.

The important point for the present discussion is that in order to guarantee a gauge symmetry,
particularly in QFT, it is mandatory to introduce new fields into the game. These extra fields produce the
interactions. This is the framework for formalizing the fundamental interactions in Nature.

In particular, it is the main ingredient in building the 3!-model, the Standard Model. We call it 3!
because 3! =3 x 2 x 1, that remember us that the Standard Model is based on the requirement of the
Gauge Symmetry

31=8UQ3)c@SUQR)L®U(l)y

where the symmetry SU(3)¢ is responsible for the strong interaction among quarks that carry color
charge and SU(2), ® U(1)y is related to weak and electromagnetic interactions that are treated in a
unified way and named electroweak.

The gauge symmetry is guaranteed through the inclusion of gauge fields, mediators of the inter-
actions. All the interaction between fermion fields (leptons or quarks) are carried by the exchange of
vector-boson gauge fields (gluons, weak-bosons, photon).

The known fermions, the characters of the "drama", appear in three generations and are related
among them via gauge transformations. Vertically are connected by SU (2),, and quarks, horizontally, via
SU(3)c. We summarize them in this table

ve|u1 U u3:|.|:\/#‘cl (o0) 63:|.|:V1|t1 h B
e|d1 d2d3 ’ H‘S] §2 83 ’ T’bl b2b3

Fermion Generations or Families

We include below the mediators of the interactions that we shall relate briefly with gauge fields.
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gluons 81,82,---,88
photon Y
“weakons” wtw-,z

Intermediate Bosons

Notice that these are the “characters” at the level of elementarity we recognize at present and that
is why they bear today the name of "elementary (?) particles (?)".

We also should add the Higgs field H, responsible, as we will see, of the masses of the massive
particles.

5 Symmetries in Field Theory

Hopefully, we have convinced the audience that the natural language for Particle Physics is Quantum
Field Theory (QFT). The fundamental magnitude to start with is a quantum field y (x) where @ summar-
ized all the internal indices needed (as the components, etc), and now symmetries need to be incorporated
in the corresponding Lagrangian. For example in

f = $(¢78ﬂ¢)

We start considering continuous symmetries whose transformations are represented by elements
of a continuous group G.Then the field x, will be a member of an irreducible multiplet that under a
transformation a belonging to the group G transform as

Xa(x) = X4(x) = Zap(a) xp (x)
where % is the matrix representation of G that verifies
Rop(d') Kpy(a) = Ray(d")
in order to satisfy the group product equivalence
Xa(%) = Xa(¥) = 2a(x) = 2a(x) = xa()

Going now to the Hilbert space, transformations are represented by unitary operators U (a) and
one has, being ) a member of an irreducible multiplet, that

U™ (@) 2a(x) U(a) = x4, (x) = Zop (@) xp (x) (15)
and
Ua)U(d)=U(d") (16)
As we are treating continuous symmetries, it is possible to study their infinitesimal version and
write

U(Sa) = 1+15a,~Gl~

with da real. G; are the generators of the group G, being hermitian operators. Due to the composition
law (16) one has
[Gi,Gj] :lcl‘jka (17)
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namely, the Lie algebra of the group. c;j; are the structure constants of the group. It is clear that the
representation of the group for infinitesimal transformation can be written as

Rap(6a) = Oup +10a;(8i)ap

where g; are the representations of the generators G; and obey the Lie algebra.

By using the relation (15), one immediately gets

(Gi, Xa(x)] = —(8i) ap 28 (%)
that shows how the field transforms under the group G.

Clearly, the invariance of a field theory under the group G implies that the action is invariant.
Consequently, via the Noether theorem, there are currents

ﬁmzwﬁkﬁ@mM@

that are conserved:
allowing the identification of charges
G;= /d%c]?(x)

that are also conserved, they commute with the Hamiltonian.
Let us now consider quantum states as |p; ) corresponding to a one particle with p? = —m?.

The particle states corresponding to a field ) (x) transform as the field if and only if the vacuum
is G-invariant, namily
U(a)|0) = |0)

that implies that the generators annihilate the vacuum

Gjl0)=0
In general this is not the case and for this reason one divides the realization of a given symmetry according
to the behavior of the vacuum being G-invariant or not.

Wigner-Weyl realization

The vacuum is G-invariant, or in other words, it is annihilated by the generators and consequently,
it has the same symmetry as the action. Then the field has vacuum expectation value equal to zero

(01 %a(x)[0) =0

When this condition is fulfilled, there is a theorem that shows that all the states in a given multiplet
have the same mass. This is the case, for example, of proton and neutron that if isospin would be a perfect
symmetry, they should have the same mass.

Nambu-Goldstone realization

In this case the vacuum is not G-invariant. In other words

U(a)|0) #10)
and consequently
(0 X (x) [0) # O

Consequently, the Goldstone theorem applies. It says that in a theory, for each generator G; that does not
annihilate the vacuum there is present one massless boson, called Goldstone boson. That is

G4 10) = | j)g with m =0
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6 Gauge theories

From the original era of gauge invariance, started by Weyl (1919), it survived mainly as Maxwell equa-
tions’ symmetry until around 1959 when Yang and Mills proposed an extension of gauge symmetry
beyond electromagnetism.

The basic ideas of a theory based upon gauge invariance, a gauge theory can be mimicked by
the following very simple example of a harmonic oscillator rotating in a plane with period 7 =27/ w.
Referring to standard coordinates, the motion is represented by

y = Asin(ot)
= Bcos(ot)

that can be written together by means of a complex variable z = x+1y. The oscillator equation now reads

2

% +0*z=0 (18)
In fact, to decide measuring the instant position of the oscillator 6 = @?, from the horizontal x-axis is
arbitrary. One certainly can choose an alternative orthogonal system (x’,y") and measure angles from x’
rotated an angle o from x. We are changing 6 — 6 — o and say that 8 was “regauged”. Notice now
that multiplying the Eq.(18) by exp(—: @) and redefining 7’ = z exp(—1 ) the Eq.(18) is covariant (does
not change written in terms of 7. One can conclude that the absolute value of 0 is irrelevant or in more
precise words, the equation is global gauge invariant. Global means that & is time independent.

What happens if we allow for a local gauge transformation oo = o (r)? It is clear that exp(—1 (7))
cannot be absorbed in the redefinition of 7’ because do(r)/dt # 0.

One can regain the invariance, now a local one, compensating the time derivative of & by means
of the replacement

d d
— = — — At
dt  dt ®)
with the requirement that: if
60— 6—afr)
then da)
ot
At) = A(t) —
() =AW - =

that implies that A(r) works as a compensator, a gauge field allowing for the validity of the invariance
under a local gauge transformation.

We clearly notice that when @ = o(¢) one is in fact rotating the reference frame with an angular
velocity doi(t)/dt and in a rotating frame, a non inertial frame, there are the so called “fictitious” forces
(centrifuge, Coriolis). It is precisely A(¢) the generator of these forces. The origin of new interactions
comes from the requirement of local gauge invariance.

To go ahead let us now remember for a while Maxwell electromagnetic gauge invariance and in
particular its origin. The vector A is defined via its curl as V A A = B, but there is no condition to be
imposed to its divergence. This freedom in the election of V-Ais precisely the gauge symmetry of
electromagnetism. Taking into account the “’vectorial poem” due to Enrique Loedel (1901-1962, former
professor at La Plata) that says !

Esto el Papa exclamé al firmar la bula

I'This was exclaimed by the Pope/ when furious excommunicates Luther:/ The divergency of a curl is zero/ and the curl of a
gradient is always zero/ The great German priest pleaded god/ and exclaimed with his usual vehemence/ the curl of a curl plus
nabla two/ gives the gradient of any divergence

10
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con que furioso excomulgé a Lutero:

La divergencia de un rotor es nula

y el rotor de un gradiente es siempre cero.
El gran fraile alemén invocé a dios

y exclamé con su habitual vehemencia:
El rotor de un rotor mas nabla dos

da el gradiente de toda divergencia.

one understand that the electromagnetic equations do not change if the replacement, with A a scalar
function

A = A =A+VA
IdA

— I
6 = 0=0-2

is performed, because both E and B are not changed. The gauge symmetry is clear. Moreover, gauge
invariance of electromagnetism guarantees the charge conservation.

The previous comments open the possibility of using the field A as compensator when one ask
for local gauge invariance of a field theory. In fact, the quantum electromagnetic interaction mediated
by photons, can be formalized starting from the requirement of local (abelian) gauge invariance. This
framework can be generalized, as Yang and Mills proposed, to the case of a non-abelian group of sym-
metry.

In summary, the fundamental interactions can be described by theories with local gauge symmetry
and consequently mediated by the corresponding compensator field, the corresponding gauge field.

Even if we will come back later to this important point, let us state a fundamental property of
gauge fields: they are massless fields. In fact, a typical mass term .Z),55 = %mA# AH for a vector field is
clearly not gauge invariant.

7 Constructing a Gauge Theory for matter fields
7.1 ”Standard” way

First of all, one chooses an appropriate unitary Lie group G{g}. Then one propose an action with global
invariance under G as the matter symmetry group. Having then an action that is invariant under constant
phase transformation, there appears the conservation of a Noether current. After this one promotes global
invariance to a local one: g — g(x) €G, i.e. phases that are space-time dependent. Now one needs to
introduce gauge fields to compensate, via a gauge transformation, the changes produced by the presence
of local phases. Finally, a kinetic term for gauge fields has to be included in the resulting Lagrangian.

In all this procedure, as soon as g(x) are well behaved, the conserved Noether current of the global
case is unchanged.

Let us consider a typical example. A complex scalar field and an one parameter group of sym-
metry.

ZL(,9u9) = 9ug* "¢ —m* 9" ¢

that is invariant under a global phase transformation (constant phase o)

9(x) = ¢'(x) =" 9 ()

corresponding to the group U(1): implements rotations on a unit circle.

Now we ask for a local phase transformation o = ¢¢(x). The motivation for this requirement was
given by Yang and Mills, staten that: The concept of field and the concept of local interactions imply

11
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a spreading of information to neighbouring points and eliminate the action at a distance. Then global
phase invariance seems to contradict the generalized idea of locality™.

Performing the local gauge transformation

O(x) = ¢/ (x) = " *™ g (x) (19)

in the Lagrangian above, one sees that the mass term stays without changes when written in terms of
¢’ (x) while the kinetic term does not because

I (x) = &Y 9 +1dua(x)] ¢(x)

The question is how to turn .Z local invariant. Taking profit of the freedom of the electromagnetic field
Ay, one replaces dy, by the gauge covariant derivative

Dyu¢(x) = (du —19Au(x)) ¢(x) (20)

with the constraint that when ¢ (x) changes with the local phase o/(x) as in (19), the gauge field A, suffer
the gauge transformation

Ap(x) = AL (1) = Ay (x) — ;aua()o 21

where ¢ clearly measures the coupling between de scalar field and the gauge field. In this way, the
covariant derivative transforms exactly as the field. Consequently, the invariant theory under local phase
transformations has the new Lagrangian

L = [0y +19Au(x)] 9" (x) [Gu —1qAH ()] @ (x) —m” 9" (x)9 (x) 22)

that explicitly includes interaction, exactly the so called minimal interaction. The only way to have local
phase invariance is including interaction with the gauge field that plays the dual action of a compensating
field to restore the symmetry and of a comparative field that distinguishes charges in the case of the
original complex field. As we have said before, one has to add the kinetic term of the gauge field, namely

1
_ZFM Fuy (23)

but one cannot add a mass term for A, because it breaks the phase symmetry.

Certainly, one can make the same treatment for fermion fields, to obtain
1 _ _
OZf:—ZF“VFuv-i—ll//)ﬁ” (O —teAu(x)) y—myy (24)

and the same procedure could be performed in connection with non-abelian phase transformations. We
will be back to this point below.

8 ”Upsidedown” way

It is possible and “natural” to invert the process above avoiding the "ukase”? that promotes global to local

symmetries on the matter Lagrangian. The upsidedown proposal we have presented (C.A. Garcia Canal
and F.A. Schaposnik, ”Building Gauge Theories: The Natural Way”, Fundamental Journal of Modern
Physics, 2 (2011) 15) starts with the symmetry of the gauge field, where it is natural. We build the gauge
theory of fundamental interactions starting from the interaction mediators: the gauge fields. The sources
(matter) are added imposing local gauge invariance and Lorentz invariance.

Zykase: have the power of laws but may not alter the regulations of existing laws

12
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Let us explain the procedure starting with electrodynamics. The Maxwell equations, without
sources are contained in

the other two equations are given by Bianchi identity. Remember that
Fuy(x) = duAy (x) — dvAu
that under the gauge transformation (21) is invariant and of course also Maxwell equations are. The

Maxwell Lagrangian (23) is gauge invariant and Lorentz invariant.

Let us include now an external (non-dynamical) source jéﬁg to write
aﬂ FHY = ej th
Now the natural and simplest Lorentz invariant term in the Lagrangian formalism is
L = eAp() jeu (v)

and in order to get a gauge invariant total Lagrangian, one can require that under a A(x) gauge trans-
formation
Joa (%) = g () = b ()
and, forced by Maxwell
dj ol (x)=0
Notice that the Lagrangian including j*,, (x), under a gauge transformation change at most as a total
derivative.

As the structure of Maxwell equations is prescribed by Lorentz symmetry, one can anticipate the
coupling of matter to the gauge field. To this end, let us consider a dynamical Dirac fermion field y(x) at
the origin of the current j* (x) (in principle different to j-., (x)). Certainly the most economic is a bilinear
form of fermions, that due to Lorentz requirements reads

JH ) = () v y(x)

that together with the gauge invariance of j*(x), implies that under a gauge transformation A(x)

w(x) = yha) =Ny ()

where ¢ is a real number. Finally, in order to have dynamical fermions, one adds

L =10 P v ()

and we end with a gauge invariant total Lagrangian . = %y + %p + L, if ¢ = e. We can intro-
duce the usual covariant derivative Dy, = d, — eAy(x) that allows one to write the well known minimal
electromagnetic coupling

1
L == F* Fuy + W() ¥ Dy (v) (25)

Certainly, the same procedure, under the same requirements can easily be done for the non-abelian
case.

Summarizing this section we remember that the usual way of building a gauge theory starts pro-
moting a global unitary symmetry of the matter Lagrangian to a local one and this requires the inclusion
of a gauge field that introduces an unavoidable, but wanted, interaction. The upsidedown way starts from
the pure gauge theory that is coupled to matter by imposing Lorentz and gauge invariance in constructing
the matter current.

Finally notice that the upsidedown way goes parallel to the geometrical approach that starts de-
fining a connection in a principal fiber bundle and introduce matter fields as sections in the associated
vector bundle.

13
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9 Weak Interactions

Let us remember that the weak interaction is responsible for i) nuclear B-decay; ii) many hadron decays;
iii) everything induced by neutrinos. They are characterized by an effective coupling Gy ~ 107>/ my ~
1.410~* ergcm?® and have the property of breaking the symmetry of parity (P). They also suggested (to
Pauli) the existence of neutrino.

The first phenomenological analysis due to Fermi was inspired by a comparison between the elec-
trodynamical vertex e — e + ¥ and neutron beta decay n — p 4+ e+ V.. It ends whit the Lagrangian
corresponding to a point interaction

Lp = Gp I}, (x) Juev(x) = Gr [V (x) ¥ yu (x)] [ (x) 1 W, ()]

This proposal is parity conserving, but after Wu experiment to test the Lee and Yang prediction of the
violation of parity in weak interactions, this Lagrangian was modified changing from a vector like inter-
action to a vector minus axial interaction, namely with currents of the form

) =§r ¥ (1=7) wp (x)

This V — A property of the weak currents, implies that the neutrino is left handed.

It is necessary to be aware that the Fermi proposal should be considered as a phenomenological
effective Lagrangian because it works well as a first order approximation and fails al higher orders and is
an example of a non-renormalizable theory. It becomes harmful at the so-called limit of unitarity, around
300GeV.

Consequently one tries to improve the treatment of weak interactions taking inspiration in QED.
To this end one looks for a theory with a dimensionless coupling constant and a carrier of the interaction
playing the role of the photon in QED.

The resulting model is the Intermediate Boson Theory that includes two charged vector bosons
mediators of the weak interaction, W=. This is done with the constraint that the Fermi theory is the limit
of low energy (¢*> < MVZV). Here also a problem with convergence appears because the very short range of
weak interaction requires that the vector bosons must be massive (of the order of 80 GeV'). Consequently
there are contributions icluding the massive propagator of the W= that diverge for large momenta and the
intermediate boson theory is again only a phenomenological model valid below its own limit of unitarity.

10 Latent Symmetry

We present now the way to the electroweak theory that allows one to deal simultaneously with both
interactions: electromagnetic plus weak. The way to the theory is via gauge theories as the ones we have
discussed previously. The problem to be solved is the necessary mass the mediators of weak interaction
must have. This is in conflict with gauge symmetry that does not allow a mass term for the gauge fields.
In any case, there is a way out of this conundrum, the possibility of having the symmetry in a latent
version. This is no more than to have the symmetry realized a 1a Nambu-Goldstone. The symmetry is
present in the Lagrangian but is not respected by the vacuum expectation value of the fields. This fact
has non-trivial consequences in systems of infinite extension.

We start the discussion of this topic by presenting a simple mechanical example. This is the case
of the bent rod.

Consider a cylindrical rod along the z-axis, charged with a force F along its axis. The system is
obviously symmetric under rotations around the z-axis. The system has the symmetric solution x =y =10
as soon as the force F is sufficiently small. In fact, there is a critical force F,, given by F, = n*EI / p2
where E is the modulus of elasticity, /, the moment of inertia of the rod and p its density. When F' > F,,
the rod is bent, given rise to an asymmetric solution from a symmetric equation of motion. Certainly
one cannot predict the direction in the (x,y) plane where the rod is going to bend. However, a symmetry

14
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transformation on an asymmetric solution goes into another asymmetric solution. The symmetry is
latent. In a language nearer to our field theory, we say that the ground state (the vacuum) is degenerate.
The symmetry is said to be spontaneously broken, it is realized a 1a Nambu-Goldstone.

Another nice example is the Heisenberg model for a magnet based on the Hamiltonian with ex-

change interaction
H=K ) 5-5;
<ij>

that clearly is rotational, O(3), invariant. This model presents, for a temperature below a critical one (T <
T;) a breaking of the O(3) symmetry because elementary magnetic moments (spins if you want) tend to
align. The well known ferromagnetic transition. In any case, the symmetry is maintained latent. In fact
(if you can eliminate the effect of the magnetic field of Earth, or others), there is no preferred direction for
the alignment. Each possible direction is connected with any other by an O(3) transformation. Certainly,
to this happens it is necessary to be in the thermodynamical limit, a system of infinite extension, infinite
degeneracy of the angular momenta. The Goldstone mode of this spontaneously broken symmetry is the
spin wave.

We go now towards the Higgs model. Let us consider first a model with:
Continuous global latent symmetry

This model is also called Goldstone model and is defined by the complex scalar field Lagrangian

Z(9.9u0) = —0u9" (x) 9" (x) = A[6" (x) §(x) -] (26)
that is invariant anther a U(1) global transformation: ¢(x) — ¢’(x) = ¢'® ¢ (x) with o constant. The
behavior of the interaction V(¢,¢) = A [¢7(x) ¢ (x) — v]> depends on the sign of v.
casei) v<0
consequently, V has one minimum at ¢ = 0 and the U (1) symmetry is Wigner-Weyl realized.
caseii) v>0

now V has an infinite number of minima, defined by ¢7 ¢ = v or, in terms of the real ¢; and the imaginary
part ¢, of ¢: the circle of minima ¢12 + (])22 =v. The picture of the interaction energy looks like a Mexican
hat or a "culo de botella”. Then we have a Nambu-Goldstone realization of the U(1) symmetry. The
symmetry is latent and there is a Goldstone boson present (U (1) has one generator).

Clearly, in this case it has no sense to develop a perturbation theory around ¢ = 0 (an unstable
point). One has to develop around some point ¢ = \/ve'?, with @ arbitrary due to the non-uniqueness of
vacuum. One can take 8 = 0 and define the shift

0() =i+ 2(x) = (0lx(x)]0)=0 @7)

It is worth writing the interaction in terms of )

V=vx+x"V+2AWwx x(x+x) + A (xx')?

that when expressed in terms of y; = (x +x7)/v/2and y» =1 (x" — x)/+/2 shows that there is a massive
degree of freedom y; with mass m; = 4 A v and a massless one, x, which is the Goldstone boson that is
present because the symmetry was spontaneously broken. One can say also that this shows that the U(1)
symmetry is not more present in the spectrum.

We can still get more insight on the model properties by performing the change of variables:
X1 = pcos B and y, = p sin 6. It is clear that a U(1) transformation implies the changes: p — p and
0 — 0 + a. After the displacement p’ = p — /v, the Lagrangian reads

L= @'V 5 (0 V) (3u0) v (0 + V)

15
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and shows that p is a radial excitation (clearly seen on the Mexican hat) and 6 corresponds to the
movement around the circle without energy consumption i@ = 0, certainly the massless Goldstone
boson excitation.

Local global latent symmetry: Higgs model

Whenever a local symmetry is Nambu-Goldstone realized, the should be Goldstone boson disappear and
the gauge field acquires an effective mass. In other words, the Goldstone boson degrees of freedom
are transferred to the longitudinal polarization massive vector bosons have. This is the so called Higgs
mechanism.

We present the mechanism for the simple complex scalar field

Z(9.9u0) = —0u9" (x) 9" 9 (x) = A[6" (x) §(x) -]

that, as we saw before, when v > 0 the U(1) symmetry is latent. Now consider that the symmetry is
local. Consequently, one has to replace the derivatives by covariant ones, namely

Iy — Iy —1gay(x)

where a; is the massless gauge field. It is also necessary to include the kinetic term of this field, to write

1
g(q)’&#(b) = _(D#(P)TD#‘P —A [‘PT (P _V}z - ZFHVF/J,V
this Lagrangian includes several interactions. Among them we explicitly show

2V = ga,(¢T0"9—¢a*¢")
Dg/ﬂ(z) _ _gza”alvl(qu)

As the symmetry is spontaneously broken, one has to shift to the field y with zero vacuum expectation
value as in Eq.(27). From the second expression above, .Z(?), it results

1
.,?M:—gzva“a“:—im2a“a“ (28)

a
v
ma:g\/g

What it is important to notice is the fact that during this process of given mass to the gauge field, the
symmetry was not completely lost because as we have said before, it remains latent. Moreover, it is
easy to prove that during the process there is a conservation of degrees of freedom. In fact one goes
from (2 +2) original degrees of freedom (2 of the complex scalar field and 2 from the massless gauge
field) to (3 + 1) degrees of freedom (3 of the now massive gauge field and 1 remaining of the scalar
field). The should be Goldstone boson is said to be gauged away. The exchange of degrees of freedom is
not a violation of the Goldstone theorem. In gauge theories the Goldstone theorem can be overcame by
choosing either the unitary gauge where the initial symmetry is destroyed or a covariant gauge in which
the Goldstone theorem is valid but the Goldstone bosons become unphysical particles, they uncouple
from the remaining theory. There is another point to be analyzed. Namely, the fact that once the vector
field acquires mass, its propagator gains a term that makes divergent the perturbative contributions, as it
was discussed when the Intermediate Boson Model was presented. However, in the present case related
to the Higgs mechanism there is a gauge equivalence between the original gauge invariant renormalizable
Lagrangian and the Lagrangian obtained after the action of the Higgs mechanism. This last one is useful
for practical purposes, while the original one, for formal (renormalization) purposes. For this reason
a Yang-Mills theory with latent symmetry, with spontaneously broken symmetry, is renormalizable. It
maintains sufficient Ward-like identities as to guarantee this property.

the gauge field ay, acquires the mass
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11 3!: The Standard Model

As it was mentioned before, the 3! model includes the local symmetry under the gauge group SUc(3) ®
SU(2),®@U(1)y. The group SU (3)¢ takes into account the strong interaction between quarks mediated
by gluons, the corresponding gauge fields. Here we restrict ourselves to the electromagnetic and weak
interactions: electroweak, included in 3! as 2! =SU(2), @ U(1)y.

Let us begin by quoting from one of the authors of the electroweak Standard Model, the S. Wein-
berg’s text in the Physical Review Letters article of 1967 where the 2! = 2 x 1 was proposed: “Leptons
interact only with photons and with the intermediate bosons which presumably mediate the weak inter-
action. What can be more natural than linking those spin one bosons in a multiplate of gauge fields?”

The proposal of the Salam-Weinberg-Glashow model starts by noting that it is necessary to solve
several difficulties. Namely, the photon ¥ is massless while the intermediate boson W has to be massive.
Moreover, the value of the electromagnetic coupling is very different from the weak coupling charac-
terized by the Fermi constant Gr. In connection with this last point, it is clear that the hierarchy of
couplings needs the presence of a mixing angle (sinus versus cosinus).

The first question to be answered to build up a gauge theory it is precisely to decide which gauge
group to use for connecting with the weak and electromagnetic interactions. The model must include

— Charged weak current, J;;

— Electromagnetic interaction related to a group U(1) that should be realized a la Wigner-Weyl to
guarantee my =0

— Neutral weak current. Notice that its presence allows for a cancellation mechanism that com-
pensate the divergent contributions coming from a massive and charged W

Consequently, the gauge group G for weak and electromagnetic interactions has to be a 4 parameter
group. The proposal is
G=SU22)LU(l)y 29)

or
21=2x1

where the index L stands for left and the index Y for (weak)-hypercharge.

Remember that any fermion spin 1/2 field can be decomposed into left and right components,
namely
1F7
2
The index L in SU(2) is because Y, behaves differently of yg under the transformations of this group.
Then we can say that the 2!-model is a chiral theory: distinguishes between left and right.

YLR =

We also remember that the charged weak current must have a (V — A) structure that includes a
(1 —95) factor. This is why only y;, enters the play. In other words, Fermi phenomenological proposal
plus Parity violation implies

T =W (1= %) ¥ =2V Ya VjL

with (Wh Wj) = (Ve,E), (uvd)7
The simplest representation of SU(2), is a doublet

(v)
Vi
Notice that SU(2) has three generators, say Tj, 7>, 73. With T; and T, one can build 74 related to

the charged current. But 73 cannot be identified with the electric charge Q, because the electromagnetic
charge is pure vector and not V — A. For this reason the G group is SU (2), @ U(1)y.
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Which is this U(1)y ? From the currents
Jz.m. = g ll—,,y“ v = Q — /dejs.m
_ (%}
o = W v = B= /d3x18

Then, both members of any doublet as (Ve,L er) have the same quantum number (Y = Q — 73), the
same hypercharge. Y = Q — T3 commutes with the generators of SU(2) and defines the group U (1) of 2!.
Matter under SU(2), @ U(1)

In each generation of quarks and leptons, the G quantum numbers are repeated. Let us consider,

as an example, the first generation: (e, V,,u,d). The doublets of SU(2), are (V,,e), and (u,d)r. As we
already said, this election guarantees (V — A) and the index L is well understood.

The good assignments of SU(2),, and U(1)y values for the first generation is.

(Ve,e), | er | (u,d), | ug dr
SUR)L | 2 1| 2 T 1
Uy | —1/2 | —1]| 1/6 |2/3 | —1/3

and as was stated above, this quantum numbers repeat for the second and the third generations. In any
case, the desired electric charge of fermions verify the relation

0=0"+Yy
where the index W was introduced just to remember that SU(2)., is in some sense the weak version of
isospin while U (1)y is seen as the weak hypercharge.
Building the Lagrangian
As it was mentioned before, the left handed components of each generation of leptons and quarks

are assigned into doublets of the fundamental representation of SU(2),. In order to simplify the expres-
sions, let us introduce the notation for the doublets

M@:“?@<ww)

Ja(x)
where
ig(x) = Ve(x); vu(x): ve(x)
= u(x); c(x);1(x)
and

Ja(x) = e(x); p(x); T(x)

and for the singlets ;

with kg = u(x); c(x); 1(x); e(x); u(x); 7(x); d(x); s(x); b(x)

Now we go to the four gauge vector bosons needed to guarantee the local gauge invariance under
SU(2)L®U(1)y. There are 3 corresponding to the weak isospin: le (x), Wﬁ (x) and WS (x) and 1 corres-
ponding to weak hypercharge: By, (x). In writing the corresponding covariant derivatives one introduces
the couplings g, for SU(2), and g; for U(1)y. The gauge invariant Lagrangian is

1 o 1

B = 3 Fu ) PR ()~ Buy () BH (o)
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+1 Y Li(x)Y*DuLi(x)+1 Y Ri(x)y* DuR(x)

I=e,u,t I=e,u,t

+1 Y Lyx) ¥ DuLy(x)+1 Y, Ry (x) V" DuRy (x)
q:(u.,d),(c,s),(l,b) (]T:IA,C.}

+1 ). Ry (x)¥"DuRy (x) (30)
qt=d,s.b

The corresponding Yang-Mills strength tensors are

Fuy(x) = 9uWy(x) — Wy (x) + g2Wy (x) AWy () (31)
Buy(x) = uBy(x) —dyBy(x) (32)

These expressions clearly show that whenever the gauge symmetry is related to a non-abelian group,
there are self interactions of gauge fields. This is an important difference with QED because the photon
is the gauge field of the abelian symmetry U(1).

Here we summarize the covariant derivatives. First for LEPTONS:

T - 1
(forLi(x):) Dy = au+zg2%.wu(x)—l§g13u(x) (33)
(forRi(x):) Dy = Ju—181Bu(x) (34)
and then for QUARKS
T - 1
(forLar():) Du = du-+igas - Walw)+15 81 Bul) (35)
2
(foquT(x) ) Dy = 8“+l§g1Bu(x) (36)
1
(for Ry (x):) Dy = 8u—l§ngH(x) (37)

It remains the problem of assigning masses to the massive vector bosons to be identified with the
mediators of weak interaction and also to give masses to the massive fermions. Remember that for the
first ones, gauge symmetry does not allow for a mass term of gauge fields, and for fermions, a typical
Dirac mass term

gmass =—m l/_/l// =—-m (‘i/L YR+ lI_/R WL)
is unacceptable because y; is a SU(2), doublet while yp is a singlet.
Certainly, the solution is provided by latent symmetry and the Higgs mechanism. In this way
one gets massive gauge fields. But we have to remember that and the end of the play, one massless
photon have to remain. In other words, the spontaneous breaking of the symmetry should go from

SUR2),@U(l)y toaU(1),n. realized a la Wigner-Weyl, because the photon is strictly massless. The
mechanism must guarantee that we go from 4 massless bosons to 3 massive and 1 massless.

The photon, the massless one, is represented by the field A* that results as the neutral combination
of B* and the third component of the triplet WH, W3“ . Correspondingly, the orthogonal combination
to A* is the weak neutral boson Z*. These combinations are measured by a mixing angle Oy, called
Weinberg angle. The good combinations reads

Ay = sinby Wy 3+cosby By (38)
Z, = cosByW,3—sinby B, 39)

On the other hand, the charged weak bosons are the combinations

wi (Wi +wy") (40)

_ b
V2
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Now we can explicitly write the weak and electromagnetic interactions contained in the Lag-
rangian (30)

82
7 = > AWy + T W, ]
g2 cos By + g1 sin GW)Jﬁf — g1 sinOWJe*ﬁn] Zy

+
+ [(g1 cos O Jh, + (g1 cos Oy — g2 sin Oy ) J4 | Ay

It
It
where J* =2 (Jfl F zJéL ) and Jh, = Jél +J# while J; and J; the currents containing 7 and 7, respectively.
Now, in order to reobtain the standard electromagnetic interaction %" = eJh, A u» the identifica-
tion
e =gy cos By = g, sin OBy 41
is required. Consequently, the interaction Lagrangian above gets the form

R — A

e
+mZHJM,NC+€A“Ju,em 42)

where one defined the neutral current Jiy. = 2 (J5' — sin® By Jb ).

To summarize, we remark that the electromagnetic interaction is measured by e as it should be,
the charged weak interactions coupling is e/(2+/2 sin@y) while the neutral weak interaction one is
e/(2 cos By sinBy ). Now the Feynman rules can easily be obtained and from them, any perturbative
calculation as cross sections, decay rates, etc., follow.

It remains to discuss the problem of masses of both, the weak gauge bosons and the massive
fermions. As it was stated above, the Higgs mechanis is in order. The idea is to put the 2!-symmetry
in a latent version but being careful to keep a U(1), corresponding to electromagnetism, realized a la
Wigner-Weyl. It is necessary to introduce scalar fields being non-trivial under SU(2), @ U(1)y. The
simplest election is a SU(2),, doublet

(9 )
o ( 0 (43)

with both ¢° and ¢~ complex fields. Clearly, the field @ is a SU(2); doublet and one chooses Yo = —1/2.
The latent character of the symmetry is obtained by the inclusion of the interaction

A

4

ole0 =y )

and as we show below, this election guarantees the U(1),. In fact, one can perform a test of coherence
of the spontaneous symmetry breaking just proposed. It is easy to compute the effect of the generators
of SU(2)., and the one of U(1)y on the vacuum expectation value of &, namely

V(@'D) =2 (did—1?)° (44)

that implies that

Grofe) = 5 (1) 0
Gol@l0) = 5 (0, )20
Golelo) = 3 (§ )0
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6o, = 5 ()40

that at first sight seems to leave the complete symmetry latent. However, the electromagnetic generator
of the symmetry U(1), that is Q = Iz +Y certainly verifies

0 {0[®|0) =0

that characterizes a symmetry realized a la Wigner-Weyl. The zero mass for the photon is guaranteed.

There are three would be Goldstone bosons in (43) that decouple from the theory and provide the
longitudinal polarizations that the massive W, W™~ and Z require.

The & original Lagrangian reads

L= —% (D,®@) DFD —V (DT D)

with

=3

7 -
D,® = <8u+lg21Yﬂ—1822'Wu)

now one performs the standard shift ®(x) = H(x) 4 v with (0|H (x)|0) = 0. The H(x) is the Higgs boson
field with a mass, that can be obtained from the Lagrangian after the shift, being

m2 =2A1?

The covariant derivative of the Higgs field gives rise to the gauge fields-Higgs interactions, that
after the shift allows one to read the effective mass terms of W= and Z. In fact

1
gGaugeMass = _1(82\/)2wa“7_

Ll v\ juy,
8 \ cos Oy K

and the masses of the three massive weak gauge bosons are

2.2
82V

M;,. = =2 (45)

and ) 5 )
2 82V My,

M} = = 46
27 4cos26y  cos2Oy (46)

Notice that the experimental determination of My, allows to fix, once the coupling is determined,
the value of v = 246 GeV, the scale of breaking of the symmetry. This, together with the measurement

of My, fixes
My

2

s GW:
2

M5

that results sin” 8y = 0.2234 in the so called on-shell scheme.

The usual way of obtaining the value of the gauge couplings is by comparison with the low energy
weak interaction phenomenology. In this regime, corresponding to ¢g*> < My, the Fermi model works
satisfactorily. Moreover, under this condition, the matrix elements contributing to a weak process, say
the B-decay, are identified with the Fermi prediction, as soon as

3

8 M3,

SIS

47
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Consequently
2 My

82

1%

_ (\fz GF) 2 L 2u6Gev (48)

It remains to discuss the mechanism to provide mass to the leptons and quarks. One takes profit of
the Higgs mechanism and starts introducing a Yukawa type of coupling with the scalar doublet. Let us
begin with leptons, remembering that the Standard Model works with massless neutrinos. The Yukawa
lagrangian for leptons coupled via /; to ®(x) reads

L (x) = — ) by Ry (x) @ (x) Ly (x) + h.c. (49)
l:(vae)v(vllvu)v(var)

Notice that this expression is correct since it implies the product of a doublet times an adjoint doublet
times a singlet. Now, once the shift from ®(x) to H(x) is performed after the spontaneous breaking of
the symmetry, it appears a mass like coupling

L(x)=—Y hv¥(x)¥(x) (50)

I=e,u,7

that allows to identify the mass of each lepton
m; = h[ 1% (51)

It should be notice that the couplings /4; are not fixed by any principle in 2!. They are external parameters.

In the case of quarks, as both members of the doublets are massive, it is necessary to consider two
1soscalars

2y (x) = _Z hi;J'l_‘q; (x) CI)(x) Rq_/ (x) — hi j Ly, (x) CTD(x) RLIj (x) + h.c. (52)

where o i
F * ¢ (X) )
Px)=11P" (x) = (
( ) ( ) _¢+(x)
Consequently, after the spontaneous breaking of the symmetry one has

Lnasses(x) = @} (X) A (2/3) qi(x) — G1 (x) A (—1/3) gp(x) + h.c.

where
| u(x)
air@) =5 (1F%) | @)
t(x)
and 403
G =5 (15%) | 500
b(x)

Consequently, the 3 X 3 mass matrices are
M(2)3) = hijv 5 i, j=u,c,t

and
M(—1/3)=hjjv ; i,j=d,s,b

These matrices can be diagonalized via

2 1

UL(Q) # (Q) Ur(Q) = M(Q) (diagonal) ; (Q=3,~3)
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In this way, the mass Lagrangian results

Lrnasses(X) = W} (x) M(2/3) wi(x) + W1 (x) M(—1/3) ye(x)

where the mass eigenstates are

‘VZR(X) = UL,R<2/3)CIZ,R(X)
vir(x) = Urr(—1/3)q; (%)

The process of diagonalizing the mass matrices has as a consequence that in the charged current
interaction sector there is flavor mixing. In fact, the term

a) (x) ¥ qf () W (x) + h.c.

gives rise, after the "rotation" in the process, to
L) P UL(2/3) UL (—1/3) Wi (x) Wi (x) + hec.
The resulting unitary matrix
V=UL(2/3)U; (~1/3) (53)

is called Cabibbo-Kobayashi-Maskawa mixing matrix. When writing the charged weak interaction with
W, that matrix acts on flavor degrees of freedom of charged —1/3 quarks (}). It is a generalization of
the Cabibbo matrix that was introduced when only four flavors were known and in order to keep the
universality of weak interactions.

This last discussion ends the introduction of 2!, the Standard Model of electroweak interactions.
It has an impressive success and a strong predictive power. We recommend the reader to consult, for
example,
http://www-pdg.Ibl.gov/2016/reviews/rpp2016-rev-standard-model.pdf

to have a clear idea of this success of the model and also of the constraints it implies to eventual
new physics.

12 Finale

This lectures that were presented at the 2017 CERN - Latin-American School of High Energy Physics
have to be considered as a mere “opening of a door”. A door that should allows us to enter in an
almost unbounded territory: the land of Contemporary Physics. Certainly, we have left aside, for time
restrictions, many interesting and important topics that has to be studied and understood by the reader,
consulting the vast list of references included in the Bibliography.
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QCD AND THE PHYSICS OF HADRONIC COLLISIONS
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Abstract

This series of lectures reviews the basic principles underlying the use of quan-
tum chromodynamics in understanding the structure of high-Q? processes in
high-energy hadronic collisions. Several applications of relevance to the LHC
are illustrated.
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1 Introduction

The initial state of any LHC collision is formed by a pair of protons. Whether the hard process we
are interested in is of electroweak origin (e.g. W production) or a strong-interaction process (e.g. the
production of jets, or the production of a pair of gluinos in Supersymmetry), its description requires
the understanding of the structure of the proton. Quantum Chromodynamics (QCD) is the theory that
describes the structure of the proton, and is therefore the starting point of any study of LHC physics. QCD
is formulated in terms of elementary fields (quarks and gluons), whose interactions obey the principles of
a relativistic quantum field theory, with a non-Abelian gauge invariance SU(3). To review the emergence
of QCD as a theory of strong interactions, analysing the various experimental data and the theoretical
ideas available in the years 1960-1973 (see, for example, Refs. [1,2]), would require more time than
I have available. I shall therefore assume that you all know more or less what QCD is: that hadrons
are made of quarks, that quarks are spin-1/2, colour-triplet fermions, interacting via the exchange of an
octet of spin-1 gluons; I assume you know the concept of running couplings, asymptotic freedom and
of confinement. I shall finally assume that you have some familiarity with the fundamental ideas and
formalism of quantum field theory (Feynman rules, renormalization, gauge invariance), even though I
shall make only very limited use of them.

In these lectures I shall focus on some elementary applications of QCD in high-energy phenomena.
The material covered in these lectures includes the following:

1. The structure of the proton
2. The evolution of final states: from quarks and gluons to hadrons

3. Some key hard processes in hadron—hadron collisions: formalism, W/Z production, jet production

The treatment will be very elementary, and the emphasis will be on basic and intuitive physics concepts.
Given the large number of papers that contributed to the development of the field, it is impossible to
provide a complete and fair bibliography. I therefore limit my bibliography to some excellent review
books, and to references to some of the key results discussed here. For an excellent description of the
early ideas about quarks, the classic reference is Feynman’s book [3]. For a general, but rather formal,
introduction to QCD, see, for example, Ref. [4]. For a more modern and pedagogical introduction, in
the context of introductory course to field theory, use the excellent book by Peskin [5]. For a general
introduction to collider physics, see Ref. [6]. For QCD applications to LEP, Tevatron and LHC, see
Ref. [7] and, specifically for the LHC, see Ref. [8]. Explicit calculations, including the nitty-gritty
details of next-to-leading-order (NLO) calculations and renormalization, are given in great detail for
several concrete cases of interest in Ref. [12]. Many of the ideas used in my lectures are inspired by
the very physical perspective presented in Ref. [13]. Papers on specific items can easily be found by
consulting the standard hep-th and hep-ph preprint archives.
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2 QCD and the proton structure at large Q2

The understanding of the structure of the proton at short distances is one of the key ingredients to be able
to predict cross-sections for processes involving hadrons in the initial state. All processes in hadronic col-
lisions, even those intrinsically of electroweak nature such as the production of W/Z bosons or photons,
are in fact induced by the quarks and gluons contained inside the hadron. In this lecture I shall introduce
some important concepts, such as the notion of partonic densities of the proton, and of parton evolution.
These are the essential tools used by theorists to predict production rates for hadronic reactions.

We shall limit ourselves to processes where a proton—(anti)proton pair collides at large centre-of-
mass energy (v/.S, typically larger than several hundred GeV) and undergoes a very inelastic interaction,
with momentum transfers between the participants in excess of several GeV. The outcome of this hard
interaction could be the simple scattering at large angle of some of the hadron’s elementary constituents,
their annihilation into new massive resonances, or a combination of the two. In all cases the final state
consists of a large multiplicity of particles, associated to the evolution of the fragments of the initial
hadrons, as well as of the new states produced. As discussed below, the fundamental physical concept
that makes the theoretical description of these phenomena possible is ‘factorization’, namely the ability
to isolate separate independent phases of the overall collision. These phases are dominated by different
dynamics, and the most appropriate techniques can be applied to describe each of them separately. In
particular, factorization allows one to decouple the complexity of the proton structure and of the final-
state hadron formation from the elementary nature of the perturbative hard interaction among the partonic
constituents.

.....

Fig. 1: General structure of a hard proton—proton collision

Figure 1 illustrates how this works. As the left proton travels freely before coming into contact
with the hadron coming in from the right, its constituent quarks are held together by the constant ex-
change of virtual gluons (e.g. gluons a and b in the picture). These gluons are mostly soft, because any
hard exchange would cause the constituent quarks to fly apart, and a second hard exchange would be
necessary to reestablish the balance of momentum and keep the proton together. Gluons of high virtual-
ity (gluon c in the picture) prefer therefore to be reabsorbed by the same quark, within a time inversely
proportional to their virtuality, as prescribed by the uncertainty principle. The state of the quark is, how-
ever, left unchanged by this process. Altogether this suggests that the global state of the proton, although
defined by a complex set of gluon exchanges between quarks, is nevertheless determined by interactions
which have a time scale of the order of 1/m,,. When seen in the laboratory frame where the proton is
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moving with energy v/S /2, this time is furthermore Lorentz dilated by a factor v = NE /2m,,. If we
disturb a quark with a probe of virtuality () > m,,, the time frame for this interaction is so short (1/Q)
that the interactions of the quark with the rest of the proton can be neglected. The struck quark cannot ne-
gotiate with its partners a coherent response to the external perturbation: it simply does not have the time
to communicate to them that it is being kicked away. On this time scale, only gluons with energy of the
order of () can be emitted, something which, to happen coherently over the whole proton, is suppressed
by powers of m,;,/Q (this suppression characterizes the ‘elastic form factor’ of the proton). In this figure,
the hard process is represented by the rectangle labelled HP. In this example a head-on collision with a
gluon from the opposite hadron, leads to a qg — ¢g scattering with a momentum exchange of the order
of ). This and other possible processes can be calculated from first principles in perturbative QCD.

When the constituent is suddenly deflected, the partons that it had recently radiated cannot be
reabsorbed (as happened to gluon c earlier) because the constituent is no longer there waiting for the
partons to come back. This is the case, for example, of the gluon d emitted by the quark, and of the
quark e from the opposite hadron; the emitted gluon got engaged in the hard interaction. The number
of ‘liberated’ partons will depend on the hard scale @): the larger the value of (), the more sudden the
deflection of the struck parton, and the fewer the partons that can reconnect before its departure (typically
only partons with virtuality larger than Q).

After the hard process, the partons liberated during the evolution prior to the collision and the
partons created by the hard collision will themselves emit radiation. The radiation process, governed
by perturbative QCD, continues until a low virtuality scale is reached (the boundary region labelled
with a dotted line, H, in our figure). To describe this perturbative evolution phase, proper care has
to be taken to incorporate quantum coherence effects, which in principle connect the probabilities of
radiation off different partons in the event. Once the low virtuality scale is reached, the memory of the
hard-process phase has been lost, once again as a result of different time scales in the problem, and the
final phase of hadronization takes over. Because of the decoupling from the hard-process phase, the
hadronization is assumed to be independent of the initial hard process, and its parametrization, tuned to
the observables of some reference process, can then be used in other hard interactions (universality of
hadronization). Nearby partons merge into colour-singlet clusters (the grey blobs in fig. 1), which are
then decayed phenomenologically into physical hadrons. To complete the picture, we need to understand
the evolution of the fragments of the initial hadrons. As shown in the figure, this evolution cannot be
entirely independent of what happens in the hard event, because at least colour quantum numbers must
be exchanged to guarantee the overall neutrality and conservation of baryon number. In our example, the
gluons f and g, emitted early on in the perturbative evolution of the initial state, split into ¢q pairs which
are shared between the hadron fragments (whose overall interaction is represented by the oval labelled
UE, for Underlying Event) and the clusters resulting from the evolution of the initial state.

The above ideas are embodied in the following factorization formula, which represents the starting
point of any theoretical analysis of cross-sections and observables in hadronic collisions:

% - Z/X fi(1, Qi) fir(w2, Qi) W F(X = X; Qi,Qy) . M
7k

where:

— X is some hadronic observable (e.g. the transverse momentum of a pion, the energy of a jet, the
invariant mass of a combination of particles, etc.);

— the sum over j and k extends over the partons types inside the colliding hadrons;

— the function f;(z, Q) (known as parton distribution function, PDF) represents the number density
of parton type j with momentum fraction x in a proton probed at a scale (); (more later on the
meaning of this scale);
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Xisa parton-level kinematical variable (e.g. the transverse momentum of a parton from the hard
scattering);

0, is the parton-level cross-section, differential in the variable X ;

F(X — X; Q;,Qy) is a transition function, weighting the probability that the partonic state
defining X gives rise, after hadronization, to the hadronic observable X;

the scales (); and () correspond to the scales at which we separate the hard, perturbative, process
from the initial and final-state evolutions, respectively.

In the rest of this Section I shall cover the above ideas in some more detail. While I shall not
provide you with a rigorous proof of the legitimacy of this approach, I shall try to justify it qualitatively
to make it sound at least plausible.

2.1 The parton densities and their evolution

As mentioned above, the binding forces responsible for the quark confinement are due to the exchange of
rather soft gluons. If a quark were to exchange just a single a hard virtual gluon with another quark, the
recoil would tend to break the proton apart. It is easy to verify that the exchange of gluons with virtuality
larger than () is then proportional to some large power of m,, /@), m,, being the proton mass. Since the
gluon coupling constant gets smaller at large (9, exchange of hard gluons is significantly suppressed .
Consider in fact the picture in Fig. 2. The exchange of two gluons is required to ensure that the mo-

qtf  Elg

Fig. 2: Gluon exchange inside the proton

mentum exchanged after the first gluon emission is returned to the quark, and the proton maintains its
structure. The contributions of hard gluons to this process can be approximated by integrating the loop

over large momenta:
dq 1
LF e @

At large () this contribution is suppressed by powers of (m,/ Q)?, where the proton mass my, is included
as being the only dimensionful quantity available (one could use here the fundamental scale of QCD,
Agcp, but numerically this is anyway of the order of a GeV). The interactions keeping the proton
together are therefore dominated by soft exchanges, with virtuality () of the order of m,. Owing to
Heisenberg’s uncertainty principle, the typical time scale of these exchanges is of the order of 1/m,:
this is the time during which fluctuations with virtuality of the order of m,, can survive. In the laboratory
system, where the proton travels with energy FE, this time is Lorentz dilated to 7 ~ ~/m, = E/ mf,.
If we probe the proton with an off-shell photon, the interaction takes place during the limited lifetime
of the virtual photon, which, once more from the uncertainty principle, is given by the inverse of its
virtuality. Assuming the virtuality () > m,,, once the photon gets ‘inside’ the proton and meets a quark,
the struck quark has no time to negotiate a coherent response with the other quarks, because the time
scale for it to ‘talk’ to its partners is too long compared with the duration of the interaction with the
photon itself. As a result, the struck quark has no option but to interact with the photon as if it were
a free particle. Let us look in more detail at what happens during such a process. In Fig. 3 we see a

IThe fact that the coupling decreases at large @ plays a fundamental role in this argument. Were this not true, the parton
picture could not be used!.
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Fig. 3: Gluon emission at different scales during the approach to a hard collision.

proton as it approaches a hard collision with a photon of virtuality (). Gluons emitted at a scale ¢ > Q)
have the time to be reabsorbed, since their lifetime is very short. Their contribution to the process can be
calculated in perturbative QCD, since the scale is large and in the domain where perturbative calculations
are meaningful. Since after being reabsorbed the state of the quark remains the same, their only effect
is an overall renormalization of the wave function, and they do not affect the quark density. A gluon
emitted at a scale ¢ < (), however, has a lifetime longer than the time it takes for the quark to interact
with the photon, and by the time it tries to reconnect to its parent quark, the quark has been kicked away
by the photon, and is no longer there. Since the gluon has taken away some of the quark momentum,
the momentum fraction = of the quark as it enters the interaction with the photon is different than the
momentum it had before, and therefore its density f(x) is affected. Furthermore, when the scale ¢ is of
the order of 1 GeV the state of the quark is not calculable in perturbative QCD. This state depends on the
internal wave function of the proton, which perturbative QCD cannot easily predict. We can, however,
say that the wave function of the proton, and therefore the state of the ‘free’ quark, are determined by
the dynamics of the soft-gluon exchanges inside the proton itself. Since the time scale of this dynamics
is long relative to the time scale of the photon—quark interaction, we can safely argue that the photon
sees to good approximation a static snapshot of the proton’s inner guts. In other words, the state of the
quark had been prepared long before the photon arrived. This also suggests that the state of the quark
will not depend on the precise nature of the external probe, provided the time scale of the hard interaction
is very short compared to the time it would take for the quark to readjust itself. As a result, if we could
perform some measurement of the quark state using, say, a virtual-photon probe, we could then use this
knowledge on the state of the quark to perform predictions for the interaction of the proton with any
other probe (e.g. a virtual W or even a gluon from an opposite beam of hadrons). This is the essence of
the universality of the parton distributions.

The above picture leads to an important observation. It appears in fact that the distinction between
which gluons are reabosrbed and which ones are not depends on the scale () of the hard probe. As a
result, the parton density f(x) appears to depend on (. This is illustrated in Fig. 4. The gluon emitted
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Fig. 4: Scale dependence of the gluon emission during a hard collision

at a scale p has a lifetime short enough to be reabsorbed before a collision with a photon of virtuality
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@ < u, but too long for a photon of virtuality ¢) > p. When going from p to ), therefore, the partonic
density f(z) changes. We can easily describe this variation as follows:

1

Q 1
F@.Q) = fla.p) + / dg? /O QP o( —yam), O

xT

W
Here we obtain the density at the scale @) by adding to f(x) at the scale x (which we label as f(x, 1))
all the quarks with momentum x;,, > z that retain a proton-momentum fraction = = y/z;, by emitting
a gluon. The function P(y, Q?) describes the ‘probability’ that the quark emits a gluon at a scale Q,
keeping a fraction y of its momentum. This function does not depend on the details of the hard process,
it simply describes the radiation of a free quark subject to an interaction with virtuality Q. Since f(z, Q)
does not depend upon g (u is just used as a reference scale to construct our argument), the total derivative
of the right-hand side w.r.t. iz should vanish, leading to the following equation:

1
oD o S T [Ty Pl @

dp? dp?

With additional considerations and explicit calculations, one can prove that

as 1

2y
Pz, Q") = %@P(@ ®)
from which the Dokshitzer—Gribov-Lipatov—Altarelli—Parisi (DGLAP) equation follows [14—16]:
df (z, u as [1dy
p) o — [y, 1) Pog(x/y) . (6)

dlogp?2  2n ), y

The so-called splitting function Pyq(x) can be calculated in perturbative QCD. The subscript ¢q is a
labelling convention indicating that x refers to the momentum fraction retained by a quark after emission
of a gluon.

Fig. 5: The processes leading to the evolution of the quark density

More generally, one should consider additional processes. For example, one should include cases
in which the quark interacting with the photon comes from the splitting of a gluon. This is shown in
Fig. 5: the left diagram is the one we considered above; the right diagram corresponds to processes
where an emitted gluon has the time to split into a ¢g pair, and it is one of these quarks which interacts
with the photon. The overall evolution equation, including the effect of gluon splitting, is given by

dq(z,Q)  as /1 dy

—a o y {Q(%Q)qu(z) + g(y,Q)qu(x)] ; (N

Y
where ¢ = log Q2. For external probes that couple to gluons (for example an external gluon, coming e.g.
from an incoming proton), we have a similar evolution of the gluon density (see Fig. 6):

dg(z,Q)  as /1 dy
s Y

= [g(y,Q) ng(g) + ; q(y, Q) qu(i)] : ®)
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Fig. 6: The processes leading to the evolution of the gluon density

The explicit calculation of the splitting functions P;j;(z) (see, for example, Ref. [12]) gives then the

following expressions:
Pyg(z) = Pyy(l—xz)=Cr 11t:;2 ©)
Py(z) = % (2% + (1 — 2)?] (10)
Py(x) = 204 1_$+1fx+x(1—z) , (1)

where Cp = (N(QJ —1)/2N¢ and C4 = 2N¢ are the Casimir invariants of the fundamental and adjoint
representation of SU(N¢) (N¢ = 3 for QCD). In the following we shall derive some general properties
of the PDF evolution, and give a few concrete examples.

2.2 General properties of parton density evolution
Defining the moments of an arbitrary function g(x) as follows:
Udx

_ 7’!1
= g(x)

it is easy to prove that the evolution equations for the moments turn into ordinary linear differential
equations:

dJ z(n) Qs n) N n) g(n 2
dt - ?W[Pq(q) i( )+P¢§g) g( )] ) (12)
df(n) Qs n) £ n n
dgt - 277r[P9(9) gt Ps;q)]i( )] ) (13)

It is convenient to introduce the concepts of valence (V (x,t)) and singlet (3(x,t)) densities:

Viz) = Y file) =D flx), (14)
S(r) = Y fil@)+ Y filx), (15)
where the index 7 refers to the antiquark flavours. The evolution equations then become
dv — % pn) 0 (16)
a2 U ’

The expressions given here are strictly valid only for & # 1. The slight modifications required to extend them to z = 1
will be justified and introduced in the next section.
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—— = 2 {P;(Qz( )+ 2n; PO £ )} : (17)
A" [y s o () )
dt - g [qu % +ng fg } : (18)

Note that the equation for the valence density decouples from the evolution of the gluon and singlet
densities, which are coupled among themselves. This is physically very reasonable, since in perturbation
theory the contribution to the quark and the antiquark densities coming form the evolution of gluons (via
their splitting into gq pairs) is the same, and will cancel out in the definition of the valence. The valence
therefore only evolves because of gluon emission. On the contrary, gluons and ¢q pairs in the proton sea
evolve into one another.

The first moment of V (z), V(1) = fol dx V (z), counts the number of valence quarks. We there-
fore expect it to be independent of ()

dv® Qg

1 1
o =0=PPv=0. (19)

Since V(1) itself is different from 0, we obtain a constraint on the first moment of the splitting function:

Pq(; ) = 0. This constraint is satisfied by including the effect of the virtual corrections, which generate
a contribution to P,(z) proportional to §(1 — z). This correction is incorporated in Pyq(2) via the

redefinition ) ) . )
142 1+2 1+y

P, = — 0(1 — d 20

o () S EE o fw () e

where the + sign turns P, (2) into a distribution. In this way, fol dz Pyq(z) = 0 and the valence sum-rule
is obeyed at all Q.

Another sum rule which does not depend on Q2 is the momentum sum-rule, which imposes the
constraint that all of the momentum of the proton be carried by its constituents (valence plus sea plus
gluons):

1
/da:x > filz) + fyla)| =85+ fB =1 (21)
0 .=

Once more this relation should hold for all Q2 values, and you can prove by using the evolution equations
that this implies
2 2) _
PP +PP = o0, (22)
2 2

PP +om; P2 = 0. (23)
You can check using the definition of second moment, and the explicit expressions of the Py, and Py,
splitting functions, that the first condition is automatically satisfied. The second condition is satisfied by
including the virtual effects in the gluon propagator, which contribute a term proportional to §(1 — z). It

is a simple exercise to verify that the final form of the P;4(z) splitting function, satisfying Eq. (23), is
T 1—2

(1 —=)4 T

Pyy — QCA{ (24)

-l-:E(l—x)} + (1 —2) {M] .

6

2.3 Solution of the evolution equations

The evolution equations formulated in the previous section can be solved analytically in moment space.
The boundary conditions are given by the moments of the parton densities at a given scale u, where, in
principle, they can be obtained from a direct measurement. The solution at different values of the scale
() can then be obtained by inverting numerically the expression for the moments back to x space. The
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resulting evolved densities can then be used to calculate cross-sections for an arbitrary process involving
hadrons, at an arbitrary scale (). We shall limit ourselves here to studying some properties of the analytic
solutions, and will present and comment on some plots obtained from numerical studies available in the
literature.

As an exercise, you can show that the solution of the evolution equation for the valence density is
the following:

(n) (n)
1 2 /727 Faa /2mbo (2 Pyq’ /2mbo

V(n)(Q2) _ V(n)('uz) [IOgMZ/Az as(Q2)

where the running of as(12?) has to be taken into account to get the right result. Since all moments p®
are negative, the evolution to larger values of () makes the valence distribution softer and softer. This is
physically reasonable, since the only thing that the valence quarks can do is to lose energy because of
gluon emission.

The solutions for the gluon and singlet distributions f,; and 3 can be obtained by diagonalizing
the 2x2 system in Egs. (17) and (18). We study the case of the second moments, which correspond to
the momentum fractions carried by quarks and gluons separately. In the asymptotic limit, $(2) goes to a
constant, and %f) = 0. Then, using the momentum sum rule:

pq(g) »®@ 4 2 s Pq(g)f;?) = 0, (26)
Y@ 4 féQ) = 1. (27)
The solution of this system is

1

@ = e (=15/31for ny =5) (28)
+ g

4C

P = ﬁ (= 16/31 forny = 5) . (29)

As a result, the fraction of momentum carried by gluons is asymptotically approximately 50% of the
total proton momentum. It is interesting to note that, experimentally, this asymptotic value is actually
reached already at rather low values of Q2. It was indeed observed already in the first deep-inelastic
ep experiments, which exposed the possible presence of quarks in the proton, that only approximately
50% of the proton momentum was carried by charged constituents. This was one of the early pieces of
evidence for the existence of gluons.

2.4 Example: quantitative evolution of parton densities

As I mentioned earlier, a complete solution for the evolved parton densities in x space can only be
obtained from a numerical analysis. This work has been done in the past by several groups (see, for
example, the chapter on PDFs contained in Ref. [8]), and is continuously being updated by including the
most up-to-date experimental results used for the determination of the input densities at a fixed scale.
The left side of fig. 7 shows the up-quark valence momentum density at various scales (). Note the
softening at larger scales, and the clear log Q2 evolution. As Q)? grows, the valence quarks emit more
and more radiation, since they change direction over a shorter amount of time (larger acceleration). They
therefore lose more momentum to the emitted gluons, and their spectrum becomes softer. The most likely
momentum fraction carried by a valence up quark in the proton goes from z ~ 20% at Q = 3 GeV, to
x S 10% at Q = 1000 GeV. Notice finally that the density vanishes at small .

The right-hand side of fig. 7 shows the gluon momentum density. This grows at small =, with an
approximate g(z) ~ 1/x'*9 behaviour, and § > 0 slowly increasing at large Q2. This low-z growth
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Fig. 7: Left: Valence up-quark momentum-density distribution, for different scales (). Right: Gluon momentum-
density distribution.

is due to the 1/ emission probability for the radiation of gluons, which was discussed in the previous
lecture and which is represented by the 1/ factors in the P,,(x) and Py4(z) splitting functions. As (Q*
grows we find an increasing number of gluons at small z, as a result of the increased radiation off quarks,

as well as off the harder gluons.
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Fig. 8: Left: Sea up-quark momentum-density distribution, for different scales (). Right: Momentum-density
distribution for several parton species, at () = 1000 GeV.

The left-hand side of Fig. 8 shows the evolution of the up-quark sea momentum density. Shape
and evolution match those of the gluon density, a consequence of the fact that sea quarks come from
the splitting of gluons. Since the gluon-splitting probability is proportional to c, the approximate ratio
sea/gluon ~ 0.1 which can be obtained by comparing Figs. 7 and 8 is perfectly justified.

Finally, the momentum densities for gluons, up-sea, charm, and up-valence distributions are
shown, for ) = 1000 GeV, on the right side of Fig.8. Note here that us., and charm are approxi-
mately the same at very large () and small z, as will be discussed in more detail in the next subsection.
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The proton momentum is mostly carried by valence quarks and by gluons. The contribution of sea quarks
is negligible.

Parton densities are extracted from experimental data. Their determination is therefore subject
to the statistical and systematic uncertainties of the experiments and of the theoretical analysis (e.g.
the treatment of non-perturbative effects, the impact of missing higher-order perturbative corrections).
Techniques have been introduced recently to take into account these uncertainties, and to evaluate their
impact on concrete observables. A summary of such an analysis, for the LHC, is given in Fig. 9. What
is plotted is the uncertainty bands for partonic luminosities® corresponding to the gg and ¢ initial-state
channels. The partonic flux is given as a function of §, the partonic CM invariant mass. Obvious features
include the growth of uncertainty of the gg density at large mass, corresponding to the lack of data
covering the large-z region of the gluon density. Notice that the gg luminosity drives the production of
both ¢f and Higgs production, at mass values around 350 and 125 GeV, respectively. In this mass range,
the PDF uncertainty is today at the level of 2-3%. For the g, which drives the production of DY pairs (or
of new vector gauge bosons), the uncertainty is likewise in the few percent range up to masses of about
1 TeV, and remains below 20% even up to 4 TeV.

Gluon-Giluon, luminosity Quark-Antiquark, luminosity
9 PoFaLHC

VS = 1.40e+04 GeV

1257 [ PDF4LHC

1.2 VS = 1.40e+04 GeV

Generated with APFEL 2.7.1 Web
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Fig. 9: Uncertainty in the parton luminosity functions at the LHC, using the PDFALHC set of PDFs [9]. The plot
was obtained using the Apfel web resource [10, 11].

2.5 Example: the charm content of the proton

If the virtuality of the external probe is large enough, the time scale of the hard interaction is so short that
gluon fluctuations into virtual heavy quark states can be directly exposed, and the virtual heavy quarks
(charm quarks in our example) can be brought on-shell via the interaction with the photon (see fig. 10).
To the external photon, it will therefore appear as if the proton contained some charm. While in the

-
]
2

B __

Fig. 10: Gluon evolution leading to a charm quark content of the proton

case of the gluons and of light quarks the boundary condition for the DGLAP evolution at small @ is
non-perturbative and cannot be derived from first principles, in the case of a heavy quark () the boundary
condition fg(x,Qp) = 0 holds at a scale )y ~ m that is large enough for perturbation theory to apply.

3For the definition of parton luminosity see Section 4.1.
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The charm density can be calculated assuming that the heavy quark density itself is 0 at ) ~ m,, and
builds up according to the DGLAP evolution equation:

de(z, Q) as [1dy x
—_— = — — P(—) . 30
o 2w |y 9(y, Q) qg(y) (30)
Assuming a gluon density behaving like g(z, Q) ~ A/z, which is a first approximation to a brem-

strahlung spectrum, we can easily calculate

detz, s (14 s [P Al
C(thQ) - ;r/x Zyg(x/y,Q)qu(y) = %r i dy;i[y2+(1_y)2]
as A Qs Q?
= G 2@ Q ~ g loe(5) 9(.Q). 31

C

The charm density is therefore proportional to the gluon density, up to an overall factor proportional to
as . When ) becomes very large, the effect of the quark mass becomes subleading, and we expect all
sea quarks to reach asymptotically the same density.

While this is a simplified approach to the estimate of the heavy quark density of the proton, the
approximation is rather good. This is shown by the plots in fig. 11, which compare the charm and
bottom PDF as given by Eq. 31 with the result extracted from a full set of PDFs. The solid histograms
in these plots represent the exact result, for three values of the evolution scale (). The diamonds give
the approximate results. Notice that the agreement is very good at small = and at the smaller values of
Q. At larger x the approximation deteriorates, since in that case the assumption that g(x) ~ 1/z is no
longer valid. At higher scales () the exact result becomes smaller than the approximate one, since the
latter neglects the momentum loss due to the higher-order gluon radiation (namely the contributions to
the evolution equation proportional to Py, (y) x Q(x/y)). Of course, any accurate calculation of cross-
sections involving initial-state heavy quarks will make use of the exact results, but it is interesting to see
that even in such a complex process it is possible to identify useful analytic approximations that can give
us good order-of-magnitude estimates!
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Fig. 11: Charm and bottom quark PDFs, as obtained from the exact and approximate evolutions.

3 The evolution of quarks and gluons

We discussed in the previous section the initial-state evolution of quarks and gluons as the proton ap-
proaches the hard collision. We study here how quarks and gluons evolve, and finally transform into
hadrons, neutralizing their colours. We start by considering the simplest case: e™e™ collisions, which
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provide the cleanest environment in which to study applications of QCD at high energy. This is the place
where theoretical calculations have today reached their best accuracy, and where experimental data are
the most precise, especially thanks to the huge statistics accumulated by LEP, LEP2 and SLC. The key
process is the annihilation of the et e~ pair into a virtual photon or Z° boson, which will subsequently
decay to a g pair. eTe™ collisions have therefore the big advantage of providing an almost point-like
source of quark pairs, so that, in contrast to the case of interactions involving hadrons in the initial state,
we at least know very precisely the state of the quarks at the beginning of the interaction process.

Nevertheless, it is by no means obvious that this information is sufficient to predict the properties
of the hadronic final state. We know that this final state is clearly not simply a ¢q pair, but some high-
multiplicity set of hadrons. For example, as shown in Fig. 12, the average multiplicity of charged hadrons
in the decay of a Z° is approximately 20. It is therefore not obvious that a calculation done using the
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Fig. 12: Charged particle multiplicity distribution in Z° decays

simple picture ete™ — ¢ (see Fig. 13) has anything to do with reality. For example, one may wonder

Fig. 13: Tree level production of a ¢ pair in eTe™ collisions

why we do not need to calculate o(eTe™ — ggg...g...) for all possible gluon multiplicities to get an
accurate estimate of o(eTe™ — hadrons). And since in any case the final state is not made of ¢’s and
g’s, but of 7’s, K’s, p’s, etc., why would o(ee™ — ¢gGg . . . g) be enough?

The solution to this puzzle lies both in a question of time and energy scales, and in the dynamics
of QCD. When the ¢q pair is produced, the force binding ¢ and § is proportional to as(s) (1/s being
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the ete™ centre-of-mass energy). Therefore it is weak, and ¢ and g behave to good approximation like
free particles. The radiation emitted in the first instants after the pair creation is also perturbative, and
it will stay so until a time after creation of the order of (1 GeV)~!, when radiation with wavelengths
2 (1 GeV)™! starts being emitted. At this scale the coupling constant is large, and non-perturbative
phenomena and hadronization start playing a r6le. However, as we shall show, colour emission during the
perturbative evolution organizes itself in such a way as to form colour-neutral, low-mass, parton clusters
highly localized in phase-space. As a result, the complete colour-neutralization (i.e., the hadronization)
does not involve long-range interactions between partons far away in phase-space. This is very important,
because the forces acting among coloured objects at this time scale would be huge. If the perturbative
evolution were to separate far apart colour-singlet ¢q pairs, the final-state interactions taking place during
the hadronization phase would totally upset the structure of the final state.

In this picture, the identification of the perturbative cross-section o(ete™ — ¢g) with observable,
high-multiplicity hadronic final states is realised by jets, namely collimated streams of hadrons that are
the final result of the perturbative and non-perturbative evolution of each quark. The large multiplicity

Fig. 14: Experimental pictures of 2- and 3-jet final states from e™e™ collisions

of the final states, shown in fig. 12, corresponds to the many particles that emerge from the collinear
emissions of many gluons from each quark. The dynamics of these emissions leads these particles to
grossly follow the direction of the primary quark, and the emergent bundle, the jet, inherits the kinematics
of the initial quark. This is shown in the left image of fig. 14. Three-jet events, shown in the right image
of the figure, arise from the O(«) corrections to the tree-level process, namely to diagrams such as those
shown in fig. 15.
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Fig. 15: O(a) corrections to the tree-level ete™ — ¢ process

An important additional result of this ‘pre-confining’ evolution, is that the memory of where the
local colour-neutral clusters came from is totally lost. So we expect the properties of hadronization to be
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universal: a model that describes hadronization at a given energy will work equally well at some other
energy. Furthermore, so much time has passed since the original ¢q creation that the hadronization phase
cannot significantly affect the total hadron production rate. Perturbative corrections due to the emission
of the first hard partons should be calculable in PT, providing a finite, meaningful cross-section.

The nature of non-perturbative corrections to this picture can be explored. One can prove, for ex-
ample, that the leading correction to the total rate R+ is of order F'/s?, where F oc (0]as Fi%, F*%|0)
is the so-called gluon condensate. Since /' ~ O(1 GeV*), these NP corrections are usually very small.
For example, they are of O(10~%) at the Z° peak. Corrections scaling like A%/s or A/+/s can neverthe-
less appear in other less inclusive quantities, such as event shapes or fragmentation functions.

We now come back to the perturbative evolution, and shall devote the first part of this lecture to
justifying the picture given above.

3.1 Soft gluon emission

Emission of soft gluons plays a fundamental r6le in the evolution of the final state [7, 13]. Soft glu-
ons are emitted with large probability, since the emission spectrum behaves like dE/FE, typical of
bremsstrahlung as familiar in QED. They provide the seed for the bulk of the final-state multiplicity
of hadrons. The study of soft-gluon emission is simplified by the simplicity of their couplings. Being
soft (i.e., long wavelength) they are insensitive to the details of the very-short-distance dynamics: they
cannot distinguish features of the interactions which take place on time scales shorter than their wave-
length. They are also insensitive to the spin of the partons: the only feature they are sensitive to is the
colour charge. To prove this let us consider soft-gluon emission in the ¢ decay of an off-shell photon:

D] P
k, a

000 K @
ps i ps i

At = )e(R)(ig) 5 T 0F) Xy + T T 2
r

- ng, - Up)e(k) (p+ )T v(p) — 2ﬁ?ka(p) B (4 B)elk) u(p)| AL

(32)

(ig)e(k) v(p) Afj

I used the generic symbol I',, to describe the interaction vertex with the photon to stress the fact that the
following manipulations are independent of the specific form of I',. In particular, I';, can represent an
arbitrarily complicated vertex form factor. Neglecting the factors of / in the numerators (since k < p, p,
by definition of soft) and using the Dirac equations, we get:

p-€ pe

Asoft = 9/\% <p/<: - pk) ABorn . (33)
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We then conclude that soft-gluon emission factorizes into the product of an emission factor, times the
Born-level amplitude. From this exercise, one can extract general Feynman rules for soft-gluon emission:

a u

p’$i Pl — gy 2pt (34)

Exercise: Derive the g — gg soft-emission rules:

a u

C’J&Qﬁi,uv b, p

Example: Consider the ‘decay’ of a virtual gluon into a quark pair. One more diagram should be added
to those considered in the case of the electroweak decay. The fact that the quark pair is no longer in a
colour-singlet state makes things a bit more interesting:

K & /P P p ]
5 RQQ
k, a
k, a
P 1 joh 1 P 1 (36)

= igf*e 2p" g"" . (35)

Qe pe b pe Qe
_ DY A PO I A o DD 2 PPN [ Al 37
The two factors correspond to the two possible ways colour can flow in this process:
i b 1
aa5§§<<<i;: + a>*J42i/%//
BN ] (38)

The basis for this representation of the colour flow is the following diagram which makes explicit the
relation between the colours of the quark, antiquark, and gluon entering a QCD vertex:

(39
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We can therefore represent the gluon as a double line, one line carrying the colour inherited from the
quark, the other carrying the anticolour inherited from the antiquark. In the first diagram in (38) the
antiquark (colour label j) is colour connected to the soft gluon (colour label b), and the quark (colour
label ) is connected to the decaying gluon (colour label a). In the second case, the order is reversed. The
two emission factors correspond to the emission of the soft gluon from the antiquark, and from the quark
line, respectively. When squaring the total amplitude, and summing over initial and final-state colours,
the interference between the two pieces is suppressed by 1/N? relative to the individual squares:

2 _
3N 2 = Ztr (A“A"A”A“) N el C o). (40)
a,b,i,j
. arbra N2 -1 C
> M) INA)]" = D rNAN) = ——— (Cp - 7“‘) = O(N). (41
a,b,i,j a,b N———

As aresult, the emission of a soft gluon can be described, to the leading order in 1/N 2 as the incoherent
sum of the emission from the two colour currents.

3.2 Angular ordering for soft-gluon emission

The results presented above have important consequences for the perturbative evolution of the quarks.
A key property of the soft-gluon emission is the so-called angular ordering. This phenomenon consists
in the continuous reduction of the opening angle at which successive soft gluons are emitted by the
evolving quark. As a result, this radiation is confined within smaller and smaller cones around the quark
direction, and the final state will look like a collimated jet of partons. In addition, the structure of the
colour flow during the jet evolution forces the ¢g pairs which are in a colour-singlet state to be close in
phase-space, thereby achieving the pre-confinement of colour-singlet clusters alluded to at the beginning
of this section.

Let us start first by proving the property of colour ordering. Consider the ¢g pair produced by the
decay of a rapidly moving virtual photon. The amplitude for the emission of a soft gluon was given in
Eq. (33). Squaring, summing over colours, and including the gluon phase-space we get the following
result:

2p p 3k
dog = ZMS‘W‘ 32k02| 0‘2 QZ W )20
2(pp) do kodko
dog —2_ g2 cp (S2) 22 g cosd
P wkyk) T \ar) s O
s 0 1- 07,
= gy 2Cr Ak 10 Sl dcos 6 42)

KO 27 (1 —cosf;)(1 — cosbji)

where 0,5 = 0, — 03, and 4, j, k refer to the ¢, ¢ and gluon directions, respectively. We can write the
following identity:

1 — cos 0;; B
(1 —cos i) (1 —cosbir)
1 cos B, — cos b;; 1 1. )
L L + *[Z — j] = W(z') + W(j) . 43)

2 | (1 — cosb)(1 — cosbjy,) Tz cos O, 2

We would like to interpret the two functions W(;) and W(;) as radiation probabilities from the quark
and antiquark lines. Each of them is in fact only singular in the limit of gluon emission parallel to the
respective quark:

W(i) — finiteif k|| j (cos Ok — 1). @4)

43



M.L. MANGANO

W) — finiteif k| i (cosOy — 1) . 43)

The intepretation as probabilities is however limited by the fact that neither W ;) nor W,y are positive
definite. However, you can easily prove that

dé m if 0, < 9@']'
7[/[/(1,) = 46)

2 .
T 0 otherwise

where the integral is the azimuthal average around the ¢ direction. A similar result holds for I,y

d¢ W if ij; < (91']‘
22V = “47)

2
T 0 otherwise

As aresult, the emission of soft gluons outside the two cones obtained by rotating the antiquark direction
around the quark’s, and vice versa, averages to 0. Inside the two cones, one can consider the radiation
from the emitters as being uncorrelated. In other words, the two colour lines defined by the quark and
antiquark currents act as independent emitters, and the quantum coherence (i.e. the effects of interference
between the two graphs contributing to the gluon-emission amplitude) is accounted for by constraining
the emission to take place within those fixed cones.

a *::::-#

G b

Fig. 16: Radiation off ¢q pair produced by an off-shell photon

A simple derivation of angular ordering, which more directly exhibits its physical origin, can be
obtained as follows. Consider Fig. 16(a), which shows a Feynman diagram for the emission of a gluon
from a quark line. The quark momentum is denoted by [ and the gluon momentum by k, 6 is the opening
angle between the quark and antiquark, and « is the angle between the nearest quark and the emitted
gluon. We shall work in the double-log enhanced soft k¥ << [% and collinear @ << 1 region. The
internal quark propagator p = (I + k) is off-shell, setting the time scale for the gluon emission:

lO

1
At =& At —— .
AE ~ (k+1? K0a?

(48)

In order to resolve the quarks, the transverse wavelength of the gluon A} = 1/E| must be smaller than
the separation between the quarks b(t) ~ 6 At, giving the constraint 1/(ak") < 0 At. Using the results
of Eq. 48 for At, we arrive at the angular ordering constraint « < #. Gluon emissions at an angle smaller
than # can resolve the two individual colour quarks and are allowed; emissions at greater angles do not
see the colour charge and are therefore suppressed. In processes involving more partons, the angle 6 is
defined not by the nearest parton, but by the colour connected parton (e.g. the parton that forms a colour
singlet with the emitting parton). Figure 16(b) shows the colour connections for the ¢g event after the
gluon is emitted. Colour lines begin on quarks and end on antiquarks. Because gluons are colour octets,
they contain the beginning of one line and the end of another, as we showed in (38).

If one repeats now the exercise for emission of one additional gluon, one will find the same angular
constraint, but this time applied to the colour lines defined by the previously established antenna. As
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shown in the previous subsection, the ¢gg state can be decomposed at the leading order in 1/N into two
independent emitters, one given by the colour line flowing from the gluon to the quark, the other given
by the colour line flowing from the antiquark to the gluon. So the emission of the additional gluon will
be constrained to take place either within the cone formed by the quark and the gluon, or within the cone
formed by the gluon and the antiquark. Either way, the emission angle will be smaller than the angle of
the first gluon emission. This leads to the concept of angular ordering, with successive emission of soft
gluons taking place within cones which get smaller and smaller, as in Fig. 17

Fig. 17: Collimation of soft gluon emission during the jet evolution

The fact that colour always flows directly from the emitting parton to the emitted one, the colli-
mation of the jet, and the softening of the radiation emitted at later stages, ensure that partons forming a
colour-singlet cluster are close in phase-space. As a result, hadronization (the non-perturbative process
that will bind together colour-singlet parton pairs) takes place locally inside the jet and is not a long-
distance phenomenon connecting partons far away in the evolution tree: only pairs of nearby partons
are involved. In particular, there is no direct link between the precise nature of the hard process and
the hadronization. These two phases are totally decoupled and, as in the case of the partonic densities,
one can infer that hadronization factorizes from the hard process and can be described in a universal
(i.e. hard-process independent) fashion. The inclusive properties of jets (e.g. the particle multiplicity, jet
mass, jet broadening) are independent of the hadronization model, up to corrections of order (A/+/s)"
(for some integer power n, which depends on the observable), with A < 1 GeV.

S

P

B
R

Fig. 18: The colour flow diagram for a DIS event

The final picture, in the case of a DIS event, appears therefore as in Fig. 18. After being deflected
by the photon, the struck quark emits the first gluon that takes away the quark colour and passes on its own
anticolour to the escaping quark. This gluon is therefore colour-connected with the last gluon emitted
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before the hard interaction. As the final-state quark continues its evolution, more and more gluons are
emitted, each time leaving their colour behind and transmitting their anticolour to the emerging quark.
Angular ordering forces all these gluons to be close in phase-space, until the evolution is stopped once
the virtuality of the quark becomes of the order of the strong-interaction scale. The colour of the quark
is left behind, and when hadronization takes over it is only the nearby colour-connected gluons which
are transformed, with a phenomenological model, in hadrons. This mechanism for the transfer of colour
across subsequent gluon emissions is similar to what happens when we place a charge near the surface of
a dielectric medium. This will become polarized, and a charge will appear on the medium opposite end.
The appearance of the charge is the result of a sequence of local charge shifts, whereby neighbouring
atoms get polarized, as in Fig. 19.

€ M R R A

Fig. 19: Charge transfer in a dieletric medium, via a sequence of local polarizations

3.3 Hadronization

The application of perturbation theory to the evolution of a jet, with the sequential emission of partons,
governed by QCD splitting probabilities and angular ordering to enforce quantum mechanical quantum
coherence, will stop once the scale of the emissions reaches values in the range of 1 GeV. This is called
the infrared cutoff. The are two reasons why we need to stop the emission of gluons at this scale. To start
with, we cannot control with perturbation theory the domain below this scale, where the strong coupling
constant o becomes very large. Furthermore, we know that the number of physical particles that can
be produced inside a jet must be finite, since the lightest object we can produce is a pion, and energy
conservation sets a limit to how many pions can be created. This is different from what happens in a QED
cascade, where the evolution of an accelerated charge can lead to the emission of an arbitrary number
of photons. This is possible because the photon is massless, and can have arbitrarily small energy. The
gluons of a QCD cascade, on the contrary, must have enough energy to create pions.

When the perturbative evolution of the jet terminates, we are left with some number of gluons. As
shown in the previous subsection, and displayed in fig. 18, these gluons are pairwise colour connected.
As two colour-connected gluons travel away from each other, a constant force pulls them together. Phe-
nomenological models (see Ref. [7] for a more complete review) are then used to describe how this force
determines the evolution of the system from this point on. What I shall describe here is the so-called
cluster model [17], but the main qualitative features are shared by other alternatives, such as the Lund
string approach [18].

Most of the hadrons emerging from the evolution of a jet are known to be made of quarks; glue-
balls, i.e. hadrons made of bound gluons, are expected to exist, but their production is greatly suppressed
compared to that of quark-made particles. For this reason, the first step in the description of hadroniza-
tion is to assume that the force among gluons will rip them apart into a ¢g pair, and that these quarks will
act as seeds for the hadron production. The break-up into quarks is not parametrized using the DGLAP
g — qq splitting function, since we are deaing here with a non-perturbative transition. One typically
employs therefore a pure phase-space ‘decay’ of the gluon into the ¢q pair, introducing as phenomeno-
logical parameters the relative probabilities of selecting the various active flavours (up, down, strange,
etc.). The quark ¢; from one gluon (¢ representing the flavour) then forms a colour-singlet pair with the
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antiquark g; emerging from the break-up of the neighboring gluon. This colour-singlet g;; pair cannot,
however, directly form a hadron, since in general the quarks will still be moving apart, and the invariant
mass of the pair will not coincide with the mass of an existing physical state. As they separate subject to

Primary Light Clusters
0-9 g Skl I T T T T L R I A T T
] — Q =35GeV
0.8 - — Q=912GeV
0.7 - — Q=189GeV 4
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Fig. 20: Invariant mass distribution of clusters of colour-singlet quarks after non-perturbative gluon splitting.
The spectra for final states corresponding to different centre-of-mass energies are normalized to the same area,
displaying the energy independence of the shapes

a constant force, however, their kinetic energy turns into a linearly-rising potential energy. The potential
energy accumulated in the system will be able to convert into a new quark—antiquark pair, gx g once its
value exceeds the relevant mass threshold. We are now left with two colour-singlet pairs, ¢;q and gq;.
One can force the kinematics of the g;,qy, pair to allow for both g;g;, and g;,g; invariant masses to coincide
with some resonance with the proper flavour. The residual energy of the system is then assumed to be
entirely kinetic, and the two resonances fly away free. Once again, one can associate phenomenological
parameters to the probabilities of selecting flavours k of a given type. Since the pair of flavour indices
ik does not specify uniquely a hadron (e.g. a ud system could by a 7+, a pT, as well as many other
objects), the model has a further set of rules and/or parameters to select the precise flavour type. For
example, a phenomenologically successfull description of the 7/ p ratio is obtained by simply assuming
a production rate proportional to the number of spin states (one for the scalar pion, three for the vector
rho) and to a Boltzmann factor exp(—M /T"), where M is the resonance mass and 7 is a universal pa-
rameter, to be fit from data. Furthermore, one can introduce the possibility of converting the potential
energy into a diquark—antidiquark pair, namely (qrqr) (gxqe). The resulting hadrons, ¢;qxq; and ;G Ge
will be a baryon—antibaryon pair.

The measurement of hadron multiplicities from Z° decays is used to tune the few phenomeno-
logical parameters of the model, and these parameters can be used to describe hadronization at different
energies and in different high-energy hadron-production processes. The internal consistency of this as-
sumption is supported by fig. 20, which shows the invariant mass distribution of clusters of colour-singlet
quarks, after the non-perturbative gluon splitting, for e™e™ collisions at different center-of-mass ener-
gies. All curves are normalized to 1, and they all overlap very accurately. This confirms the validity of
the implementation of factorization in the Monte Carlo: higher initial energies provide more room for
the perturbative evolution, leading to more splitting and more emitted radiation; but the structure and
distribution of colour-singlet clusters at the end of evolution is independent of the initial energy, and the
same model of hadronization can be applied.
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Table 1: Average particle multiplicities per eventin e e~ collisions at 91.2 GeV. Experimental data were measured
by the following collaborations at LEP and at SLC: ALEPH(A), DELPHI(D), L3(L), OPAL(O), MARK2(M)
and SLD(S). The theoretical predictions in the last three columns, taken from Ref. [19], correspond to various
implementations of the cluster hadronization model (see Ref. [19] for details). The * indicates a prediction that
differs from the measured value by more than three standard deviations.

Particle Experiment Measured Old Model Herwig++ Fortran
All Charged M,A,D,L,O 20.924 £ 0.117 20.22* 20.814 20.532*
~y A0 21.27 £ 0.6 23.03 22.67 20.74
70 AD,L,O 9.59 £ 0.33 10.27 10.08 9.88
p(770)° AD 1.295 4+ 0.125 1.235 1.316 1.07
7t A0 17.04 £0.25 16.30 16.95 16.74
p(770)* 0) 24+£043 1.99 2.14 2.06

n AL,O 0.956 £ 0.049 0.886 0.893 0.669*
w(782) AL,O 1.083 £ 0.088 0.859 0.916 1.044
7' (958) AL,O 0.152 £ 0.03 0.13 0.136 0.106
K° S,A,D,L,O  2.027 £ 0.025 2.121* 2.062 2.026
K*(892)° A,D,O 0.761 £+ 0.032 0.667 0.681 0.583*
K*(1430)° D,0 0.106 £ 0.06 0.065 0.079 0.072
K* AD,O 2.319 £ 0.079 2.335 2.286 2.250
K*(892)*  AD,O 0.731 £ 0.058 0.637 0.657 0.578
¢(1020) AD,O 0.097 £+ 0.007 0.107 0.114 0.134*
D AD,O 0.991 £+ 0.054 0.981 0.947 1.027
AN D,0 0.088 £ 0.034 0.185 0.092 0.209*
- 0) 0.083 £ 0.011 0.063 0.071 0.071
A AD,L,0 0.373 £ 0.008 0.325* 0.384 0.347*
»0 AD,0 0.074 £ 0.009 0.078 0.091 0.063
DI o 0.099 £+ 0.015 0.067 0.077 0.088
»(1385)* AD,O 0.0471 £ 0.0046 0.057 0.0312* 0.061*
S AD,O 0.0262 + 0.001 0.024 0.0286 0.029
2(1530)° AD,O 0.0058 £ 0.001 0.026* 0.0288* 0.009*
Q- AD,0 0.00125 + 0.00024  0.001 0.00144 0.0009
f2(1270) D,L,0 0.168 £ 0.021 0.113 0.150 0.173
15(1525) D 0.02 £ 0.008 0.003 0.012 0.012
D+ AD,O 0.184 £0.018 0.322* 0.319* 0.283*
D*(2010)* AD,O 0.182 £ 0.009 0.168 0.180 0.151*
DY AD,O 0.473 £ 0.026 0.625* 0.570* 0.501
DF A0 0.129 £ 0.013 0.218* 0.195* 0.127
D+ 0) 0.096 £ 0.046 0.082 0.066 0.043
J/v A,D,L,O 0.00544 + 0.00029  0.006 0.00361*  0.002*
AT D,0 0.077 £0.016 0.006* 0.023* 0.001*
U’(3685) D,L,0 0.00229 + 0.00041 0.001* 0.00178 0.0008*

An example of the quality of the fits to Z%-decay data is given in table 1, which is taken from [19].
There more details are given on the possible variants of cluster hadronization model and on the choice of
parameters used in the fits. Overall, the agreement is excellent!

4 Applications to hadronic collisions

In hadronic collisions all phenomena are QCD related. The dynamics is more complex than in eTe™
or DIS, since both beam and target have a non-trivial partonic structure. As a result, calculations (and
experimental analyses) are more complicated. QCD phenomenology is however much richer, and the
higher energies available in hadronic collisions allow one to probe the structure of the proton and of its
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constituents at the smallest scales attainable in a laboratory, in addition to probing the large scales where
new physics phenomena may appear.

Recent remarkable progress in thoeretical calculations, furthermore, has allowed to achieve next-
to-leading-order (NLO) accuracy for all observables of interest, and a large majority of these can now be
calculated also to next-to-next-to-leading order (NNLO). The overall precision in the theoretical predic-
tions is therefore reaching now the level of accuracy that until recently was only imaginable for eTe™ or
ep collisions.

The key ingredients for the calculation of production rates and distributions in hadronic collisions
are

— the matrix elements for the hard, partonic process (e.g., gg — g9, 99 — bb,q@ — W, ...),
— the hadronic parton densities, discussed in the previous lecture.

Then the production rate for a given final state H is given by a factorization formula similar to the one
used to describe DIS:

do(pp — H + X) = /dwl dry Y fi(21,Q) fi(22.Q) do(ij — H) . (49)
1]
where the parton density f;’s are evaluated at a scale () typical of the hard process under consideration.
For example () ~ Mpy for production of a Drell-Yan pair, () ~ Er for high transverse-energy (£7)
jets, Q2 ~ p2T + mé for high-pr heavy quarks, etc.

In this lecture we shall briefly explore two of the QCD phenomena currently studied in hadronic
collisions: Drell-Yan, and inclusive jet production. More details can be found in Refs. [7, 8].

4.1 QCD aspects of inclusive vector boson production

The main feature of inclusive gauge boson production in hadronic collisions is that the leading-order
(LO) amplitude, describing the elementary process @) -V V=W, 2)is purely EW. The dynam-
ics of strong interactions, at this order, only enters indirectly through the parton distribution functions
(PDFs), which parameterize in a phenomenological way the quark and gluon content of the proton. At the
large momentum scales typical of gauge boson production () ~ My ), higher-order perturbative QCD
corrections to the inclusive production are proportional to as(Q)) and are typically small, in the range of
10-20%. They are known [20,21] today to next-to-next-to-leading order (NNLO), including the descrip-
tion of the differential distributions of the boson and of its decay leptons [22-25], leaving theoretical
uncertainties from higher-order QCD effects at the percent level. These results have been incorporated
in full Monte Carlo calculations including the shower evolution, to give a complete description of the
physical final states [26-28]. Next-to-leading-order (NLO) EW corrections are also known [29-32], and
play an important role both for precision measurements, and in the production rate of dilepton pairs at
large pr or with large mass, above the TeV, where they can be larger than 10%. Finally, progress towards
a complete calculation of the mixed O(as«r) corrections has been recently reported in Ref. [33].

When considering the first and second generation quarks that dominate the production of W and
Z bosons, their weak couplings, including the CKM mixing parameters, are known experimentally with
a precision better than a percent. This exceeds the accuracy of possible measurements in hadronic col-
lisions, indicating that such measurements could not be possibly affected, at this level of precision, by
the presence of new physics phenomena. They therefore provide an excellent ground to probe to percent
precision the effects of higher-order QCD corrections and of PDFs [34]. To be more explicit, consider
the leading-order (LO) cross section given by eq. 49. In the case of W production (a similar result holds
for the Z), the LO partonic cross section is given by:

V2

6(qig; — W) = 7 5 \Vij|> Gp M3, 8(3 — M3,) = Aij M3, 6(5— M3,) (50)
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Here 5§ = w1225 is the partonic centre-of-mass energy squared, and V;; is the element of the Cabibbo—
Kobayashi—-Maskawa (CKM) matrix.

Written in terms of 7 = z;x2 and of the rapidity y = log[(Ew + pf,)/(Ew — piz/v)]l/2 _
log(z1/x2)/?, the differential and total cross sections are given by:
do T A
dW = > 1 filw) fi(za), w12 =Tt (51)
T Ajj Ldx ™ ™ Ajj
e Z M2, T/T - Ji@) fi (;) = Z M—gvTLij(T) (52)
7/7] 7,’]

where the function L;;(7) is usually called partonic luminosity. In the case of ud collisions, 7;\/}42” ~
w

6.5nb. It is interesting to study the partonic luminosity as a function of the hadronic centre-of-mass en-

ergy. This can be done by taking a simple approximation for the parton densities. Using the approximate

behaviour f;(z) ~ 1/2'%9, with § < 1, one easily obtains:

1 1 S \?° S
L(t) = —i7s log (;) and oy (M_gv) log (M_I%V) . (53)

The gauge boson production cross section grows therefore at least logarithmically with the hadronic
centre-of-mass energy.

NNLO W* and W’ cross sections at the LHC (\'s = 7 TeV) NNLO W and Z cross sections at the LHC (\s =7 TeV)
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Fig. 21: W and Z boson cross sections in pp collisions at VS = 7TeV: ATLAS [35] and CMS [36] data, compared
to NNLO predictions for various PDF sets [34].

4.1.1 Rapidity spectrum of W and Z bosons and W charge asymmetries

The features of the momentum distribution of vector bosons along the beam direction (z) are mostly con-
trolled by properties of the parton PDFs. In particular, in the case of W bosons, the differences between
the PDFs of up- and down-type quarks and antiquarks lead to interesting production asymmetries. Since
the measurement of asymmetries is typically very accurate, due to the cancellation of many experimental
and theoretical uncertainties, these play a fundamental role in the precision determination of quark and
antiquark PDFs. Furthermore, the production asymmetries are modulated by the parity violation of the
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vector boson couplings, leading to further handles for the discrimination of quark and antiquark densi-
ties, and inducing a sensitivity to the weak mixing angle sin? 0};%” , which controls the vector and axial

components of Z boson interactions.

For pp collisions, and assuming for simplicity the dominance of u and d quarks, we have:

d?f x fﬁ(m)fg(xg)—kfg(xl)fg(;@) (54
dcg;/ o fH(x1) fF(22) + [ (21) f2(2) (55)

We can then construct the following charge asymmetry (using fg = fg and assuming the dominance of
the quark densities over the antiquark ones, which is valid in the kinematical region of interest for W
production at the Tevatron):

doy 4  doy— p p p
A  _A(—y) = W dy | fi@r) fi(@2) — fi(@1) fulws)
W= A S T e S+ e S O
Setting f,,(z) = fa(x)R(z) we then get:
A(y) ~ ) — ) (57)

R(z1) + R(x2) ’

which gives an explicit relation between asymmetry and the functional dependence of the u(x)/d(x)
ratio. This ratio is close to 1 at small x, where the quark distributions arise mostly from sea quarks,
and it increases at larger =, where the valence contribution dominates. At positive y, where x; > xo,
we therefore expect a positive asymmetry. This is confirmed in the left plot of Fig. 22, showing the
asymmetry measured at the Tevatron by the CDF experiment [38], and compared to the NNLO QCD
prediction [24, 32,39, 40] and an estimate of the PDF uncertainty. When measuring the charged lepton
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Fig. 22: Production [38] (left) and leptonic [41] (right) charge asymmetries of W bosons in pp collisions at the
Tevatron, \/E = 1.96 TeV.

from W decay, the W production asymmetry is however modulated by the W decay asymmetry caused
by parity violation. The squared amplitude for the process f1fs — W — f3fy is proportional to
(p1 - pa)(p2 - p3), where f; 3 are fermions and fs 4 antifermions, of momenta p; 4. In the rest frame
of this process, this is proportional to (1 + cos )2, where 6 is the scattering angle between final- and
initial-state fermions. The momentum of the final-state fermion, therefore, points preferentially in the
direction of the initial-state fermion’s momentum, cos § — 1. For du — W~ — £~ v the charged lepton
(a fermion) is more likely to move in the direction of the d quark, while for ud — W+ — (v the
charged lepton (an antifermion) is more likely to move backward. The rapidity distribution of charged
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leptons is therefore subject to a tension between the W production asymmetry, which at positive rapidity
favours W™ over W™, and the decay asymmetry, which at positive rapidity favours £~ over £*. The
net result is a distribution that changes sign, becoming negative at large lepton rapidity. This is seen
explicitly in the right plot of Fig. 22, from the DO experiment [41], which also shows the great sensitivity
of this quantity to different PDF parameterizations, and the potential to improve their determination.

In pp collisions, assuming again the dominance of the first generation of quarks and f7(z) >
fg (x) (¢ = u, d) at large z, the W charge asymmetry takes the form:*

R(ﬂjmax) - r(xmzn)
R(ajmax) + T(l‘mzn)

A(y) = A(—y) ~ : (58)

where @,q0(min) = max(min)(z1,x2) and fi(z) = r(z)f}(x). The extended rapidity coverage of-

19.7 b ee and (8 TeV
R RRANERSEEEEa ARy e

L o I LA e e
T T T T T T T T

> N —
g 0.3 \s=7TeV ATLAS+CMS+LHCb| S cms . o E
E r Preliminary] = : 8 FEWZ, NNLO CT10 |
> 0.2F 3 8 eremenncey %7 FEWZ, NNLO NNPDF2.1
$ E 400~ 3
g) ° 1? ] 300 @m”mm”w"‘*_ ]
% C ] : -.“.*
g o ] 200 - =
a [ o« ATLAS (extrapolated data, W — Iv) 35 pb* ] N .
S 04 & oMsW-uv)36pb! = 100 -~
C m  LHCb (W— puv) 36 pb” b 7 L .‘.\.‘-'\-‘.-‘%
-0.2F MSTWO8 prediction (MC@NLO, 90% C.L.) ] > 0 -
[ EEEE CTEQS6 prediction (MC@NLO, 90% C.L.) ] H V2 - E
o B8 remomanmucanosonony T 3 Fureresereeseser ey
OI 0.5 1 1.5 I 2I 25 I 3 I 3.5 4 0 02 04 06 08 1 12 1.4 16 1.8 2 22

2.4
Absolute dilepton rapidity |y|

Fig. 23: Left: leptonic charge asymmetries in W production at the LHC (/S = 7 TeV), extracted from the
measurements of the ATLAS [42], CMS [43] and LHCb [37] experiments. Right: Z boson rapidity spectrum from
CMS [44], compared with NNLO predictions [32].

fered by the combination of the ATLAS, CMS and LHCb detectors at the LHC, allows to fully exploit
the potential of asymmetry measurements as a probe of the proton structure. This is highlighted in the
left plot of Fig. 23, which summarizes the LHC experimental results for the lepton charge asymmetry,
obtained at v/S = 7 TeV, compared to the theoretical predictions based on several sets of PDFs. In
particular, notice the large spread of predictions in the largest rapidity regions, spread to be reduced once
these data are included as new constraints in global PDF fits (see for example Refs. [45-48]). The PDF
sensitivity can be further enhanced by considering the W asymmetry at large rapidity in events produced
in association with a high-pr jet, as discussed in Ref. [49].

4.2 Jet production

Jet production is the hard process with the largest rate in hadronic collisions. For example, the cross-
section for producing jets of transverse energy Er 2 100 GeV in pp collisions at the LHC (v/Shaq =
14 TeV) is of the order of a ub. This means ~ 10* events/s at the luminosities available at the LHC.
The data collected during the 8 TeV LHC run extend all the way up to Fr 2 2 TeV, and they will reach

It goes without saying that in actual analyses the contributions of all quark and antiquark flavours are taken into account.
At the LHC, in particular, the contribution of strange and charm quarks is significant for the W* production rate, at the level
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~ 4 — 5 TeV by the end of its operations. These events are generated by collisions among partons that
carry over 60% of the available pp energy, and allow one to probe the shortest distances ever reached.
The leading mechanisms for jet production are shown in fig. 24.

b, S
P

Fig. 24: Representative diagrams for the production of jet pairs in hadronic collisions

The 2-jet inclusive cross-section can be obtained from the formula

do;;
do = dry drs £ (@, ) f;Hz)(@, 1) #:H d®s (59)
ijkl

that has to be expressed in terms of the rapidity and transverse momentum of the quarks (or jets), in order
to make contact with physical reality. The two-particle phase space is given by

&k ,
d®s 5 2m6((p1 +p2 —k)7), (60)

~ 2K0(27)

and, in the centre-of-mass of the colliding partons, we get

1
ddy = ——— d%kp dy 26(5 — 4(K°)? 1

where k7 is the transverse momentum of the final-state partons. Here y is the rapidity of the produced
parton in the parton centre-of-mass frame. It is given by

Y1 — Y2
y:

5 (62)

where y; and y are the rapidities of the produced partons in the laboratory frame (in fact, in any frame).
One also introduces

+ 1 x S
y0:y12y2:§logx—;, T:Shd:xlxg. (63)
‘We have
dxy dxg = dyo dT . (64)
We obtain
L) (Hz) d6ijk1 1 2
do = d . . 2dy d°k 65
o %;l vog — [ @, ) £ (w2, 1) 10, 2(am 2k (65)
which can also be written as
do 1 (Hy) (Ha) d0ij—k+1
- ! \ — 66
I Py~ Spog 202 2T 0 S ) g (©0

ijkl
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The variables x1, x2 can be obtained from y;, y2 and k7 from the equations

+
Yo = n . Y2 (67)
y = Y1 ; Y2 (68)
2k
rp = (69)
VShad
1 = xzre¥ coshy (70)
9 = xzpe Y coshy . (71)

For the partonic variables, we need § and the scattering angle in the parton centre-of-mass frame 6, since

A~ ~

tz—%(l—cos@), u:—g(l—l—cosﬁ). (72)
Neglecting the parton masses, you can show that the rapidity can also be written as:
0
y=—logtang =17, (73)

with 7 usually being referred to as pseudorapidity.
The leading-order Born cross-sections for parton—parton scattering are reported in Table 2.

Table 2: Cross-sections for light parton scattering. The notation is p; po — k1, 3 = (p1 + p2)%, t = (p1 — k)2,
U = (p1 — Z)Q

Process dcg2

qq — qq L4 Az%l;l?

i dd B

qq — 99 %% [%PELM 7252;_;12}
99 = 41 L (a2 se]
g9q — gq 2% {_%§2§2@2 +ﬁ2§g§2}
99 = 99 %%%(3—%‘_%_%)

It is interesting to note that a good approximation to the exact results can easily be obtained
by using the soft-gluon techniques introduced in the third lecture. Based on the fact that even at 90°
min(|t], |u|) does not exceed s/2, and that therefore everything else being equal a propagator in the ¢ or
u channel contributes to the square of an amplitude 4 times more than a propagator in the s channel, it is
reasonable to assume that the amplitudes are dominated by the diagrams with a gluon exchanged in the
t (or u) channel. It is easy to calculate the amplitudes in this limit using the soft-gluon approximation.
For example, the amplitude for the exchange of a soft gluon among a q¢’ pair is given by:

@ dp-p 2

1 s
(A%;) (M) 2pp n 2p, = A A P 7)\% ki - (74)

54



QCD AND THE PHYSICS OF HADRONIC COLLISIONS

The p,, and pL factors represent the coupling of the exchanged gluon to the g and ¢’ quark lines, respec-
tively (see Eq. (34). Squaring, and summing and averaging over spins and colours, gives

1 N2 -1\ 4s2 8 52
Z 2
‘qu/| = 7N2 <4 > 72 *9 o (75)

colours,spin

Since for this process the diagram with a ¢-channel gluon exchange is symmetric for s <+ u exchange,
and since u — —s in the ¢ — 0 limit, the above result can be rewritten in an explicitly (s, u) symmetric
way as

4 s? 4+ u?

9 2
which indeed exactly agrees with the result of the exact calculation, as given in Table 2. The corrections
which appear from s or u gluon exchange when the quark flavours are the same or when we study a qg
process are small, as can be seen by comparing the above result to the expressions in the table.

(76)

As another example we consider the case of gqg — qg scattering. The amplitude will be exactly
the same as in the q¢' — qq’ case, up to the different colour factors. A simple calculation then gives:

Z ’ng|2_ Z| q|2 s+u

colours,spin

The exact result is
u?+ 5% 4u?s?
2 9 us
which even at 90°, the point where the {-channel exchange approximation is worse, only differs from
this latter by no more than 25%.

77

As a final example we consider the case of gg — gg scattering, which in our approximation gives:

— 9 52
2 _
D Mg =3 55 (78)

By u < ¢ symmetry we should expect the simple improvement:

— 9 (s &2
2
D Myl ~ 5 (tz + uQ) . 79

This only differs by 20% from the exact result at 90°.

Notice that at small ¢ the following relation holds:

9 4
Ogg:0qg:0qq = (4) 21 <9> . (80)

The 9/4 factors are simply the ratios of the colour factors for the coupling to gluons of a gluon (C4)
and of a quark (T), after including the respective colour-average factors (1/(IN? — 1) for the gluon, and
1/N for the quark. Using Eq. (80), we can then write:

dohear = /dml dxs Z fi(x1) fi(x2) déij

1,J
= /dacl dxo F(x1) F(x2) dogge(gg — jets) (81)
where the object
F(z) = fo(2) + 5 Z 6 (x) + g ()] (82)
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Fig. 25: Relative contribution to the jet- E'p rates from the different production channels, in pp collisions at 8 and
14 TeV.

is usually called the effective structure function. This result indicates that the measurement of the in-
clusive jet cross-section does not allow in principle to disentangle the independent contribution of the
various partonic components of the proton, unless of course one is considering a kinematical region
where the production is dominated by a single process. The relative contributions of the different chan-
nels, calculated using current fits of parton densities, are shown for different center of mass energies at
the LHC in fig. 25.

4.3 Jet E7 spectra: comparison of theory and experimental data

Predictions for jet production at colliders are available today at the next-to-leading order in QCD (see
the review in Ref. [8]). One of the preferred observables is the inclusive E7 spectrum. An accurate

150 -

125

% Difference

100

5

UAn § d’ol(dEdn) dn  (nb/GeV)

50

5 |

2 [

e CDF  -wweem CTEQ 2M
— MRSA| .. CTEQ 2ML
B0 [-, === MRSG s GRV-94
Z
5 b %/ ////////////////////////////////////////// //
/ Sum of correlated systematic uncertainties
[ 4 4
00 Lo Lo U e b L L L L
0 50 100 150 200 250 300 350 400 450
Jet Transver se Energy (GeV)

Fig. 26: Comparison of the data vs theory in an early measurement of the jet cross-section at the Tevatron, by the
CDF experiment [51]

comparison of data and theory, should it exhibit discrepancies at the largest values of E7, could pro-
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vide evidence for new phenomena, such as the existence of a quark substructure. For years it has been
known [50] that an underlying quark compositeness would increase the rate of the highest- Er jets. The
real question, therefore, is how do we convince ourselves that the prediction is, indeed, accurate. This
question became particularly relevant in 1995, when CDF measured a jet cross-section that appeared to
deviate from theory in precisely the way predicted by an underlying quark compositeness (see fig. 26).
How do we know that this is not due to poorly known quark or gluon densities at large x? In principle
one could incorporate the CDF jet data into a global fit to the partonic PDFs, and verify whether it is
possible to modify them so as to maintain agreement with the other data, and at the same time to also
fit satisfactorily the jet data themselves. On the other hand, doing this would prevent us from using the
jet spectrum as a probe of new physics. In other words, we might be hiding away a possible signal
of new physics by ascribing it to the PDFs. Is it possible to have a complementary determination of
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Fig. 27: Inclusive Er spectra for jets in different rapidity regions, as measured at the run 1 of the Tevatron by the
DO Collaboration [52].

the PDF at high-z, that could constrain the possible PDF systematics of the jet cross-section and at the
same time leave the high- E'r tail as an independent and usable observable? This is indeed possible, by
fully exploiting the kinematics of dijet production and the wide rapidity coverage of the collider detec-
tors. One could in fact consider final states where the dijet system is highly boosted in the forward or
backward region. For example, one could consider cases where x1 — 1 and 2 < 1. In this case,
the invariant mass of the dijet system would be small (since M ]-2]- = z1295 < 5), and we know from
lower-energy measurements that at this scale jets must behave like pointlike particles, following exactly
the QCD-predicted rate. These final states are characterized by having jets at large positive rapidity. One
can therefore perform a measurement with forward jets, and use these data to fit the z; — 1 behaviour of
the quark and gluon PDFs without the risk of washing away possible new-physics effects. At that point,
the large-z PDFs thus constrained can be safely applied to the kinematical configurations where both x;
and x4 are large, namely the highest- E' final states, and, if any residual discrepancy between data and
theory is observed, infer the possible presence of new physics.

In the case of the Tevatron data, the study of the forward-jet configurations was performed by
DO [52]. Figure 27, from their work, shows the comparison between data and theory for different jet-
rapidity intervals. Two different PDF sets are used, CTEQ4M, and CTEQ4HJ [53], the latter having
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Fig. 28: Inclusive Ep spectra for central jets, as measured by the CDF experiment at the Tevatron [54], compared
to NLO QCD calculations
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Fig. 29: Comparison of run 2 inclusive jets cross-sections at DO [55] with QCD calculations. The dashed lines
represent the systematics band due to PDF uncertainties

been tuned to describe the CDF high-Ep jet tail. Notice the good overall agreement of this prediction
for the whole set of rapidities. After this tuning, the residual discrepancy between the CDF high- Er data
and QCD is within the theoretical and experimental systematic uncertainties, confirming that jets behave
as expected in the Standard Model. This conclusion has been strengthened by the analysis of the run 2
data [54,55], at V'S = 1.96 TeV, as shown in Figs. 28 and 29.

4.4 Jets at the LHC

The huge statistics and energy lever arm available at the LHC is pushing even further the precision
and the sensitivity of jet data. This progress is proceeding hand in hand with the improved theoretical
calculations, which have now reached the level of NNLO precision [56].

The experimental systematics, shown in Fig. 30 for the recent final analysis of the ATLAS 8 TeV
data [57], are today reduced to less than 10% for the whole range of jet transverse energies up to ~ 2 TeV,
and are dominated by the knowledge of the absolute jet energy scale. The higher statistics available in
run 2 of the LHC, and beyond, will allow a further reduction of this systematics, using several experimen-
tal handles such as the energy balancing between prompt photons and jets. The theoretical uncertainties
include several components. Those of purely perturbative nature are shown in the right plot of Fig. 30,
and include the scale, as and PDF uncertainties. The latter dominate at the largest E'r values and, once
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Fig. 30: Experimental (left) and theoretical NLO (right) systematics in the measurement and prediction of the
inclusive jet cross section at VS =8TeV [57].

again, will likely be reduced with future PDF studies at higher luminosity, along the lines discussed in
the previous section in the context of the Tevatron studies.
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Fig. 31: Hadronization systematics (left) and EW NLO (right) corrections in the theoretical prediction of the
inclusive jet cross section at VS =8TeV [57].

Further theoretical systematics are related to the non-perturbative corrections needed to translate
the jet energy, defined at the perturbative level by the partons, to the actual energy after partons shower
and evolve into hadrons. These effects, shown in the left plot of Fig. 31, are enhanced at the lowest
energies, and quickly vanish in the interesting multi-TeV domain. At the highest energies, finally, elec-
troweak (EW) corrections become important, and must be included in the calculations. Their size can
reach the 10% value above the TeV, as shown in the right plot of Fig. 31.

A comparison of data and the NLO theory (corrected for hadronization effects) is shown for the
ATLAS measurement [57] in the left plot of Fig. 32. The data extend to Er above 2 TeV, covering 10
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Fig. 32: ATLAS jet cross section data at VS = 8 TeV [57], compared to theoretical calculations (left). Ratio of
data and theory for the 8 TeV measurement by CMS [58].

orders of magnitude in rate. The level of agreement is highlighted in the right plot, using the CMS results
of the 8 TeV data sample [58]. The agreement is well within the +10% overall systematics.
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Abstract

An overview of flavour physics and CP-violating phenomena is presented. The
Standard Model quark-mixing mechanism is discussed in detail and its many
successful experimental tests are summarized. Flavour-changing transitions
put very stringent constraints on new-physics scenarios beyond the Standard
Model framework. Special attention is given to the empirical evidences of CP
violation and their important role in our understanding of flavour dynamics.
The current status of the so-called flavour anomalies is also reviewed.

Keywords
Flavour physics; quark mixing; CP violation; electroweak interactions.

1 Fermion families

We have learnt experimentally that there are six different quark flavours v, d, s, ¢, b, t, three different
charged leptons e, i, 7 and their corresponding neutrinos v, , v, , v, . We can include all these particles
into the SU(3)c ® SU(2);, ® U(1)y Standard Model (SM) framework [1-3], by organizing them into
three families of quarks and leptons:
v, t
T 1
|: T b/ :| I ( )

Ve u
e d |’

where (each quark appears in three different colours)

v, U V; u; — /
i ,/L = i ) } ) ezR ) ui 9 dzR 9 (2)
[@' dz‘] (ﬁi )L (dz‘>L f

plus the corresponding antiparticles. Thus, the left-handed fields are SU(2), doublets, while their right-
handed partners transform as SU(2);, singlets. The three fermionic families appear to have identical
properties (gauge interactions); they differ only by their mass and their flavour quantum numbers.

The fermionic couplings of the photon and the Z boson are flavour conserving, i.e., the neutral
gauge bosons couple to a fermion and its corresponding antifermion. In contrast, the W bosons couple
any up-type quark with all down-type quarks because the weak doublet partner of u; turns out to be a
quantum superposition of down-type mass eigenstates: d; = > ; Vij d;. This flavour mixing generates a
rich variety of observable phenomena, including CP-violation effects, which can be described in a very
successful way within the SM [4, 5].

In spite of its enormous phenomenological success, The SM does not provide any real understand-
ing of flavour. We do not know yet why fermions are replicated in three (and only three) nearly identical
copies. Why the pattern of masses and mixings is what it is? Are the masses the only difference among
the three families? What is the origin of the SM flavour structure? Which dynamics is responsible for
the observed CP violation? The fermionic flavour is the main source of arbitrary free parameters in the
SM: 9 fermion masses, 3 mixing angles and 1 complex phase, for massless neutrinos. 7 (9) additional
parameters arise with non-zero Dirac (Majorana) neutrino masses: 3 masses, 3 mixing angles and 1 (3)
phases. The problem of fermion mass generation is deeply related with the mechanism responsible for
the electroweak Spontaneous Symmetry Breaking (SSB). Thus, the origin of these parameters lies in the
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Fig. 1: Flavour-changing transitions through the charged-current couplings of the W bosons.

most obscure part of the SM Lagrangian: the scalar sector. Clearly, the dynamics of flavour appears to
be “terra incognita” which deserves a careful investigation.

The following sections contain a short overview of the quark flavour sector and its present phe-
nomenological status. The most relevant experimental tests are briefly described. A more pedagogic
introduction to the SM can be found in Ref. [4].

2 Flavour structure of the Standard Model

In the SM flavour-changing transitions occur only in the charged-current sector (Fig. 1):

Loc = —25;\/5 WJ Z ;v (1 =) Vi d; + Z 7V (1—v5)l | +he.p. (3
i ¢

The so-called Cabibbo—Kobayashi-Maskawa (CKM) matrix V [6, 7] is generated by the same Yukawa
couplings giving rise to the quark masses. Before SSB, there is no mixing among the different quarks,
i.e., V = I. In order to understand the origin of the matrix V , let us consider the general case of Ny
generations of fermions, and denote V;-, 69, u;-, d;- the members of the weak family 5 (j = 1,..., Ng),
with definite transformation properties under the gauge group. Owing to the fermion replication, a large
variety of fermion-scalar couplings are allowed by the gauge symmetry. The most general Yukawa

Lagrangian has the form

_ (+) . (0)*
Ly = - Z {(U;‘ad;')L [C%) < 2(0) ) dyr + Cg-k) < _¢¢(—) > UZR]
ik
—1 g 0) ¢(+) /
+ (V]"EJ')L Cik (b(O) lyr ¢ + he, 4

9

where ¢T(m) = <¢(+), ¢(O)) is the SM scalar doublet and c§d), c(.lk‘;) and ¢! ,, are arbitrary coupling

J J
constants. The second term involves the C-conjugate scalar field ¢°(z) = i oy ¢" ().
In the unitary gauge qu(x) = % (0,v+ H), where v is the electroweak vacuum expectation

value and H (z) the Higgs field. The Yukawa Lagrangian can then be written as
H\ .- _
Ly — _<1+v> (A, M, d)y + ) Muly + 7M€y + he). 5)

Here, d’, u’ and £’ denote vectors in the Ng-dimensional flavour space, with components d;-, u; and E;-,
respectively, and the corresponding mass matrices are given by
Iy d) Y o= )Y o= (Y
(My)i; = ¢ ok (M,)i; = ¢ ok (My)i; = ¢ N (6)
The diagonalization of these mass matrices determines the mass eigenstates d;, u; and £;, which are
linear combinations of the corresponding weak eigenstates d;-, u; and E;-, respectively.
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«/Z\/\-< S 5 W g 5 W S
Jr
d d M d d
Fig. 2: Tree-level FCNC couplings (green solid vertices) are absent in the SM. Therefore, very suppressed (exper-
imentally) transitions such as K o p T or K O_K° mixing cannot occur through tree-level exchange.

The matrix M, can be decomposed as’' M,=H,U, = Szl M;S,;U,, where H; = \/M;M;T
is an Hermitian positive-definite matrix, while U, is unitary. H, can be diagonalized by a unitary
matrix S;; the resulting matrix M is diagonal, Hermitian and positive definite. Similarly, one has
M, =H,U, = SL M,S,U, and My, = H, U, = S}? M, S, U,. In terms of the diagonal mass
matrices

My = diag(mdamsvmbw")v M, = diag(muammmtv-“)a MZ :diag(meamp7mra'--))

(7
the Yukawa Lagrangian takes the simpler form
H _ - _
Ey:<1+v) {dedJru/\/lourfMM}, (®)
where the mass eigenstates are defined by
d, = S,dj, u, = S,up, £, =S4y,
d; = S,U,d%, up = S, U, uf, Ly = S, U, th. )

Note, that the Higgs couplings are proportional to the corresponding fermions masses.

Since, 7 f; = f,f;, and frf = frfr (f = d,u,0), the form of the neutral-current part
of the SU(3)c ® SU(2);, ® U(1)y Lagrangian does not change when expressed in terms of mass
eigenstates. Therefore, there are no flavour-changing neutral currents (FCNCs) in the SM (Fig. 2).
This is a consequence of treating all equal-charge fermions on the same footing (GIM mechanism
[8]), and guarantees that weak transitions such as Bgd - M, KV o ;ﬁ,uf or K'-K° mix-
ing, which are known experimentally to be very suppressed, cannot happen at tree level. However,
u;d; =u.8S, SL d; =u,Vd;. Ingeneral, S, # S,; thus, if one writes the weak eigenstates in
terms of mass eigenstates, a Ng X N unitary mixing matrix V appears in the quark charged-current
sector as indicated in Eq. (3).

If neutrinos are assumed to be massless, we can always redefine the neutrino flavours, in such
a way as to eliminate the mixing in the lepton sector: 7 £7 = T’y Sz £; = vy €;. Thus, we have
lepton-flavour conservation in the minimal SM without right-handed neutrinos. If sterile vy fields are
included in the model, one has an additional Yukawa term in Eq. (4), giving rise to a neutrino mass matrix
(Mf,)zj = cg) v/+/2. Thus, the model can accommodate non-zero neutrino masses and lepton-flavour
violation through a lepton mixing matrix V;, analogous to the one present in the quark sector. Note,
however, that the total lepton number L = L, + L, + L. is still conserved. We know experimentally
that neutrino masses are tiny and, as shown in Table 1, there are strong bounds on lepton-flavour violating
decays. However, we do have a clear evidence of neutrino oscillation phenomena [9]. Moreover, since
right-handed neutrinos are singlets under SU (3) ® SU(2);, @ U(1)y, the SM gauge symmetry group
allows for a right-handed Majorana neutrino mass term, violating lepton number by two units. Non-zero
neutrino masses clearly imply interesting new phenomena [4].

" The condition det M} # 0 (f = d,u, ) guarantees that the decomposition M'f = H;Uy; is unique: U; = H;lM}
The matrices S are completely determined (up to phases) only if all diagonal elements of M ; are different. If there is some
degeneracy, the arbitrariness of S reflects the freedom to define the physical fields. When det M;c = 0, the matrices U and
S are not uniquely determined, unless their unitarity is explicitly imposed.
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Table 1: Best published limits on lepton-flavour-violating transitions [9].

Br(p~ — X ) - 10" (90% CL)

ey 0.42 e 2y 72 e e et 10

Br(r~ — X )-10° (90% CL)

e v 3.3 e ete” 2.7 e uwp 2.7 e e W 1.5
0oy 4.4 poete” 1.8 woptp o 2.1 popTet 1T
e m’ 8.0 T 11 e ¢ 3.1 ) 8.4
en 9.2 e n 16 efpo 1.8 e w 4.8
©wn 6.5 o 13 wp° 1.2 0w 4.7
e Kg 2.6 e K 3.2 e K* 34 e KTr™ 31
pn Kg 2.3 o K0 5.9 K 7.0 p Ktr 45
e KgKg 7.1 e KTK~ 3.4 e ntnr 23 e ntK™ 37
p KgKg 8.0 M7K+K7 4.4 ,u777+71'7 2.1 ,LL77T+K7 8.6
e fo(980) = e mta 3.2 1 fo(980) = p 3.4
Br(z — X") - 10° (95% CL)

e ut 0.75 etr 9.8 T 12

Br(Bfy — X") - 10° (95% CL)

B’ - ei/fF 0.28 Bg — ei/fF 1.1

Br(y~ +N—e +N)-10" (90% CL)

Ti 0.43 Pb 4.6 S 7

The fermion masses and the quark mixing matrix V are all determined by the Yukawa couplings in
()
ij

A general N; X N unitary matrix is characterized by N¢ real parameters: Ng(Ng — 1)/2 moduli
and Ng(Ng + 1)/2 phases. In the case of V, many of these parameters are irrelevant because we can
always choose arbitrary quark phases. Under the phase redefinitions wu; — e u; and d; — e’ d;,
(0;—9:)

Eq. (4). However, the coefficients c;:’ are unknown; therefore, we have a bunch of arbitrary parameters.

the mixing matrix changes as V;; — V; el ; thus, 2N — 1 phases are unobservable. The number

of physical free parameters in the quark-mixing matrix then gets reduced to (N — 1)* Ng(Ng —1)/2
moduli and (Ng — 1)(Ng — 2)/2 phases.

In the simpler case of two generations, V is determined by a single parameter. One then recovers
the Cabibbo rotation matrix [6]

V - ( cosf-  sinfg ) ' (10)

—sinfs cosfc

With N; = 3, the CKM matrix is described by three angles and one phase. Different (but equivalent)
representations can be found in the literature. The Particle data Group [9] advocates the use of the
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following one as the ‘standard’ CKM parametrization:

C12C13 512 €13 S13¢€
_ 013 613
V = —S812C23 — C12 523 513 € C12 Co3 — 512 523 513 € $23 C13 . a1
013 013
812 823 — €12 €23 513 € —C12 523 — 512 €23 513 € C23 C13

Here c¢;; = cosf;; and s;; = sin6;;, with 7 and j being generation labels (i, j = 1,2,3). The real
angles 6,5, 653 and ;5 can all be made to lie in the first quadrant, by an appropriate redefinition of quark
field phases; then, ¢;; > 0, s;; > 0 and 0 < ;3 < 27. Notice that d;3 is the only complex phase in
the SM Lagrangian. Therefore, it is the only possible source of CP-violation phenomena. In fact, it was
for this reason that the third generation was assumed to exist [7], before the discovery of the b and the 7.
With two generations, the SM could not explain the observed CP violation in the K system.

3 Lepton decays

Fig. 3: Tree-level Feynman diagrams for 4~ — e v, v, and 7 = v, X (X =e v, pu V,, du, su).

The simplest flavour-changing process is the leptonic decay of the muon, which proceeds through
the W-exchange diagram shown in Fig. 3. The momentum transfer carried by the intermediate W is very

small compared to My,;,. Therefore, the vector-boson propagator reduces to a contact interaction,

2
—Guv + qqu/MW q2ﬂ>4‘3v [y

. (12)
' — My, My
The decay can then be described through an effective local four-fermion Hamiltonian,
Mo = L (071~ v)2.] [Fuvall — 5)0] (13)
V2
where )
G 1
B 9 (14)
V2 8Mp, 2w
is called the Fermi coupling constant. G is fixed by the total decay width,
1 - —_ G%’m5 2, 2
— = Tlu" = e 7, ()] =~ (L+0xc) £ (m2/my.) . (1)
T 1927
where f(z) = 1—8z+8z° —2* — 1227 Inz, and dpc ~ (2 7%) takes into account higher-order

QED corrections, which are known to O(aZ) [10-12]. The tiny neutrino masses can be safely neglected.
The measured lifetime [13], 7, = (2.196 9811 £ 0.000 002 2) - 107 Cs, implies the value

1

Gp = (1.166 3787 £ 0.0000006) - 10> GeV > &~ ————— .
(293 GeV)

(16)
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Table 2: Experimental determinations of the ratios g,/g, [17].

FT—);},/FT—)E Fﬂ—)u/rw—w FK—);;/FK—W FK—>T{'/J,/FK—>7T€ PW—)u/PW—m
\gu/ge| 1.0018 (14) 1.0021 (16) 0.9978 (20) 1.0010 (25) 0.996 (10)

FT—)G/FM—NE FT—>7r/F7r—>u FT—>K/FK—>;L FW—>T/FW—>;L
19-/9,] 1.0011 (15)  0.9962 (27)  0.9858 (70) 1.034 (13)

FT—W/F;L—HB I‘W—>-r/FW—>e
197/ 9| 1.0030 (15)  1.031 (13)

The decays of the 7 lepton proceed through the same W -exchange mechanism. The only differ-
ence is that several final states are kinematically allowed: 7 — v.e Vo, 7 — vpp vy, T — vodu
and 7~ — v.su. Owing to the universality of the W couplings in L, all these decay modes have
equal amplitudes (if final fermion masses and QCD interactions are neglected), except for an additional
NC|Vm»|2 factor (¢ = d, s) in the semileptonic channels, where N~ = 3 is the number of quark colours.
Making trivial kinematical changes in Eq. (15), one easily gets the lowest-order prediction for the total

7 decay width:

1 . - m., > 2 2 . 5 mr >
== 100 (22) {2 e (Wl + V)~ 2 (B2) L an

where we have used the CKM unitarity relation | V,4|* 4 |V,s|* = 1 — | V,u|* ~ 1 (we will see later that
this is an excellent approximation). From the measured muon lifetime, one has then 7, ~ 3.3- 107 s, to
be compared with the experimental value 77 = (2.903 £0.005) - 1075 [9]. The numerical difference
is due to the effect of QCD corrections which enhance the hadronic 7 decay width by about 20%. The
size of these corrections has been accurately predicted in terms of the strong coupling [14], allowing us

to extract from 7 decays one of the most precise determinations of «, [15, 16].

In the SM all lepton doublets have identical couplings to the W boson. Comparing the measured
decay widths of leptonic or semileptonic decays which only differ in the lepton flavour, one can test
experimentally that the W interaction is indeed the same, i.e., that g. = g, = g, = g. As shown in
Table 2, the present data verify the universality of the leptonic charged-current couplings to the 0.2%
level.

4 Quark mixing

In order to measure the CKM matrix elements V;;,
type H - H' ("5, oo H — H £+V€ that are associated with the corresponding quark transitions
d; = u; ¢ v, and u; — d; ¢*v, (Fig. 4). Since quarks are confined within hadrons, the decay amplitude

Gr
V2

always involves an hadronic matrix element of the weak left current. The evaluation of this matrix
element is a non-perturbative QCD problem, which introduces unavoidable theoretical uncertainties.

one needs to study hadronic weak decays of the

T[H — H' (") ~ Vi (H') ;4" (1= 5) dj [H) [£7,(1—75)v] (18)

One usually looks for a semileptonic transition where the matrix element can be fixed at some
kinematical point by a symmetry principle. This has the virtue of reducing the theoretical uncertainties
to the level of symmetry-breaking corrections and kinematical extrapolations. The standard example is
a0 — 0 decaysuchas K — nly,, D — K{lv, or B — D/{v,, where, owing to parity (the vector
and axial-vector currents have J~ =1~ and 17, respectively), only the vector current contributes:

(P'(K")] a;~" dj |P(k)) = Cpp { (k+ KV fot) + (k=KD" fo(t) } . (19)
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d,s d,s
c C
V.,V i u
w' ¢ M W
et ut a,§

Fig. 4: V,;; are measured in semileptonic decays (left), where a single quark current is present. Hadronic decays
(right) involve two different quark currents and are more affected by QCD effects (gluons can couple everywhere).

Here, C'p, r is a Clebsh—-Gordan factor relating P — P’ transitions that only differ by the meson electro-
magnetic charges, and t = (k — k:/)2 = q2 is the momentum transfer. The unknown strong dynamics is
fully contained in the form factors fy ().

In the limit of equal quark masses, m,,, = mq,, the divergence of the vector current is zero. Thus
q, [uin"d;] = 0, which implies f_(t) = 0. Moreover, as shown in the appendix, f, (0) = 1 to all
orders in the strong coupling because the associated flavour charge is a conserved quantity.2 Therefore,
one only needs to estimate the corrections induced by the quark mass differences.

Since g, [(7"(1 —~5)vg] ~ my, the contribution of f_(¢) is kinematically suppressed in the
electron and muon decay modes. The decay width can then be written as (¢ = e, u)

o(p oo GEMp 2 2 2
(P— Plv) = To2.3 IVi;|" Cppr 1 f£(0)]" T (1 + 0gre) (20)

where i is an electroweak radiative correction factor and Z denotes a phase-space integral, which in
the m, = 0 limit takes the form

2

(Mp=Mp1)* gy £
T ~ / SN2 MR MR |4 1)
0 Mp (- M, M) f+(0)

The usual procedure to determine |V;;| involves three steps:

1. Measure the shape of the ¢ distribution. This fixes | f, (¢)/f(0)| and therefore determines Z.

2. Measure the total decay width I'. Since G is already known from p decay, one gets then an
experimental value for the product |, (0) V;;|.

3. Get a theoretical prediction for f, (0).

It is important to realize that theoretical input is always needed. Thus, the accuracy of the |V;;| determi-
nation is limited by our ability to calculate the relevant hadronic parameters.

4.1 Determination of |V, 4| and |V,,,]

The conservation of the vector QCD currents in the massless quark limit allows for precise determinations
of the light-quark mixings. The most accurate measurement of V,,; is done with superallowed nuclear 3
decays of the Fermi type (07 — 07), where the nuclear matrix element (N’|zy"d|N) can be fixed by
vector-current conservation. The CKM factor is obtained through the relation [19, 20],

3
V2 = i 7751n2 _ (2984.484+0.05) s ’ 22)
FtGEmMY (14 6ge) ft (1 +dre)

* This is completely analogous to the electromagnetic charge conservation in QED. The conservation of the electromagnetic
current implies that the proton electromagnetic form factor does not get any QED or QCD correction at q2 = 0 and, therefore,
Q, =2Q, + Q4 = |Q.|. An explicit proof can be found in Ref. [18].
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where ft denotes the product of a phase-space statistical decay-rate factor and the measured half-life. In
order to obtain |V,4|, one needs to perform a careful analysis of radiative corrections, including elec-
troweak contributions, nuclear-structure corrections and isospin-violating nuclear effects. These nuclear-
dependent corrections are quite large, g ~ 3—4%, and have a crucial role in bringing the results from
different nuclei into good agreement. The weighted average of the fourteen most precise determinations
yields [21]

|V,al = 0.97417 4+ 0.00021 . (23)

The error is dominated by theoretical uncertainties stemming from nuclear Coulomb distortions and
radiative corrections.

An independent determination of |V, | can be obtained from neutron decay, n — pe .. The
axial current also contributes in this case; therefore, one needs to use the experimental value of the

axial-current matrix element at ¢°> = 0, (p|uy"vsd|n) = G4 py"n. The present world averages,
ga=G4/Gy = —1.2723 £ 0.0023 and 7, = (880.2 + 1.0) s, imply [9, 19, 20]:
4908.7 £ 1.9 2
v, | = 4 4908 '2)5 — 0.9759 = 0.0016,, 24)
Tn (1 + 3gA)

which is 1.1 o larger than (23) but less precise.

The pion 5 decay T 7'['06+I/€ offers a cleaner way to measure |V,4|. It is a pure vector

transition, with very small theoretical uncertainties. At q2 = 0, the hadronic matrix element does not
receive isospin-breaking contributions of first order in my — m,,, i.e., f,(0) = 1 + O[(my — my)?]
[22]. The small available phase space makes it possible to theoretically control the form factor with
high accuracy over the entire kinematical domain [23]; unfortunately, it also implies a very suppressed
branching fraction of @(10~°). From the currently measured value [24], one gets |V,,4| = 0.9749 +
0.0026 [9]. A tenfold improvement of the experimental accuracy would be needed to get a determination
competitive with (23).

The standard determination of |V, takes advantage of the theoretically well-understood decay
amplitudes in K — 7wfv,. The high accuracy achieved in high-statistics experiments [9], supplemented
with theoretical calculations of electromagnetic and isospin corrections [25,26], allows us to extract the
product |V, f, (0)] = 0.2165 & 0.0004 [27,28], with f, (0) = 1 + O[(m, — m,)?] the vector form
factor of the K — 7 ¢+ vy decay [22,29]. The exact value of f, (0) has been thoroughly investigated
since the first precise estimate by Leutwyler and Roos, f, (0) = 0.961 =+ 0.008 [30]. The most recent
and precise lattice determinations exhibit a clear shift to higher values [31, 32], in agreement with the
analytical chiral perturbation theory predictions at two loops [33—-35]. Taking the current lattice average
(with 2 + 1 + 1 active fermions), f, (0) = 0.9706 & 0.0027 [36], one obtains

IV,s| = 0.2231 +0.0007 . (25)

The ratio of radiative inclusive decay rates I'[K — pv(7)]/T[r — pwv(v)] provides also infor-
mation on V,,; [27,37]. With a careful treatment ot electromagnetic and isospin-violating corrections,
one extracts |V,./V,al |fx/f=] = 0.2760 £ 0.0004 [28, 38, 39]. Taking for the ratio of meson decay
constants the lattice average fr-/f, = 1.1933 £ 0.0029 [36], one finally gets

V,
Vas| _ 0.2313 + 0.0007 . (26)
‘Vud‘

With the value of | V4| in Eq. (23), this implies | V,,;| = 0.2253 + 0.0007 that is 2.2 o larger than (25).

Hyperon decays are also sensitive to V,,; [40]. Unfortunately, in weak baryon decays the theoreti-
cal control on SU (3)-breaking corrections is not as good as for the meson case. A conservative estimate
of these effects leads to the result | V| = 0.226 & 0.005 [41].
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The accuracy of all previous determinations is limited by theoretical uncertainties. The separate
measurement of the inclusive |[AS| = 0 and |[AS| = 1 tau decay widths provides a very clean ob-
servable to directly measure | V,,| [17,42] because SU (3)-breaking corrections are suppressed by two
powers of the 7 mass. The present 7 decay data imply |V,,,| = 0.2186 4 0.0021 [43], the error being
dominated by the experimental uncertainties. The central value has been shifted down by the BaBar
and Belle measurements, which find branching ratios smaller than previous world averages for many 7
decay modes [9]. More precise data are needed to clarify this worrisome effect. From the measured
K — p v, and K — wflv, decay amplitudes, one actually predicts slightly higher 7 — v K

“w
and 7~ — v (Km)" branching ratios [17,44]. Since these channels are the largest contributions to the
inclusive |[AS| = 1 tau decay width, their slight underestimate has a very significant effect on |V,,|.

Using the kaon determinations for these 7 branching ratios one gets instead | V,,,| = 0.2213 4+ 0.0023.

4.2 Determination of |V_,| and | V|

In the limit of very heavy quark masses, QCD has additional flavour and spin symmetries [45—48] that
can be used to make precise determinations of | V|, either from exclusive semileptonic decays such as
B — D{y, and B — D*{is, [49,50] or from the inclusive analysis of b — ¢/ i, transitions. In the rest
frame of a heavy-light meson Q¢, with Mg > (mg, Aqep ). the heavy quark @ is practically at rest and
acts as a static source of gluons (A\g ~ 1/My < Ryaq ~ 1/Agep). At Mg — oo, the interaction
becomes then independent of the heavy-quark mass and spin. Moreover, assuming that the charm quark
is heavy enough, the b — ¢, transition within the meson does not modify the interaction with the light
quark at zero recoil, i.e., when the meson velocity remains unchanged (vp = vpg).

Taking the limit m; > m, — oo, all form factors characterizing the decays B — D/{v, and
B — D™/, reduce to a single function [45], which depends on the product of the four-velocities of the
(WO mesons w = vp - Vpyx) = (M% + Mf)(*) - q2)/(2MBMD(*>). Heavy quark symmetry determines
the normalization of the rate at w = 1, the maximum momentum transfer to the leptons, because the
corresponding vector current is conserved in the limit of equal B and D™ velocities. The B — D* mode
has the additional advantage that corrections to the infinite-mass limit are of second order in 1/m;—1/m,,

at zero recoil (w = 1) [50].

The exclusive determination of |V, | is obtained from an extrapolation of the measured spectrum to
w = 1. Using the CLN parametrization of the relevant form factors [51], which is based on heavy-quark
symmetry and includes 1/Mg, corrections, the Heavy Flavor Averaging group (HFLAV) [43] quotes the
experimental value npyw F(1) |V, = (35.61£0.43) 10> from B — D*(, data, while the measured
B — D{i, distribution results in gy G(1) V.| = (41.57 + 1.00) - 102, where F(1) and G(1) are
the corresponding form factors at w = 1 and ngy accounts for small electroweak corrections. Lattice
simulations are used to estimate the deviations from unity of the two form factors at zero recoil. Using
New F (1) = 0.912 4+ 0.014 [52] and ngw G(1) = 1.061 £ 0.010 [53], one gets [43]

39.05 +0.47.,, £+ 0.58,,) - 10> B — D*liy _
V| = { ( P th) ( 0 _ (39.10£0.61) - 107 . (27)

(39.18 + 0.94,,, + 0.36,,) - 10> (B — DIi,)

exp

It has been pointed out recently that the CLN parametrization is only valid within 2% and this
uncertainty has not been properly taken into account in the experimental extrapolations [54-57]. Using
instead the more general BGL parametrization [58], combined with lattice and light-cone sum rules
information, the analysis of the most recent B — D"/, Belle data [59] gives [55]

V| = (40.6+1.3)-1072, (28)
while a similar analysis of BaBar [60] and Belle [61] B — D/{y, data obtains [54]

|V, = (40.49 +0.97) - 107>, (29)
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These numbers are significantly higher than the corresponding HFLAV results in Eq. (27) and indicate
the presence of underestimated uncertainties.

The inclusive determination of |V,,| uses the Operator Product Expansion [62,63] to express the
total b — ¢ /¢, rate and moments of the differential energy and invariant-mass spectra in a double
expansion in powers of a; and 1/m;, which includes terms of O(a) and up to O(1/my) [12,64-74].
The non-perturbative matrix elements of the corresponding local operators are obtained from a global fit
to experimental moments of inclusive lepton energy and hadronic invariant mass distributions. The most
recent analyses find [75,76]

V| = (42.00 £ 0.63) - 1073, (30)

This value, which we will adopt in the following, agrees within errors with the exclusive determinations
(28) and (29).

The presence of a light quark makes more difficult to control the theoretical uncertainties in the
analogous determinations of |V,;|. Exclusive B — 7mlv, decays involve a non-perturbative form factor
f4(t) which is estimated through light-cone sum rules [77-80] and lattice simulations [81, 82]. The
inclusive measurement requires the use of stringent experimental cuts to suppress the b — X v, back-
ground that has fifty times larger rates. This induces sizeable errors in the theoretical predictions [8§3-91],
which become sensitive to non-perturbative shape functions and depend much more strongly on m,,. The
HFLAV group quotes the values [43]

3.67 £0.09,,, +0.12,) - 1073 B — wly _
V| = { ( P th) ( ) (3.98+£0.40)-107°. (31)

(4.52 £ 01500, T 00aen) - 107 (B = X, 01)

Since the exclusive and inclusive determinations of | V,,;| disagree, we have averaged both values scaling

the error by /x> /dof = 3.4.

LHCDb has extracted |V,,;|/| V.| from the measured ratio of high-¢? events between the A, decay
modes into puv (¢° > 15GeV?) and A, uv (¢° > 7 GeV?) [92]:

|Vub|
= 0.080 % 0.004,
|Vcb| P

+ 0.004pp , (32)

where the second error is due to the limited knowledge of the relevant form factors. This ratio is com-
patible with the values of | V| and |V,;| in Egs. (30) and (31), at the 1.3 o level.

|V,,5| can be also extracted from the B~ — 7 1, decay width, taking the B-meson decay constant
fp from lattice calculations [36]. Unfortunately, the current tension between the BaBar [93] and Belle
[94] measurements does not allow for a very precise determination. The particle data group quotes
|V,5| = (4.12 4 0.37 £ 0.09) - 10~ [9], which agrees with either the exclusive or inclusive values in
Eq. (31).

4.3 Determination of the charm and top CKM elements

The analytic control of theoretical uncertainties is more difficult in semileptonic charm decays, because
the symmetry arguments associated with the light and heavy quark limits get corrected by sizeable
symmetry-breaking effects. The magnitude of | V4| can be extracted from D — 7wlv, and D — (v,
decays, while |V,| is obtained from D — K/{lv, and D, — {v,, using the lattice determinations of
the relevant form factor normalizations and decay constants [36]. The HFLAV group quotes the aver-
ages [43]

V.4l = 0.216 £ 0.005, V.| = 0.997 £0.017. (33)

The difference of the ratio of double-muon to single-muon production by neutrino and antineutrino
beams is proportional to the charm cross section off valence d quarks and, therefore, to |V,,| times the
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average semileptonic branching ratio of charm mesons. This allows for an independent determination of
|V.4|- Averaging data from several experiments, the PDG quotes [9]

IV,4| = 0.230 +0.011, (34)

which agrees with (33) but has a larger uncertainty. The analogous determination of |V,,| from vs — ¢X
suffers from the uncertainty of the s-quark sea content.

The top quark has only been seen decaying into bottom. From the ratio of branching fractions
Br(t — Wb)/Br(t — Wq), CMS has extracted [95]

V|
2
g Vil

where ¢ = b,s,d. A more direct determination of |V,;| can be obtained from the single top-quark
production cross section, measured at the LHC and the Tevatron. The PDG quotes the world average [9]

> 0.975 (95%CL), 35)

IV,;] = 1.009 +0.031. (36)

4.4 Structure of the CKM matrix

Using the previous determinations of CKM elements, we can check the unitarity of the quark mixing
matrix. The most precise test involves the elements of the first row:

[Voal® + [Vis|? + [Vip|? = 0.9988 + 0.0005 (37)

where we have taken as reference values the determinations in Eqs. (23), (25) and (31). Radiative cor-
rections play a crucial role at the quoted level of uncertainty, while the ]Vub]2 contribution is negligible.
This relation exhibits a 2.4 ¢ violation of unitarity, at the per-mill level, which calls for an independent
re-evaluation of the very precise | V,,4| value in Eq. (23) and improvements on the |V, ;| determination.

With the ]ch\2 values in Egs. (30) and (33) we can also test the unitarity relation in the second

Tow,
IVal® + [ Vis|? 4 [V)* = 1.042£0.034, (38)

and, adding the information on |V | in Eq. (36), the relation involving the third column,
IViol? + [V |2 + [V |> = 1.020 4 0.063. (39)
The ratio of the total hadronic decay width of the I to the leptonic one provides the sum [96,97]
Y (\Vuj\2 + \ch|2) = 2.002 £ 0.027, (40)
j=dsb

which involves the first and second rows of the CKM matrix. Although much less precise than Eq. (37),
these three results test unitarity at the 3%, 6% and 1.4% level, respectively.

From Eq. (40) one can also obtain an independent estimate of | V.|, using the experimental
knowledge on the other CKM matrix elements, i.e., |[Vygl® + |Visl® + [Vis|® + [Voal® + |[Va® =
1.0472 £ 0.0022. This gives

V.| = 0.977£0.014, (41)
which is slightly more accurate than the direct determination in Eq. (33), and compatible with it.

The measured entries of the CKM matrix show a hierarchical pattern, with the diagonal elements
being very close to one, the ones connecting the first two generations having a size

A~ |V, = 0.2231 + 0.0007, (42)
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the mixing between the second and third families being of order A, and the mixing between the first
and third quark generations having a much smaller size of about A?. Tt is then quite practical to use the
approximate parametrization [98]:

i} 12 i i
1—? A AN (p —in)
VvV — 2 O\ 43
Y 1—% AN? + ( ) @3)
L AN (1 —p—in) —AN 1 |
where |V\ v
Ar 2 0844 +0.01 2 x| 2 = 0.425 +0.043. 44
3 0.8 0.013, \po+1 o 0.425 + 0.043 (44)

Defining to all orders in A [99] 515 = A, sp3 = AN and 53 e P = AN*(p — in), Eq. (43) just
corresponds to a Taylor expansion of Eq. (11) in powers of A.

5 Meson-antimeson mixing

Additional information on the CKM parameters can be obtained from FCNC transitions, occurring at
the one-loop level. An important example is provided by the mixing between the Bdo meson and its
antiparticle. This process occurs through the box diagrams shown in Fig. 5, where two W bosons are
exchanged between a pair of quark lines. The mixing amplitude is proportional to

(By|Hap=2|Ba) ~ Z ViaVis ViaViy S(ri, ;) ~ Vi S(re,mi), (45)
5]

where S(r;,7;) is a loop function [100] which depends on r; = m? /Mg, with m; the masses of the
up-type quarks running along the internal fermionic lines. Owing to the unitarity of the CKM matrix,
the mixing vanishes for equal (up-type) quark masses (GIM mechanism [8]); thus the flavour-changing
transition is governed by the mass splittings between the u, ¢ and ¢ quarks. Since the different CKM
factors have all a similar size, V,,; V., ~ V.4V, ~ V. Vi ~ AN’, the final amplitude is completely
dominated by the top contribution. This transition can then be used to perform an indirect determination

of th.

q u, c, t b q w b

I VAVAVAVAVAVS pp o
w w u,c,ty Au,ct
< —<— f . e VAVAVAVAVAVA e Sl
b u,c,t q b W q

Fig. 5: Box diagrams contributing to B°-B° mixing (¢ = d, s).

Notice that this determination has a qualitatively different character than the ones obtained before
from tree-level weak decays. Now, we are going to test the structure of the electroweak theory at the
quantum level. This flavour-changing transition could then be sensitive to contributions from new physics
at higher energy scales. Moreover, the mixing amplitude crucially depends on the unitarity of the CKM
matrix. Without the GIM mechanism embodied in the CKM mixing structure, the calculation of the
analogous K O K" transition (replace the b by a strange quark s in the box diagrams) would have
failed to explain the observed K 0_g° mixing by several orders of magnitude [101].
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5.1 Mixing formalism

Since weak interactions can transform a P state (P = K, D, B) into its antiparticle ]50, these flavour
eigenstates are not mass eigenstates and do not follow an exponential decay law. Let us consider an
arbitrary mixture of the two flavour states,

(o) = a0 1P+ 0017 = (1)) ). (6)

with the time evolution (in the meson rest frame)

. d
i [U() = MIy(t)) . 47)
Assuming CP7T symmetry to hold, the 2 x 2 mixing matrix can be written as
M My i ' Ty
= « - = « . 48
M <M12 M) 2<F12 r (48)

The diagonal elements M and I' are real parameters, which would correspond to the mass and width of
the neutral mesons in the absence of mixing. The off-diagonal entries contain the AF = 2 transition
amplitude (F' = S, C, B):

(P°Hapa|f) (fIHap—1|P°)
M — Ef + ’ie’:‘

? 1

Myg— =Ty = —
12 2 12 IM

(P Hap—ol P%) + Y (49)
/

In addition to the short-distance AF' = 2 Hamiltonian generated by the box dlagrams the mixing am-
plitude M, receives non-local contributions involving two AF = 1 transitions: P’ - f— P°. The
sum extends over all possible intermediate states | f). Using the relation (%2 denotes principal part)

1 1
lim ——— =X ——+ | —i7nd(M — F 50
£50 M —E;fie (M—Ef> imd( £ (50)
one can separate the dispersive and absorptive parts of (49). ThE: absorptive contribution I';4 arises from
on-shell intermediate states, i.e., all states | f) into which the |P°) and |P®) can both decay. In the SM,
the AF = 1 Hamiltonian is generated through a single W~ emission, as shown in Fig. 4 for charm
decay. If CP were an exact symmetry, M, and I';, would also be real parameters.

The physical eigenstates of M are

1 _
Pe) = ——— [pIP") % q|P")], (51)
VIpl" + 1l
with
_ * i Tk 1/2
g _ 1—¢ _ M12 — §F12 (52)
p 1+¢ My, — 1T, '
If My, and I'y5 were real then ¢/p = 1 and the mass eigenstates | P) would correspond to the CP-even
and CP-odd states (we use the phase convention’ CP|P%) = —|P"))
Pa) = 5 (1P %177) CP|Py2) = #IP1s) (53)

? Since flavour is conserved by strong interactions, there is some freedom in defining the phases of flavour eigenstates. One
could use |PCO> = ¢ °|P°) and |15<0> = ¢'“|P%), which satisfy CP |P<0> = 7672i<|15co>. Both basis are trivially related:
MfQ = e M,,, F§2 = ¢”I'}, and (¢/p)c = —%i¢ (¢/p). Thus, ¢/p # 1 does not necessarily imply CP violation. CP
is violated if |¢/p| # 1;ie., Re(€) # 0 and (P_|P,) # 0. Note that (P_|P_ ). = (P_|P,). Another phase-convention-
independent quantity is (q/p) (A;/A;), where A; = A(P°— f) and A; = —A(P° — f), for any final state f.
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The two mass eigenstates are no longer orthogonal when CP is violated:

p|* — laf” 2Re (&)
<P—|P+> = 2 2 = 2
Ip|” + [q| (1+1e%)

. (54)

The time evolution of a state which was originally produced as a PloraPis given by
< |P°(t)) ) 91(t) 3 92(t) < |PY) ) 55)
»0 = 0 )
[P7()) 792(t)  gi(t) 1P7)

. cos |[(x —iy)T
) ()
I =

where

—isin [(x — iy)['t/2]

with M = 3 (Mp, + Mp ), 5Tp, +Tp ),

_ AM _ A (57)
T = T Yy = oT
and”
AMEMP+—MP7, AFEFP+—FP7 (58)

5.2 Experimental measurements

The main difference between the K'~K" and B’-B° systems stems from the different kinematics
involved. The light kaon mass only allows the hadronic decay modes K O 5 27 and K° — 3m.
Since CP |7m) = +|xx), for both 7’7" and 717~ final states, the CP-even kaon state decays into
27 whereas the CP-odd one decays into the phase-space-suppressed 37w mode. Therefore, there is a
large lifetime difference and we have a short-lived |Kg) = |K_) =~ |K;) + éx|K,) and a long-lived
|Kp) = |K}) ~ |Ky) + Ex|K;) kaon, with 'y, < I, = 2T 0. One finds experimentally that
AI‘KO ~ Tk, ~ -2 AMKO [9]:

AM 0 = (0.5293 +0.0009) - 10" s, AT .0 = —(1.1149 £ 0.0005) - 10’ s ™' . (59)

Thus, the two K'—K* oscillations parameters are sizeable and of similar magnitudes: z o ~ —y, 0 ~ 1.

In the B system, there are many open decay channels and a large part of them are common to
both mass eigenstates. Therefore, the | B) states have a similar lifetime; i.e., [AL go| < I' 0. More-

over, whereas the B’~B" transition is dominated by the top box diagram, the decay amplitudes get
obviously their main contribution from the b — ¢ process. Thus, [AL jo/AM go| ~ mg / mf < 1
To experimentally measure the mixing transition requires the identification of the B-meson flavour
at both its production and decay time. This can be done through flavour-specific decays such as
B’ & X PLW and B - X 0" ,, where the lepton charge labels the initial B meson. In general,
mixing is measured by studying pairs of B mesons so that one B can be used to fag the initial flavour
of the other meson. For instance, in e e~ machines one can look into the pair production process
ete” = BB — (Xtv,) (Y{v,). In the absence of mixing, the final leptons should have opposite
charges; the amount of like-sign leptons is then a clear signature of meson mixing.

Evidence for a large B)—BY mixing was first reported in 1987 by ARGUS [102]. This provided

the first indication that the top quark was very heavy. Since then, many experiments have analysed the
mixing probability. The present world-average values are [9,43]:

AM o = (0.5064 £ 0.0019) - 10 s7" @50 = 0.770 £ 0.004, (60)
d d

*Be aware of the different sign conventions in the literature. Quite often, AM and AT are defined to be positive.
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while y By = 0.001 + 0.005 confirms the expected suppression of Al 0.

The first direct evidence of BS—BS oscillations was obtained by CDF [103]. The large measured
mass difference reflects the CKM hierarchy |V, ]2 > [V,4|%, implying very fast oscillations [9,43]:

AM o = (17.757 £ 0.021) - 10257, Zh0 =26.72£0.09,
AT o = —(0.086 £ 0.006) - 1072571, ypo = —0.065 £ 0.005. 61)
Evidence of mixing has been also obtained in the D-D° system. The present world averages [43],
20 = —(0.32+0.14) - 1072, Yo = — (0.69 t8;8$) 1072, (62)

confirm the SM expectation of a very slow oscillation, compared with the decay rate. Since the short-
distance mixing amplitude originates in box diagrams with down-type quarks in the internal lines, it is
very suppressed by the relevant combination of CKM factors and quark masses.

5.3 Mixing constraints on the CKM matrix

Long-distance contributions arising from intermediate hadronic states completely dominate the D°-D°
mixing amplitude and are very sizeable for AM .o, making difficult to extract useful information on the
CKM matrix. The situation is much better for B” mesons, owing to the dominance of the short-distance
top contribution which is known to next-to-leading order (NLO) in the strong coupling [104, 105]. The
main uncertainty stems from the hadronic matrix element of the AB = 2 four-quark operator

_q. - . 8

(B (0" (1= 75)d) (b7,(1 = 15)d) | B) = & Mo €5, (63)
which is characterized through the non-perturbative parameter {g(1) = fg+/Bg(w) [106]. The current
(2 + 1) lattice averages [36] are 5 = (225 £ 9) MeV, &g = (274 £ 8) MeV and ép /ép, =
1.206 & 0.017, where &g ~ as(,u)fs/ #¢p (1) is the corresponding renormalization-group-invariant
quantity. Using these values, the measured mass differences in (60) and (61) imply

* * V,
|V, Vigl = 0.008040.0003 , Vi, Vig| = 0.0388+£0.0012, ’th: = 0.205+£0.003. (64)
ts
The last number takes advantage of the smaller uncertainty in the ratio & B,/ ¢ B, Since [Vy| ~ 1, the
mixing of Bg s mesons provides indirect determinations of |V,4| and | V,4|. The resulting value of |V,,|

is in agreement with Eq. (30), satisfying the unitarity constraint |V;,| ~ |V.|. In terms of the (p,7)
parametrization of Eq. (43), one obtains

\Y
Mj_d 0.86 & 0.04
A=t =0 . (65)
de — 0.920 £ 0.013
ts

6 CP violation

While parity and charge conjugation are violated by the weak interactions in a maximal way, the prod-
uct of the two discrete transformations is still a good symmetry of the gauge interactions (left-handed
fermions <> right-handed antifermions). In fact, CP appears to be a symmetry of nearly all observed
phenomena. However, a slight violation of the CP symmetry at the level of 0.2% is observed in the
neutral kaon system and more sizeable signals of CP violation have been established at the B factories.
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Moreover, the huge matter—antimatter asymmetry present in our Universe is a clear manifestation of CP
violation and its important role in the primordial baryogenesis.

The CPT theorem guarantees that the product of the three discrete transformations is an exact
symmetry of any local and Lorentz-invariant quantum field theory, preserving micro-causality. A viola-
tion of CP implies then a corresponding violation of time reversal. Since 7 is an antiunitary transforma-
tion, this requires the presence of relative complex phases between different interfering amplitudes.

The electroweak SM Lagrangian only contains a single complex phase d;3 (). This is the sole
possible source of CP violation and, therefore, the SM predictions for CP-violating phenomena are
quite constrained. The CKM mechanism requires several necessary conditions in order to generate an
observable C'P-violation effect. With only two fermion generations, the quark mixing matrix cannot give
rise to CP violation; therefore, for CP violation to occur in a particular process, all three generations
are required to play an active role. In the kaon system, for instance, CP violation can only appear at
the one-loop level, where the top quark is present. In addition, all CKM matrix elements must be non-
zero and the quarks of a given charge must be non-degenerate in mass. If any of these conditions were
not satisfied, the CKM phase could be rotated away by a redefinition of the quark fields. CP-violation
effects are then necessarily proportional to the product of all CKM angles, and should vanish in the limit
where any two (equal-charge) quark masses are taken to be equal. All these necessary conditions can be
summarized as a single requirement on the original quark mass matrices M, and M, [107]:

CPviolation <=  Im {det [M;ng M, Mﬂ} £ 0. (66)

Without performing any detailed calculation, one can make the following general statements on
the implications of the CKM mechanism of C'/P violation:

— Owing to unitarity, for any choice of ¢, j, k, [ (between 1 and 3),

3
Im [V, ViV, V] =T Z €ilmEjkn » (67)
m,n=1
2 . 2,6 —4
\7 = C19 C93C13 S12 593 S13 Sln513 ~ A\ n < 10 . (68)

Any C’P-violation observable involves the product 7 [107]. Thus, violations of the CP symmetry
are necessarily small.

— In order to have sizeable CP-violating asymmetries A = (I' — T')/(T" + T'), one should look for
very suppressed decays, where the decay widths already involve small CKM matrix elements.

— In the SM, CP violation is a low-energy phenomenon, in the sense that any effect should disappear
when the quark mass difference m, — m,, becomes negligible.

— B decays are the optimal place for C/P-violation signals to show up. They involve small CKM
matrix elements and are the lowest-mass processes where the three quark generations play a direct
(tree-level) role.

The SM mechanism of CP violation is based on the unitarity of the CKM matrix. Testing the
constraints implied by unitarity is then a way to test the source of C'/P violation. The unitarity tests in
Egs. (37), (38), (39) and (40) involve only the moduli of the CKM parameters, while CP violation has to
do with their phases. More interesting are the off-diagonal unitarity conditions:

V;dvus + Vc*chs + Vttlvts = 0,
Vztsvub + Vc*chb + V;;th = 0,
VisVua + VoV + Vi Vg = 0. (69)
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Fig. 6: Experimental constraints on the SM unitarity triangle [108].

These relations can be visualized by triangles in a complex plane which, owing to Eq. (67), have the
same area |7 |/2. In the absence of CP violation, these triangles would degenerate into segments along
the real axis.

In the first two triangles, one side is much shorter than the other two (the Cabibbo suppression
factors of the three sides are A, A and \® in the first triangle, and )\4, A2 and \? in the second one). This
is why CP effects are so small for K mesons (first triangle), and why certain asymmetries in B, decays
are predicted to be tiny (second triangle). The third triangle looks more interesting, since the three sides
have a similar size of about \°. They are small, which means that the relevant b-decay branching ratios
are small, but once enough B mesons have been produced, the CP-violation asymmetries are sizeable.
The present experimental constraints on this triangle are shown in Fig. 6, where it has been scaled by
dividing its sides by V., V.. This aligns one side of the triangle along the real axis and makes its length
equal to 1; the coordinates of the 3 vertices are then (0, 0), (1,0) and (7,7) ~ (1 — A2/2) (p, 7).

We have already determined the sides of the unitarity triangle in Eqs. (44) and (65), through two
CP-conserving observables: |V,;,/ V| and Bg,s mixing. This gives the circular regions shown in Fig. 6,
centered at the vertices (0, 0) and (1, 0). Their overlap at 17 # 0 establishes that CP is violated (assuming
unitarity). More direct constraints on the parameter 7 can be obtained from CP-violating observables,
which provide sensitivity to the angles of the unitarity triangle (o + 6 + v = 7):

ViaVio ] Vchc*b:|
VudVar |’ ViaVip |

Vi Van

V.V

a = arg [— 8 = arg [— v = arg [— ] . (70)

6.1 Indirect and direct CP violation in the kaon system

Any observable CP-violation effect is generated by the interference between different amplitudes con-
tributing to the same physical transition. This interference can occur either through meson-antimeson
mixing or via final-state interactions, or by a combination of both effects.

The flavour-specific decays K O oot vy and K O ptem v, provide a way to measure the
departure of the K 9_K° mixing parameter |p/q| from unity. In the SM, the decay amplitudes satisfy
JAK® = 770 )| = |A(K® = 7 0T 1,)|; therefore,

DKy = Ty) DK, =770 5) | —lad°  2Re(Ek)

5, = _ B2 - . (71)
D(Kp =7 ) +T(Kp — 7 0 5) p” + |g)? (1+ |ex]?)
The experimental measurement [9], §; = (3.32 + 0.06) - 10~°, implies
Re (£x) = (1.66 +0.03) - 107°, (72)
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which establishes the presence of indirect C'P violation generated by the mixing amplitude.

If the flavour of the decaying meson P is known, any observed difference between the decay rate
(P — f) and its CP conjugate I'(P — f) would indicate that CP is directly violated in the decay
amplitude. One could study, for instance, CP asymmetries in decays such as K * 5 757° where the
pion charges identify the kaon flavour; however, no positive signals have been found in charged kaon

decays. Since at least two interfering contributions are needed, let us write the decay amplitudes as
AP = f] = My e + Mye®2e®, AP — fl = Mye e + Mye %272 (73)

where ¢; denote weak phases, J; strong final-state interaction phases and M, the moduli of the matrix
elements. The rate asymmetry is given by

cp _ T[P— f]-T[P— f] _ —2M, My sin (¢ — ¢g) sin (07 — ds)

A = _ S
e PP = fl+ TP = f] |]\41|2 + |M’2’2 + 2M M; cos (¢ — ¢3) cos (6; — &)

. (74

Thus, to generate a direct CP asymmetry one needs: 1) at least two interfering amplitudes, which
should be of comparable size in order to get a sizeable asymmetry; 2) two different weak phases
[sin (¢ — ¢3) # 0], and 3) two different strong phases [sin (§; — d5) # 0].

Direct CP violation has been searched for in decays of neutral kaons, where K O_KY mixing is
also involved. Thus, both direct and indirect CP violation need to be taken into account simultaneously.
A C’P-violation signal is provided by the ratios:

AK, —7tr) ot e A(K; — 7°7°)
- = — ) Moo =
* AKg —m'n) FTER o0 A(Kg — n°7Y)

= e — 2. (75)

The dominant effect from CP violation in K°’—K" mixing is contained in e, while s accounts for
direct C’P violation in the decay amplitudes [39]:

/ ) Re (A4y) i(5,— Im (A
g =Ex t1&, EK:\%W(SQ—%); MEMQ(SQ %), §IE;;EA3- (76)

Aj are the transition amplitudes into two pions with isospin I = 0,2 (these are the only two values
allowed by Bose symmetry for the final 27 state) and ; their corresponding strong phase shifts. Although
€' is strongly suppressed by the small ratio |w| &~ 1/22, a non-zero value has been established through
very accurate measurements, demonstrating the existence of direct CP violation in K decays [109-112]:

7700

Re (alK/sK) = % (1 L

In the SM the necessary weak phases are generated through the gluonic and electroweak penguin di-
agrams shown in Fig. 7, involving virtual up-type quarks of the three generations in the loop. These
short-distance contributions are known to NLO in the strong coupling [113, 114]. However, the the-
oretical prediction involves a delicate balance between the two isospin amplitudes and is sensitive
to long-distance and isospin-violating effects. Using chiral perturbation theory techniques, one finds

Re (a'K/EK> =(15+7)- 10™* [115-118], in agreement with (77) but with a large uncertainty.

) = (16.8+1.4)-107". 7

Since Re (EIK /€ K) < 1, the ratios n,_ and 7~ provide a measurement of ez = lek] e'% [9]:

1 - o
exl = 5 (2yn+7| + \n00|) = (2.228 £0.011) - 1072, ¢. = (43.52+£0.05)°,  (78)
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G=u,d,5 g

Fig. 7: AS = 1 penguin diagrams.

in perfect agreement with the semileptonic asymmetry d;. In the SM e receives short-distance contri-
butions from box diagrams involving virtual top and charm quarks, which are proportional to

e o Y my Im[VigViViaVii] S(rivry) o AX%0 {me AN 0 =p)+ P} (79)
i,J=c,t

The first term shows the CKM dependence of the dominant top contribution, P, accounts for the charm
corrections [119] and the short-distance QCD corrections 7;; are known to NLO [104, 105, 120]. The

measured value of |¢ | determines an hyperbolic constraint in the (p, 77) plane, shown in Fig. 6, taking
into account the theoretical uncertainty in the hadronic matrix element of the AS' = 2 operator [36].

6.2 CP asymmetries in B decays

The semileptonic decays B 5 X 7€+W and B — X0 v, provide the most direct way to measure
the amount of CP violation in the B’~B’ mixing matrix, through

D(By = X 'v) —T(B) = X" w)  |p|"~|g|* _

al = _ = ~ 4Re (0
T DBy X Uy + (B X m) [l + ol )
ATl o|
Ta| . | By
R sing, ~ —— tang, . (80)
’M12’ K ’AMB2| I

This asymmetry is expected to be tiny because |I'j5/Miy| ~ mg / mf < 1. Moreover, there is an
additional GIM suppression in the relative mixing phase ¢, = arg (—M;5/T';5) ~ (m2 — m2)/mi,
implying a value of |¢/p| very close to 1. Therefore, a‘sl1 could be very sensitive to new sources of CP

violation beyond the SM, contributing to ¢,. The present measurements give [9,43]

Re(gp0) = (=0.5+0.4)-107%, Re(g,0) = (—0.1540.70) - 107°. (81)

The large B°-BY mixing provides a different way to generate the required CP-violating interfer-
ence. There are quite a few nonleptonic final states which are reachable both from a B and a B°. For
these flavour non-specific decays the B° (or BO) can decay directly to the given final state f, or do it after
the meson has been changed to its antiparticle via the mixing process; i.e., there are two different ampli-
tudes, A(B® — f) and A(B0 — B > f), corresponding to two possible decay paths. CP-violating
effects can then result from the interference of these two contributions.

The time-dependent decay probabilities for the decay of a neutral B meson created at the time
to = 0 as a pure BY (BO) into the final state f (f = CP f) are:

PIBY() — f] o %e—rsot (142 +147%) {1+ Oy cos(AMypt) — S sin (AM o)}

I[B°(t) = f] « %G—Fgot (|[1ﬂ2+ ‘Aﬂ2> {1 —Cf cos (AM yot) + S sin (AMpot)} , (82)
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where the tiny A" ;o corrections have been neglected and we have introduced the notation

AfEA[BO%f]a AfE—A[BO%f], [_)fEAf/Af,
AJzEA[BO—UE], fle—A[BOaf], p;F=Af/Az, (83)
1 | 21m (4 py) 1 lpgl” —21m (%)
Cr=—"3, Sfp=——"3"> Cp=—""""19; Sf=—— 3~
1+ |pyg 1+ [py] 1+ |pgl 1+ [pf]

CP invariance demands the probabilities of C’P-conjugate processes to be identical. Thus, CP
conservation requires Ay = f_lf, Af = f_lf, pr = pyand Im(]gJ pr) = Im(%pf), ie, Cy = —Cyand
Sy = —S7. Violation of any of the first three equalities would be a signal of direct CP violation. The
fourth equality tests CP violation generated by the interference of the direct decay B’ — f and the
mixing-induced decay B 5 B’ - f.

oM VisVig _ o-2iy 84)
Bf; M4 thVt; ’

where ¢} = 8+ O(\*) and oM = —p, + O(\%). The angle § is defined in Eq. (70), while 8, =
arg [— (Vis Vi) / (Vs Vi) | = N+ 0 ()\4) is the equivalent angle in the B unitarity triangle, which
is predicted to be tiny. Therefore, the mixing ratio ¢/p is given by a known weak phase.

For B mesons
q

p

An obvious example of final states f which can be reached both from the B and the B are CP
eigenstates; i.e., states such that f = Crf (g ==£1). Inthiscase, Ay = (p Ay, flf = Cffif, Py = 1/py,
Cj; = Cyand S; = S;. Anon-zero value of Cy or Sy signals then CP violation. The ratios py and pj
depend in general on the underlying strong dynamics. However, for CP self-conjugate final states, all
dependence on the strong interaction disappears if only one weak amplitude contributes to the B’ — f
and B — [ transitions [121, 122]. In this case, we can write the decay amplitude as Ay = M emDems,

with M = M™ and <;5D and o, weak and strong phases. The ratios p; and p are then given by

., D
p;=pp = (e (85)

The modulus M and the unwanted strong phase cancel out completely from these two ratios; py and
py simplify to a single weak phase, associated with the underlying weak quark transition. Since |p f\ =
|ps| = 1, the time-dependent decay probabilities become much simpler. In particular, C'y = 0 and there
is no longer any dependence on cos (AM 5O t). Moreover, the coefficients of the sinusoidal terms are then
fully known in terms of CKM mixing angles only: S; = S§ = —(;sin [2(¢) + ¢")] = —(; sin (20).
In this ideal case, the time-dependent CP-violating decay asymmetry

L[B°(t) = f] - T[B"(t) = f]
T[B"(t) = f]+ T[B"(t) = f]

AT = —(;sin (29) sin (AM ot) (86)

—f

provides a direct and clean measurement of the CKM parameters [123].

When several decay amplitudes with different phases contribute, [p;| # 1 and the interference
term will depend both on CKM parameters and on the strong dynamics embodied in py. The leading

contributions to b — § ¢’ are either the tree-level W exchange or penguin topologies generated by gluon
(v, Z) exchange. Although of higher order in the strong (electroweak) coupling, penguin amplitudes are
logarithmically enhanced by the virtual W loop and are potentially competitive. Table 3 contains the
CKM factors associated with the two topologies for different B decay modes into CP eigenstates.

The gold-plated decay mode is Bg — J/9 Kg. In addition of having a clean experimental sig-
nature, the two topologies have the same (zero) weak phase. The CP asymmetry provides then a clean
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Table 3: CKM factors and relevant angle ® for some B decays into CP eigenstates.

Decay Tree-level CKM  Penguin CKM Exclusive channels ®
b—secs AN —AN? BY = JJWKg, J/ Y K], 3
B) = Dy Dy, J/¢¢ —By
b — 5s5 —AN? B - Kb, K ¢ B
B, = ¢¢ -,
b— dds —AN? B & KgKq, K K| —8,
b—ced —AN AN A1—p—in) BY—= D™D, J/yr° ~
B = J/¢ Kg, JJY Ky ~ =B
b—aud AN(p+ in) AN (1= p—in) BW+Wﬂ-m%0mﬁ ~ B+
Bg — P KS,LaWKS,Laﬂ- KS,L 7&7_55
b— ssd AN (1—p—in) B)— KsKg¢, K K;,¢r" 0
B = Kg, K¢ —B - B,

measurement of the mixing angle 3, without strong-interaction uncertalntles Fig. 8 shows the Belle
measurement [124] of time- dependent b — c¢5 asymmetries for CP-odd (Bd — J/W Kg, Bd — 'K,
Bd — XK g) and C'P-even (Bd — J/¢ K7p) final states. A very nice oscillation is manifest, with
opposite signs for the two different choices of (y = +1. Including the information obtained from other
b — ccs decays, one gets the world average [43]:

sin (2) = 0.691 4+ 0.017. &7

Fitting an additional cos (AM got) term in the measured asymmetries results in C'y = —0.004 + 0.015
[43], confirming the expected null result. An independent measurement of sin 23 can be obtained from
b — s55 and b — dd5 decays, which only receive penguin contributions and, therefore, could be more
sensitive to new-physics corrections in the loop diagram. These modes give sin (28) = 0.655 £ 0.032
[43], in perfect agreement with (87).

%‘06— %‘06
§ 0.4F g 0.4
% 0.2 y H 3 0.2

< ; < v |
0]t -F 0

-0.2F 0.2 4

0.4f f 0.4
0.6 0.6F

6 4 20 2 4 6 6 420 2 4 6

At (ps) At (ps)

Fig. 8: Time-dependent asymmetries for CP-odd (Bg — J/Y Kg, Bg — Y'Kg, Bg = XaKs; ¢ = —1; left)
and CP-even (32 — J /¥ Kp; (¢ = +1; right) final states, measured by Belle [124].

Eq. (87) determines the angle 3 up to a four-fold ambiguity: 3, 3 — 8, 7 + 3 and 2F — 3. The
solution 8 = (21.9 £ 0.7)° is in remarkable agreement with the other phenomenological constraints on
the unitarity triangle in Fig. 6. The ambiguity has been resolved through a time-dependent analysis of the
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Dalitz plot distribution in B — DWp0 decays (b’ = 7°,n,w), showing that cos (23) = 0.91 £ 0.25
and 8 = (22.5 4 4.6)° [125]. This proves that cos (23) is positive with a 3.7 o significance, while the
multifold solution § — 3 = (68.1 & 0.7)° is excluded at the 7.3 o level.

A determination of 3 + ¥ = 7™ — o can be obtained from b — %ud decays, such as Bg — T
or 32 — pp. However, the penguin contamination that carries a different weak phase can be sizeable.
The time-dependent asymmetry in BS — 7' shows indeed a non-zero value for the cos (AM B° t)
term, Cy = —0.27 £ 0.04 [43], providing evidence of direct CP violation and indicating the presence

of an additional decay amplitude; therefore, Sy = —0.68 £ 0.04 # sin 2a. One could still extract use-

ful information on « (up to 16 mirror solutions), using the isospin relations among the Bg -t

™,
32 — 7% and BT — 77" amplitudes and their CP conjugates [126]; however, only a loose con-
straint is obtained, given the limited experimental precision on Bg — 7°7°. Much stronger constraints
are obtained from 32 — p+p_, ,00 ,00 because one can use the additional polarization information of two
vectors in the final state to resolve the different contributions and, moreover, the small branching fraction
Br(BY — p°p°) = (9.6 + 1.5) - 10" [9] implies a very small penguin contribution. Additional infor-
mation can be obtained from Bg, BS — piﬂjF, aliﬂjF, although the final states are not CP eigenstates.
Combining all pieces of information results in [9]

a = (93+5)°. (88)

The angle v cannot be determined in b — u@id decays such as Bg — pOK g because the colour
factors in the hadronic matrix element enhance the penguin amplitude with respect to the tree-level
contribution. Instead, v can be measured through the tree-level decays B — DW K™ (b — 1ucs) and
B — DK™ (b — cus), using final states accessible in both D™ and D™)° decays and playing with
the interference of both amplitudes [127—-129]. The sensitivity can be optimized with Dalitz-plot analyses
of the DO, DY decay products. The extensive experimental studies performed so far result in [43]

v = (T4.0780)°. (89)

Another ambiguous solution with v <> « + 7 also exists.

Mixing-induced CP violation has been also searched for in the decays of BS and BS mesons
into J/v ¢,0(28)¢, J/ KT K™, J/¢YmTn~ and D] D . From the corresponding time-dependent CP
asymmetries,” one extracts correlated constraints on AI', and the weak phase ¢~ = 20 ~ 2¢£/1 ~
—2p, in Eq. (86), which are shown in Fig. 9. They lead to [43]

B, = (0.8640.95)°, (90)

in good agreement with the SM prediction 38, ~ n\* ~ 1°.

6.3 Global fit of the unitarity triangle

The CKM parameters can be more accurately determined through a global fit to all available measure-
ments, imposing the unitarity constraints and taking properly into account the theoretical uncertainties.
The global fit shown in Fig. 6 uses frequentist statistics and gives [108]

A= 02251400003, A=082570001, 5=0160T0002, 7= 0.345+0.006.
91)
This implies 7 = (3.107002) - 107°, o = (92.0713)°, 8 = (22.6 £ 0.4)° and v = (65.41175)°.
Similar results are obtained by the UTfit group [130], using instead a Bayesian approach and a slightly
different treatment of theoretical uncertainties.

The AT o corrections to Eq. (82) must be taken into account at the current level of precision.
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Fig. 9: 68% CL regions in AT ;o and ¢S, extracted from b — &5 CP asymmetries of Bg mesons [43]. The
vertical black line shows the SM prediction [131-133].

6.4 Direct CP violation in B decays

The big data samples accumulated at the B factories and the collider experiments have established the
presence of direct CP violation in several decays of B mesons. The most significative signals are [9,43]

AR e = —0.082£0.006,  AZL o =01940.05,  AZY . . =—02240.06,
Cpo_ptp- = —027£0.04, Voo e = (7401607, A%@K+{ = 0.26 & 0.04,
A - p=037+010, AT = -037+£0.08,  AZT - 4 - =0.027+0.008,
AT - =0.057£0.013, AT ot - = —0.033 £ 0.008,

AT b oy = —0-687017, AT ot - =—0118 £0.022.  (92)

Unfortunately, owing to the unavoidable presence of strong phases, a real theoretical understanding of the
corresponding SM predictions is still lacking. Progress in this direction is needed to perform meaningful
tests of the CKM mechanism of CP violation and pin down any possible effects from new physics beyond
the SM framework.

7 Rare decays

Complementary and very valuable information can be obtained from rare decays that in the SM are
strongly suppressed by the GIM mechanism. These processes are then sensitive to new-physics contribu-
tions with a different flavour structure. Well-known examples are the K 0, u+ w1 decay modes [9,134],

Br(K; — ptp™) = (6.84+0.11)-1077, Br(Kg — ptp™) < 1.0-107  (95% CL),
(93)
which tightly constrain any hypothetical flavour-changing (s — d) tree-level coupling of the Z boson. In
the SM, these decays receive short-distance contributions from the penguin and box diagrams displayed
in Fig. 10. Owing to the unitarity of the CKM matrix, the resulting amplitude vanishes for equal up-type
quark masses, which entails a heavy suppression:

2 2 I 2 2 I 2 2

i=u,c,t
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Fig. 10: Short-distance penguin (left) and box (right) SM contributions to & o whu

where F(z) is a loop function and F(z) = F(z) — F(0). In addition to the loop factor g*/(1672),
the charm contribution carries a mass suppression )\mg /MI%V, while the top term is proportional to
)\5A2(1 —p+in) m? /Mgv The large top mass compensates the strong Cabibbo suppression so that
the top contribution is finally larger than the charm one. However, the total short-distance contribution to
the K decay, Br(K; — p " ) = (0.79 +0.12) - 107 [119, 135], is nearly one order of magnitude
below the experimental measurement (93), while Br(Kg — put ™ )eq ~ 1.7 10~ [39].

The decays K; — p'p~ and K g — pp” are actually dominated by long-distance contribu-
tions, through K; — 710,7), n =y — ,u+;f and Kg — T o Yy — ,u+,u_. The absorptive
component from two on-shell intermediate photons nearly saturates the measured Br(K; — pﬁ wo)
[136], while the K¢ decay rate is predicted to be Br(Kg — pp™) = 5.1- 1072 [39, 137]. These
decays can be rigorously analised with chiral perturbation theory techniques [39], but the strong sup-
pression of their short-distance contributions does not make possible to extract useful information on the
CKM parameters. Nevertheless, it is possible to predict the longitudinal polarization P, of either muon
in the K, decay, a C’P-violating observable which in the SM is dominated by indirect CP violation from
K°-K° mixing: |P;| = (2.6 +0.4) - 10° [137].

Other interesting kaon decay modes such as K o v, K — myy and K — w14~ are also
governed by long-distance physics [39, 138]. Of particular interest is the decay K; — meTe”, since
it is sensitive to new sources of CP violation. At lowest order in « the decay proceeds through K. S —
7T0’}/* that violates CP, while the CP-conserving contribution through K 2 — 71'0’7*’7* is suppressed by
an additional power of « and it is found to be below 107" [39]. The K L — 7T e transition is
then dominated by the O(cv) CP-violating contributions [138], both from K ~K° mixing and direct CP
violation. The estimated rate Br(K; — 7roe+e_) = (3.1+£0.9)- 10~ [39, 139, 140] is only a factor
ten smaller than the present (90% C.L.) upper bound of 2.8 - 107 ° [141] and should be reachable in the
near future.

The decays K * 5 atupand K L — 7 provide a more direct access to CKM information
because long-distance effects play a negligible role. The decay amplitudes are dominated by Z-penguin
and W-box loop diagrams of the type shown in Fig. 10 (replacing the final muons by neutrinos), and
are proportional to the hadronic K7 matrix element of the AS = 1 vector current, which (assuming
isospin symmetry) is extracted from K — mwlv, decays. The small long-distance and isospin-violating
corrections can be estimated with chiral perturbation theory. The neutral decay is CP violating and
proceeds almost entirely through direct C'P violation (via interference with mixing). Taking the CKM
inputs from other observables, the predicted SM rates are [142—-144]:

Br(KT — 7t ui)y = (9.1+£0.7) - 10, Br(K; — m'vi)y = (3.0+£0.3)-10° . (95)

The uncertainties are largely parametrical, due to CKM input, the charm and top masses and o (M y).
On the experimental side, the charged kaon mode was already observed [145], while only an upper bound
on the neutral mode has been achieved [146]:

Br(Kt — ntuvi) = (1.735152) - 10717, Br(K; — n'vi) <2.6-107° (90%C.L.). (96)
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The CERN NA62 experiment is currently collecting K * — 7w data with the goal of measuring the

branching ratio with an accuracy of 10% [147]. The neutral mode is being searched for by the KOTO
experiment at J-PARC [148], which aims to reach the SM predicted branching ratio. These experiments
will start to seriously probe the new-physics potential of these decays.

The inclusive decay B — Xy provides another powerful test of the SM flavour structure at the
quantum loop level. It proceeds through a b — s penguin diagram with an on-shell photon. The present
experimental world average, Br(B — XS'y)Evzw cev = (3.32 £0.15) - 10~ [43], agrees very well

with the SM theoretical prediction, Br(B — XS’)/)%:E_G Gev = (3.36£0.23)- 10~* [149,150], obtained
at the next-to-next-to-leading order.

Evidence for the Bg — ,u+ u process has been reported by the CMS and LHCb collaborations
[151], and LHCb has subsequently observed this decay mode with a 7.8 ¢ significance [1 52]:6

Br(B? - pty) = (3.0+£06103)-107,  Br(B} - utu) < 34-1071° (95%CL). (97)

These experimental results agree with the SM predictions Br(BY — utp™) = (3.65 £ 0.23) - 107°
and ﬁ(BS — pp) = (1.06 £ 0.09) - 107" [154]. Other interesting decays with B mesons are

B = K®1 ™ and B — K®up [83].

8 Flavour constraints on new physics

The CKM matrix provides a very successful description of flavour phenomena, as it is clearly exhibited
in the unitarity test of Fig. 6, showing how very different observables converge into a single choice of
CKM parameters. This is a quite robust and impressive result. One can perform separate tests with
different subsets of measurements, according to their CP-conserving or CP-violating nature, or splitting
them into tree-level and loop-induced processes. In all cases, one finally gets a closed triangle and similar
values for the fitted CKM entries [108, 130]. However, the SM mechanism of flavour mixing and CP
violation is conceptually quite unsatisfactory because it does not provide any dynamical understanding
of the numerical values of fermion masses, and mixings. We completely ignore the reasons why the
fermion spectrum contains such a hierarchy of different masses, spanning many orders of magnitude,
and which fundamental dynamics is behind the existence of three flavour generations and their observed
mixing structure.

The phenomenological success of the SM puts severe constraints on possible scenarios of new
physics. The absence of any clear signals of new phenomena in the LHC searches is pushing the hy-
pothetical new-physics scale at higher energies, above the TeV. The low-energy implications of new
dynamics beyond the SM can then be analysed in terms of an effective Lagrangian, containing only the
known SM fields:

(d)
C
Lo = Lo + Y. 5. k0. (98)
=1 & Axp

. L . L . . d) . .
The effective Lagrangian is organised as an expansion in terms of dimension-d operators O,(C ), invariant

under the SM gauge group, suppressed by the corresponding powers of the new-physics scale Axp. The
dimensionless couplings ckd encode information on the underlying dynamics. The lowest-order term in
this dimensional expansion is the SM Lagrangian that contains all allowed operators of dimension 4.

At low energies, the terms with lower dimensions dominate the physical transition amplitudes.
There is only one operator with d = 5 (up to Hermitian conjugation and flavour assignments), which
violates lepton number by two units and is then related with the possible existence of neutrino Majo-
rana masses [155]. Taking m, 2 0.05 eV, one estimates a very large lepton-number-violating scale

Bris the time-integrated branching ratio, which for B?is slightly affected by the sizeable value of AL', [153].
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Axp/ ® < 10" GeV [17]. Assuming lepton-number conservation, the first signals of new phenomena
should be associated with d = 6 operators.

One can easily analyse the possible impact of AF = 2 (F' = §,C, B) four-quark operators
(d = 6), such as the SM left-left operator in Eq. (63) that induces a AB = 2 transition. Since the SM box
diagram provides an excellent description of the data, hypothetical new-physics contributions can only be
tolerated within the current uncertainties, which puts stringent upper bounds on the corresponding Wilson
coefficients ¢, = c,(f) / A12\Ip. For instance, AM B and S,y ¢, imply that the real (CP-conserving) and

imaginary (CP-violating) parts of ¢;, must be below 107% Tev =2 for a (bpyHd L)2 operator, and nearly
one order of magnitude smaller (10™") for (bgpdy)(brdg) [156]. Stronger bounds are obtained in the
kaon system from AM .0 and £ For the (5.7"d)” operator the real (imaginary) coefficient must be
below 10~ ° (3-10~%), while the corresponding bounds for (5zd; )(5.dg) are 7-107 (3-107 1), in the
same TeV ™~ units [156]. Taking the coefficients c,(f) ~ O(1), this would imply Axp > 3 - 10° TeV for
BS and Ayp > 3- 10° TeV for K. Therefore, two relevant messages emerge from the data:

1. A generic flavour structure with coefficients c,(f) ~ O(1) is completely ruled out at the TeV scale.
2. New flavour-changing physics at Ayp ~ 1 TeV could only be possible if the corresponding Wilson
coefficients cgf) inherit the strong SM suppressions generated by the GIM mechanism.

The last requirement can be satisfied by assuming that the up and down Yukawa matrices are the
only sources of quark-flavour symmetry breaking (minimal flavour violation) [157—-159]. In the absence
of Yukawa interactions, the SM Lagrangianhasa G = U(3),, @ U(3)g, ®U(3),, ®U(3),, @U(3)4,
global flavour symmetry, because one can rotate arbitrarily in the 3-generation space each one of the
five SM fermion components in Eq. (2). The Yukawa matrices are the only explicit breakings of this
large symmetry group. Assuming that the new physics does not introduce any additional breakings of
the flavour symmetry G (beyond insertions of Yukawa matrices), one can easily comply with the flavour
bounds. Otherwise, flavour data provide very strong constraints on models with additional sources of
flavour symmetry breaking and probe physics at energy scales not directly accessible at accelerators.

The subtle SM cancellations suppressing FCNC transitions would be easily destroyed in the pres-
ence of new physics contributions. To better appreciate the non-generic nature of the flavour structure, let
us analyse the simplest extension of the SM scalar sector with a second Higgs doublet, which increases
the number of quark Yukawas:

2
Ly = =3 { QLIS 60 dn+ QY 6 + Ly Y 60 b} + hic, (99)

a=1
where qbaT = ( ((1+)’ ¢>g°>) are the two scalar doublets, ¢ their C-conjugate fields, and Q, and L) the
left-handed quark and lepton doublets, respectively. All fermion fields are written as three-dimensional
flavour vectors and y}“) "are 3x 3 complex matrices in flavour space. With an appropriate scalar potential,
the neutral components of the scalar doublets acquire vacuum expectation values <0\¢((10) |0) = v, ela It
is convenient to make a U (2) transformation in the space of scalar fields, (¢, ¢3) — (P1, D5), so that
only the first doublet has a non-zero vacuum expectation value v = (v% + U% )1/ 2, ®, plays then the same

role as the SM Higgs doublet, while ®, does not participate in the electroweak symmetry breaking. In
this scalar basis the Yukawa interactions become more transparent:

2 2 2 2
SV 0a =Y Vil e, ST e = S v e (100)
a=1 a=1 a=1 a=1

The fermion masses originate from the ®; couplings, because ®, is the only field acquiring a vacuum
expectation value:

My = vV (101)



FLAVOUR DYNAMICS AND VIOLATIONS OF THE CP SYMMETRY

The diagonalization of these fermion mass matrices proceeds in exactly the same way as in the SM,
and defines the fermion mass eigenstates d;, u;, £;, with diagonal mass matrices M, as described in
Section 2. However, in general, one cannot diagonalize simultaneously all Yukawa matrices, i.e., in the
fermion mass-eigenstate basis the matrices Yf(2) remain non-diagonal, giving rise to dangerous flavour-
changing transitions mediated by neutral scalars. The appearance of FCNC interactions represents a
major phenomenological shortcoming, given the very strong experimental bounds on this type of phe-
nomena.

To avoid this disaster, one needs to implement ad-hoc dynamical restrictions to guarantee the
suppression of FCNC couplings at the required level. Unless the Yukawa couplings are very small or
the scalar bosons very heavy, a specific flavour structure is required by the data. The unwanted non-
diagonal neutral couplings can be eliminated requiring the alignment in flavour space of the Yukawa
matrices [160]:

2 *
Yd(,? = Sdt Yd(,? = \vfgd,e Mgy, v =gyl = o U My, (102)

with ¢ arbitrary complex proportionality parameters.7

Flavour alignment constitutes a very simple implementation of minimal flavour violation. It results
in a very specific dynamical structure, with all fermion-scalar interactions being proportional to the
corresponding fermion masses. The Yukawas are fully characterized by the three complex alignment
parameters ¢, which introduce new sources of CP violation. The aligned two-Higgs doublet model
Lagrangian satisfies the flavour constraints [162—172], and leads to a rich collider phenomenology with
five physical scalar bosons [173-180]: h, H, A and HE,

9 Flavour anomalies

The experimental data exhibit a few deviations from the SM predictions. For instance, Table 2 shows a
2.6 0 (2.4 0) violation of lepton universality in [g,/g,,| (|9,/g|) at the 1% level, from W — (v decays,
that is difficult to reconcile with the precise 0.15% limits extracted from virtual W transitions, shown
also in the same table. In fact, it has been demonstrated that it is not possible to accommodate this
deviation from universality with an effective Lagrangian and, therefore, such a signal could only be
explained by the introduction of new light degrees of freedom that so far remain undetected [181]. Thus,
the most plausible explanation is a small problem (statistical fluctuation or underestimated systematics)
in the LEP-2 measurements that will remain unresolved until more precise high-statistics W — (v data
samples become available.

Some years ago BaBar reported a non-zero CP asymmetry in P gV decays at the level
of 3.6 - 10> [182], the same size than the SM expectation from K’—~K° mixing [183, 184] but with
the opposite sign, which represents a 2.8 0 anomaly. So far, Belle has only reached a null result with
a smaller 102 sensitivity and, therefore, has not been able to either confirm or refute the asymmetry.
Nevertheless, on very general grounds, it has been shown that the BaBar signal is incompatible with
other sets of data (K 0 and D° mixing, neutron electric dipole moment) [185].

Another small flavour anomaly was triggered by the unexpected large value of Br(B~ — 7 v),
found in 2006 by Belle [186] and later confirmed by BaBar [93], which implied values of |V,,;| higher
than the ones measured in semileptonic decays or extracted from global CKM fits. While the BaBar
results remain unchanged, the reanalysis of the full Belle data sample resulted in a sizeable ~ 40%

7Actually, since one only needs that Yf(l)l and Yf@)l can be simultaneously diagonalized, in full generality the factors ¢
could be 3-dimensional diagonal matrices in the fermion mass-eigenstate basis (generalized alignment) [161]. The fashionable
models of types I, II, X and Y, usually considered in the literature, are particular cases of the flavour-aligned Lagrangian with
all ¢; parameters real and fixed in terms of tan 3 = vy /v; [160].
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reduction of the measured central value [94], eliminating the discrepancy with the SM but leaving a
pending disagreement with the BaBar results.

In the last few years a series of anomalies have emerged in b — cTv and b — s,tﬁ |4 transitions.
Given the difficulty of the experimental analyses, the results should be taken with some caution and
further studies with larger data sets are still necessary. Nevertheless, these anomalies exhibit a quite
consistent pattern that makes them intriguing.

9.1 b — cTv decays

In 2012 the BaBar collaboration [187] observed an excess in B — D(*)TVT decays with respect to
the SM predictions [188], indicating a violation of lepton-flavour universality at the 30% level. The
measured observables are the ratios

_ Br(B — D1v) _ Br(B— D'rv)

k(D) = Br(B — D)’ R(D7) = Br(B — D*v)’ (103)

with ¢ = e, yu, where many sources of experimental and theoretical errors cancel. The effect has been
later confirmed by LHCb [189] (D" mode only) and Belle [190] (Fig. 11). Although the results of the
last two experiments are slightly closer to the SM expected values, R(D) = 0.300 + 0.008 [36,53,191]
and R(D*) = 0.252 £ 0.003 [188], the resulting world averages [43]

R(D) = 0.407 £0.039 &+ 0.024, R(D*) = 0.304 4+ 0.013 4 0.007, (104)

exceed the SM predictions by 2.3 ¢ and 3.4 o, respectively. Combining the two measurements, with a
correlation of —20%, this implies a 4.1 o deviation from the SM [43], which is a very large effect for a
tree-level SM transition.

—~ L T T T T T T ]
X - BaBar, PRL109,101802(2012) -
[a) 05 - ——— Belle, PRD92,072014(2015) AX* = 1.0 contours E
x - LHChb, PRL115,111803(2015) - ]
0.45F- Belle, PRD94,072007(2016) === SM Predictions =
“™F ——— Belle, PRL118,211801(2017) R(D)=0.300(8) HPQCD (2015) ]
. LHCb, FPCP2017 R(D)=0.299(11) FNAL/MILC (2015) ]
0.4 T Average R(D*)=0.252(3) S. Faifer et dl. (2012) _]
0.35F —
03F =
0.25F .
C 3
0.2 | | | | PX?) = 71.6;’/0—_

0.2 0.3 0.4 0.5 0.6
R(D)

Fig. 11: Measurements of R(D) and R(D™) and their average compared with the SM predictions [36,53,188,191].
The continuous (dashed) ellipses display the 1 o (2 ¢ and 4 o) regions [43].

A worrisome aspect to keep in mind is that the latest R(D™) measurements of both LHCb and
Belle, with the 7 reconstructed with hadronic instead of leptonic decay modes, exhibit a shift to smaller
values, approaching the SM prediction. On the theoretical side, the recent re-evaluation of form-factor
extrapolations related to the exclusive | V,;| determination favours a slightly larger prediction R(D™) =
0.260 £ 0.008 [55], with an enlarged uncertainty, while a smaller error is assigned to the other ratio,
R(D) = 0.299 £ 0.003 [54].
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Different new-physics explanations of the anomaly have been put forward.® A natural candidate
for an additional tree-level contribution to these decays would be a charged scalar boson, coupling to
fermions proportionally to their masses, as predicted in flavour-aligned two-Higgs-doublet models [160,
162]. This could easily increase the value of R(D), since the scalar form factor contribution to the
7 mode is already sizeable in the SM. However, to accommodate a large increase of R(D™), which
is sensitive to several vector and axial-vector form factors, requires too big scalar contributions that
are in tension with the measured q2 distribution. The usual two-Higgs doublet models (types I, 1I, X
and Y) cannot be made compatible with the data, but a (generalized) flavour-aligned scenario with the
simultaneous presence of left- and right-handed couplings to the quarks improves considerably the global
fit [192]. Taking into account the known constraints from the B, decay width and the inclusive b — X .7v
branching ratio, an explanation of the anomaly in terms of an intermediate charged scalar would require
values of R(D") 1o smaller than the present experimental central value. The scalar contribution could
be disentangled through measurements of the differential distributions and the polarization of the final 7
and/or D* [192].

A different possibility is the existence of some new-physics contribution that only manifests in
the Wilson coefficient of the SM operator (¢, v"by,)(7,v,vr) [193-195]. This would imply a universal
enhancement of all b — crv transitions,

R(D) _ R(D") _ R(/4)
R(D)sy  R(D)sm  R(J/¥)sm
in agreement with the experimental ratios (D) and R(D"), and the recent LHCb observation of the
B, — J/v¢ Tv decay [196],

(105)

Br(B, — J/¢ 1v)
Br(B, — J/¢ (v)
which is 2 o above the SM expectated value R(.J/1)) ~ 0.25-0.28 [197-200]. Writing the four-fermion
left-left operator in terms of SU(2);, ® U(1)y invariant operators at the electroweak scale, and imposing

that the experimental bounds on Br(b — svr) are satisfied, this possibility would imply rather large
ratesin b — s7' 7 transitions [193—195], but still safely below the current upper limits [201].

R(J/Y) = = 0.714+0.17 +0.18, (106)

92 b—slTe decays

The rates of several b — s;ﬁ;f transitions have been found at LHCb to be consistently lower than
their SM predictions: BY — ¢up~ [202], BY — K°utu™ [203], BT — KTpTp™ [203,204],
BY = K™t 12031, BY — K4t [205] and AY — Apt T [206]. The angular and invariant-
mass distributions of the final products in B — K~ ;ﬁ;f have been also studied by ATLAS [207],
BaBar [208], Belle [209], CDF [210], CMS [211] and LHCDb [205]. The rich variety of angular depen-
dences in the four-body K 7T,u+ p~ final state allows one to disentangle different sources of dynamical
contributions. Particular attention has been put in the so-called optimised observables Pi/(q2), where q2 is
the dilepton invariant-mass squared, which are specific combinations of angular observables that are free
from form-factor uncertainties in the heavy quark-mass limit [212]. A sizeable discrepancy with the SM
prediction [213-215], shown in Fig. 12, has been identified in two adjacent bins of the P distribution, at
large K * recoil [205,207,209,211]. Belle has also included K *eTe™ final states in the analysis, but the
results for this electron mode are compatible with the SM expectations [209]. The hadronic uncertainties
of the SM predictions are not easy to quantify, but have been scrutinised by several groups [216-221].

LHCDb has also reported violations of lepton flavour universality, through the ratios [222]

Br(B" - K ptu™)
Br(B" — KTefe™)

= 0.745 15999 £ 0.036 , (107)
7°€[1,6] GeV?

RKE

5A long, but not exhaustive, list of relevant references is given in Refs. [192].
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Fig. 12: Comparison between the SM predictions for P; [213-215] and the experimental measurements [223].

and

B Br(B) — K*u ") Br(B) — K*ete™) (108)
*0) =
K Br(B} = K*J/ip(= pu7)) /) Br(B — K J/y(—= ete))

in two different q2 bins [224],

R = 0.667005+0.03, R = 0.69 "0 ++0.05. (109)

K*lg?€10.045,1.1] GeV? K*lg?e1.1,6] Gev?

These observables constitute a much cleaner probe of new physics because most theoretical uncertainties
cancel out [225-228]. In the SM, the only difference between the muon and electron channels is the
lepton mass. The SM theoretical predictions, R = 1.0040.01ggp, 12;-+0[0.045, 1.1] = 0.906+0.028y;,
and R, «o [1.1,6] = 1.00 & 0.01gEp [229], deviate from the experimental measurements by 2.6 0, 2.1 ¢
and 2.6 o, respectively.

Global fits to the b — s¢7 ¢~ data with an effective low-energy Lagrangian

G . O
Log = 7; VirVis — Z Ci O; (110)
i

show a clear preference for new-physics contributions to the operators Og = (517.b1) (64"¢) and Ofo =
(ELWNbL)(lH“%f), with ¢ = p [230-234]. Fig. 13 exhibits the need for Cg}j # 0 and rather large, of
the order of ~ —25% of the SM contribution to Cq ,, [230]. The statistical significance for non-zero
values of C%ll, C’g 5 and C%};e is low, although a reasonable fit to the data could be obtained with
Cg E — Cg f — C{\gz + C{\g; ~ —1.4 [232]. Many attempts to explain these results within specific
scenarios of new physics have been put forward (new gauge bosons, leptoquarks, new fermions and/or
scalars, etc.). A representative list of references can be found in Refs. [235-237].

10 Discussion

The flavour structure of the SM is one of the main pending questions in our understanding of weak
interactions. Although we do not know the reasons of the observed family replication, we have learnt
experimentally that the number of SM generations is just three (and no more). Therefore, we must study
as precisely as possible the few existing flavours, to get some hints on the dynamics responsible for their
observed structure.
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Fig. 13: Allowed 1, 2 and 3 o regions in the (Cé\f 5, Cfgfu) and (Cg 5, Cg P ) planes, from a global fit to b — s¢* ¢~
data [230]. The contours from specific experiments are show at 3 0.

In the SM all flavour dynamics originate in the fermion mass matrices, which determine the mea-
surable masses and mixings. Thus, flavour is related through the Yukawa interactions with the scalar
sector, the part of the SM Lagrangian that is more open to theoretical speculations. At present, we to-
tally ignore the underlying dynamics responsible for the vastly different scales exhibited by the fermion
spectrum and the particular values of the measured mixings. The SM Yukawa matrices are just a bunch
of arbitrary parameters to be fitted to data, which is conceptually unsatisfactory.

The SM incorporates a mechanism to generate CP violation, through the single phase naturally
occurring in the CKM matrix. This mechanism, deeply rooted into the unitarity structure of V, im-
plies very specific requirements for CP violation to show up. The CKM matrix has been thoroughly
investigated in dedicated experiments and a large number of CP-violating processes have been studied
in detail. The flavour data seem to fit into the SM framework, confirming that the fermion mass matri-
ces are the dominant source of flavour-mixing phenomena. However, a fundamental explanation of the
flavour dynamics is still lacking.

At present, a few flavour anomalies have been identified in b — c7v and b — s;ﬁ |4 transitions.
Whether they truly represent the first signals of new phenomena, or just result from statistical fluctuations
and/or underestimated systematics remains to be understood. New experimental input from LHC and
Belle-II should soon clarify the situation. Very valuable information on the flavour dynamics is also
expected from BESS-III and from several kaon (NA62, KOTO) and muon (MEG-II, Mu2e, COMET,
PRISM/PRIME) experiments, complementing the high-energy searches for new phenomena at LHC.
Unexpected surprises may well be discovered, probably giving hints of new physics at higher scales and
offering clues to the problems of fermion mass generation, quark mixing and family replication.
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Appendices
A Conservation of the vector current

In the limit where all quark masses are equal, the QCD Lagrangian remains invariant under global
SU(Ny) transformations of the quark fields in flavour space, where Ny is the number of (equal-mass)
quark flavours. This guarantees the conservation of the corresponding Noether currents V“ = ;" d;.
In fact, using the QCD equations of motion, one immediately finds that

a“‘/ll; = 8 ( Z,-)/V’d]) = Z(mul - md )uld_]7 (A.1)
which vanishes when m,, = = myg,. In momentum space, this reads un“ = O(m,, —m " ), with g, the

corresponding momenturn transfer.
Letus considera 0~ (k) — 0~ (k") weak transition mediated by the vector current VZ’]‘ . The relevant

hadronic matrix element is given in Eq. (19) and contains two form factors f, (qz). The conservation of
the vector current implies that f,(qQ) is identically zero when m,,, = My, Therefore,

(P ()| V()| Pi(k)) = &7 Cppr (k+ k)" £1(q°) (A2)

We have made use of translation invariance to write V}(z) = etre Vi (0) e " with P* the four-
momentum operator. This determines the dependence of the matrix element on the space-time coordi-
nate, with ¢" = (k' — k)"

The conserved Noether charges

/dga: V0 /d?’x uz(m) dj(z), (A.3)

annihilate one quark d; and create instead one u; (or replace u; by Jj), transforming the meson P into
P (up to a trivial Clebsh-Gordan factor C' pp that, for light-quarks, takes the value 1/ V2 when P is a
7% and is 1 otherwise). Thus,

(P'(K)Ny P(R)) = Cpp (P'(K)|P'(K)) = Cppr (2m) 2k 69K = k). (A4

On the other side, inserting in this matrix element the explicit expression for /\Qj in (A.3) and making
use of (A.2),

(P(K)|Ni; | P(k)) = /dgx (P'(K) V(@) P(k)) = Cppr (27)° 2k° 67(q) £,(0).  (AS)
Comparing Eqgs. (A.4) and (A.5), one finally obtains the result
£4(0) = 1. (A.6)

Therefore, the flavour symmetry SU(N;) determines the normalization of the form factor at ¢ =0,
whenm,, = mg, . It is possible to prove that the deviations from 1 are of second order in the symmetry-

breaking quark mass difference, i.e., f,(0) = 1 + O[(m,,, — mdj)2] [22].
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Abstract

I present a brief outline of some of the different paths for extending the Stan-
dard Model. These include supersymmetry, Grand Unified Theories, extra
dimensions, and multi-Higgs models. The aim is to give graduate students an
overview of some of the theoretical motivations to go into a specific extension,
and a few examples of how the experimental searches go hand in hand with
these efforts.

Supersymmetry, Grand Unified Theories, Extra dimensions, Multi-Higgs models

1 Introduction

The Standard Model is an extremely successful description of the elementary particles and its interac-
tions around the Fermi scale, but it leaves a number of unanswered questions that lead naturally to the
conclusion that it is the low energy limit of a more fundamental theory. Along with these unanswered
question comes a large number of free parameters whose value can only be determined experimentally.
Among the unanswered questions in the Standard Model are:

Are there more than three generations of particles?

Why are the fundamental particles masses so different?

How is the Higgs mass stablilized, i.e. what solves the hierarchy problem?

Is there more than one Higgs?

— What is the nature of the neutrinos, are they Dirac or Majorana?
— What is dark matter?

Why is there more matter than anti-matter?

Is there more CP violation?

Why only left-handed particles feel the electroweak interaction?
— Is it possible to unify quantum mechanics with gravity?

The collection of models and theories that make the research that extends the Standard Model
to answer some of these, and many more, questions is known as physics Beyond the Standard Model
(BSM). In here we will briefly explain some of the more popular efforts to go beyond the Standard
Model. There are many excellent reviews devoted to each topic, in here we give only an overview of
some of these extensions with an emphasis on the interplay between theory and experiment.

2 Symmetries

Modern physics is built on the observation that there are symmetries in Nature. The usual or tradi-
tional way of relating different parameters or sectors of a theory has been by adding symmetries. The
Lagrangian of the theory has to respect the symmetries of the system, which means it remains invari-
ant under symmetry transformations. This requirement means that the mathematical consistency of a
proposed model can lead to new discoveries.

There are different types of symmetries: Continuous, discrete, global, local, hidden, broken, acci-
dental... the Standard Model incorporates all of these kind of symmetries.
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Continuous symmetries are implemented by unitary transformations, since they are continuously
connected to the identity. Continuous symmetries lead to conserved quantities, as stated by Noether’s
theorem [1], which are useful to classify or label the symmetries. These systems might have local or
global conservation laws; global if the symmetry acts equally everywhere and local if the symmetry acts
differently on every point.

On the other hand, discrete symmetries, as their name states, represent non-continuos transforma-
tions. In quantum mechanics they have associated a multiplicative quantum number.

The quantum field theory (QFT) that describes the SM is based on a combination of space-time
symmetries and internal symmetries. Space-time symmetries act on the coordinates of space-time, they
include rotations, translations, and general Lorentz and Poincaré transformations, which are global sym-
metries, and general coordinate transformations, which are local symmetries. Thus, the SM has all the
transformations of special and general relativity.

On the other hand, internal symmetries refer to the transformations of the different fields. Internal
symmetries are related to gauge invariance, which refers to the fact that different field configurations may
describe the same observables. A gauge transformation on a field implies that also the kinetic term has
to be transformed, so as to leave the Lagrangian invariant. This leads to the definition of the covariant
derivative, where a vector or gauge potential is introduced, ensuring the invariance of the Lagrangian
under gauge transformations. There are many choices of gauge potential that will describe the same
physics. From the conservation of internal symmetries follows the conservation of colour and electric
charge, for instance.

Often symmetries are not exact or explicit, but may be broken or hidden. A symmetry can be
broken spontaneously, like in the Higgs mechanism, where the vacuum expectation value of the Higgs
field is different from zero, and thus does not respect the symmetries of the original Lagrangian. Thus, a
symmetry may be hidden in the sense that we may just perceive the symmetries in the vacuum state, and
not the more general symmetry group of the complete Lagrangian.

A symmetry can also be broken explicitly, whereby there are terms in the Lagrangian which do
not respect it, and thus are not invariant under the symmetry transformation.

The Standard Model is based on a number of symmetries: Poincaré invariance in four dimensions
and gauge invariance under the group SU(3) x SU(2)r x U(1)y. The electroweak part SU (2);, x U (1)y
is spontanously broken by the Higgs mechanism to U(1)gys. Besides Lorentz and gauge invariance
the SM exhibits some discrete symmetries, which can be exact or broken. Among these are charge
conjugation (C), parity (P), and the combined effect of both CP, as well as time reversal (T), which
are broken in electroweak interactions. The SM Lagrangian is invariant under the action of CPT, as
required by the CPT Theorem, which states that any localized Lorentz invariant gauge theory is invariant
under the combined action of C, P, and T. There are also accidental symmetries in the SM, that is, they
appear without having required invariance under any particular symmetry, but as a consequence of the
field content and other symmetries and properties of the Lagrangian. These include baryon and lepton
number conservation, which are exact at the classical level.

3 Why go beyond the SM?

As already mentione, the SM is very successful in describing the fundamental particles and their inter-
actions at the electroweak scale, but it leaves a number of puzzles or unanswered questions that lead to
the conclusion that it is the low energy limit of a more fundamental theory. The first deviations of the
SM appeared with the neutrino masses and the existence of dark matter, the latter was actually proposed
even before the SM was conceived. The SM was formulated with neutrino masses equal to zero, and
it might not look like a great departure from it just to add extra terms to the Lagrangian to give mass
to the neutrinos, the same way as for the other matter particles. But neutrino masses are tiny, and thus
the associated Yukawa coupling would be several orders of magnitude smaller than the other matter cou-
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plings, enhanching the mass hierarchy among the fundamental particles. A popular way to explain the
smallness of neutrino masses is to assume the right-handed neutrinos, which are sterile, acquire a large
Majorana mass. The diagonalisation of the neutrino mixing matrix which includes the Dirac mass term
(of order of the electroweak scale) and the Majorana mass term leads to one very heavy and one very
light eigenvalue, thus the name seesaw mechanism (see for instance [2, 3]).

Amongst the puzzles that lead to the proposal of different models BSM are some of the questions
mentioned in the introduction, and more. The list is long and it grows as we go into the details. Let us
look at some of the more important ones:

— The hierarchy problem refers to the fact that the we expect the fundamental scale to be the
Planck scale, Mp = 10'° GeV, but the particle masses are “of the order” of the electroweak scale
~ O(100) GeV,i.e. 17 orders of magnitude below Mp. This scale is dictated by the spontaneous elec-
troweak symmetry breaking, where the Higgs fields acquires a vacuum expectation value (vev) different
from zero, and through its self-interaction a mass, which we know now to be ~ 125 GeV'.

On the other hand, the Higgs field, being a scalar, has radiative corrections that grow quadratically
with the energy, and not logaritmically like the other particles. The quantum corrections to the Higgs
mass would drive it to the Planck scale, which is assumed to be the fundamental one

M? oc M%(A?) 4 6mi = M?*(A?) — Cg*A?, (1)

where A is an energy scale, g the SU(2) gauge coupling and C' some constant. Thus, an incredible fine-
tuning must exist between the bare mass and the radiative corrections to cancel almost completely among
themselves, and render the Higgs mass ~ 125 GeV. This enormous degree of fine-tuning is clearly a
naturality issue. The hierarchy and naturalness (or lack thereof) problems have led to the conclusion that
around ~ O(1) T'eV there must appear new physics, or rather physics unknown to us.

— The cosmological constant is interpreted as the energy of the vacuum, and recent observations
suggest its value is close to zero but not identically zero. In quantum field theory, assuming the funda-
mental theory to be at the Planck scale, the cosmological constant is predicted to be ~ 120 orders of
magnitude bigger than the measured value. This is an even bigger naturaleness problem than the one of
the Higgs mass.

— There are only three generations of particles, as is inferred from the Z width and from Big Bang
Nucleosynthesis. The masses of the fundamental fermions are much lower than the Planck scale, as
above mentioned. But there are also large differences among them, between the up and the top quarks
there are five orders of magnitude in mass. The mixing in the quark sector is not very large, the CKM
matrix largest elements are in the diagonal. Also in the lepton sector, if we take into account neutrino
masses (which striclty speaking are zero in the SM), the discrepancy between the largest and the lightest
mass is at least five orders of magnitude, if not bigger. On the other hand, the mixing angles in the PMNS
matrix are fairly large. This pattern of masses and mixings is not understood, but it might suggest an
underlying symmetry at work (or not).

— We have enough evidence of the existence of dark matter, and we will assume that it is a particle.
This particle cannot be one of the SM ones. The neutrinos could be a fraction of the total dark matter
(DM), but DM cannot be composed entirely of neutrinos, since it would be in contradiction with the
large structure formation of the Universe. Thus, we need particles beyond the ones in the SM to explain
dark matter (see [4, 5] and references therein). It is usually assumed that DM is only composed of one
type of particle, but there is no reason that DM could be actually made of more than one type of particle.

The solution to some of these problems has been to follow the traditional path, i.e. to add symme-
tries, but it is also possible to add particles and/or interactions, or to add more space-time dimensions, or
combinations of all of them. Of course, any attempt to extend the SM has to go hand in hand with exper-
imental data, and the SM has to emerge as the low-energy theory of any theory beyond it. For extended
recent reviews and textbooks on BSM physics from different perspectives, see for instance [6—13].
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4 Grand Unified Theories — GUTs

In the context of adding more symmetries, one could think that there is a larger gauge symmetry group
which contains the SM one. This is the idea behind Grand Unified Theories or GUTs, where the elec-
troweak and strong interactions are unified in a single interaction at high energies. This larger symmetry
group is realized at very high energies, which corresponds to the beginning of the Universe, and the
symmetry is broken down to the SM gauge group, which is what we observe today. The unification
idea is very attractive, what we perceive as three separate interactions at low energies is in reality only
one, gravity is not included in this scheme. Grand unification can work because of the behaviour of
the different gauge couplings as they move up in energy, which is calculated using the Renormalization
Group Equations (RGEs). Whereas the inverse of the strong and weak coupling increase with energy, the
inverse of the electromagnetic coupling decreases, thus they all tend to a similar value at high energies
(see Fig. 4). If unified, we have two parameters, the unification scale Mgy and the unification coupling
agur rather than three. But reducing one parameter is not the only achievement of a unified theory.
Because now the particles are unified in a larger symetry group, they are related through the symmetry,
which gives some nice surprises and predictions (see for instance [14, 15]).

The simplest, and one of the most studied, examples of a GUT is the one based in the gauge group
SU(5). SU(5) can accomodate all the particles of the SM and can be broken exactly into its gauge
group,

SU(5) — SU(3) x SU(2) x U(1) (2)
The left-handed quarks and leptons are accomodated in irreducible representations (irreps) of SU (5) as
follows 5 = [d¢, L] and 10 = [Q, u®, e°], and the left-handed anti-neutrinos are in a singlet irrep 1 (the
original model did not include those, since there was not yet evidence of neutrino masses). In matrix
notation

dc 0 v —u® —u —d
- d 0 wuw —u d
5= de , 10 = 0 —u —d |- 3)
0 —eT

The breaking of the SU(5) group to the SM one is achieved by the vacuum expectation value
of the adjoint representation, the 24. The gauge bosons fit in the adjoint irrep 24, which also contains
twelve fractionally charged bosons with both lepton and baryon number. These “exotic” bosons are
called leptoquarks, and are denoted by X and Y. Since the leptons and quarks are combined in the same
irreps, baryon and lepton numbers are not conserved, although the combination B-L is still conserved.
Thus, unless the X and Y bosons are very heavy, the violation of B and L can lead to proton decay through
exchange of leptoquarks, which is a signature of many GUTs. These decay modes obey the selection rule
A(B — L) = 0, and are mediated by effective operators of dimension 6. In Fig. 1 examples of diagrams
that lead to proton decay through these dimension six operators are shown.

The Higgs boson can be accomodated in a 5 or a 5 irrep, which will also decompose in triplets
of SU(3) and doublets of SU(2) once the SU(5) group is broken. Again, we have a coloured and
an electroweak part mixed in the same irrep. These coloured Higgs triplets violate baryon and lepton
number and can mediate fast proton decay via the exchange of the scalar triplet, unless they are very
heavy. Thus, there must be a fine tuning to get the doublets at the electroweak scale, and at the same time
leave the triplets at the GUT scale. This is referred to as the doublet-triplet splitting fine tuning problem.

The proton lifetime in these type of GUTs is

M4
T~ G 107 - 107 yrs (4)
aGUTW%
which excludes them by the bound on the proton lifetime set by super-Kamiokande 7 > 1034 yrs,
ruling out the simplest models. Moreover, letting the gauge couplings of the SM run to high energies
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Fig. 1: Dimension six operators that mediate proton decay in SU(5), the diagrams on the left are mediated by the
coloured Higgs triplet and anti-triplet, the ones on the right by the X boson.

through their RGE shows that they do not quite unifiy, see upper panel of Fig. 4. If one incorporates
supersymmetry in the game, then unification may be achieved, as the lower panel of Fig. 4 shows.
Although in SUSY GUTs the proton decay prediction remains, the proton lifetime may be larger than in
non-SUSY models, within the experimental bounds.

On the other hand, Grand Unified theories give an explanation of charge quantization. Since the
charge operator is a generator of SU (5), the sum of all charges in each irrep must add to zero, leading
to Q(d°) = —1/3Q(e). They give an approximation to the value of the Weinberg angle, and also
approximations to some quark mass ratios.

Besides the minimal SU (5) sketched here, several other GUTSs have been studied. For instance,
another popular GUT is SO(10), which has all fermions in the same irrep 16, and a right handed neutrino
may be included naturally. Other groups have different features like the Pati-Salam group SU(4). x
SU(2)r, x SU(2), which proposes a fourth colour charge and also predicts the existence of magnetic
monopoles, or the flipped SU (5) x U (1), where the assignment of the particles to the irreps is 5 = [u®, L]
and 10 = [Q,d®, v°], and 1 = e°.

5 Supersymmetry

Particles come in two fundamental versions, bosons and fermions. Matter particles are fermions, with
half-integer spin and obey Fermi-Dirac statistics. Gauge particles, which are the ones that “carry” the
interactions, are vector bosons with spin one and obey Bose-Einstein statistics. The Higgs boson (or
perhaps Higgs bosons) is a scalar with zero spin, and thus also obeys Bose-Einstein statistics. Super-
symmetry (SUSY) relates bosons and fermions, so what in the SM are distinct types of particles, in
SUSY theories are related through a symmetry transformation. There are many excellent reviews on
supersymmetry, both from the formal as well as from the more phenomenological point of view (see for
instance [16—18,21]). In here we will expose the main motivation for SUSY and some of models that
have been more studied.

Through SUSY it is possible to transform bosons into fermions and viceversa
Q|Boson >= |Fermion >; Q|Fermion >= |Boson > . ®)

The extension of the Coleman-Mandula Theorem [19] due to Haag, Lopuszanski and Sohnius [20] tells
us how to build an interacting quantum field theory with such restrictions. One has to generalize the Lie
algebra to a graded Lie algebra with anti-commutators and commutators, in order to include the fermionic
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generators. Thus, a supersymmetric theory must have the Poincaré generators P for translations in
space and time, and M ™+ for the Lorentz boosts and rotations, plus the spinor generators Qﬁ (a=1,2

and A = 1,..., ) corresponding to spins (A, B) = (%, O) and QTdA with (A, B) = (0, %)

If O, are operators of a Lie algebra, a graded Lie algebra staisfies the relations
Oa Ob - (_1)77(1% Ob Oa =iC*° ab Oe 5 (6)

where the gradings 7, take values

0 : O, bosonic generator
T = { o 8 (7)

1 : O, fermionic generator

We will only address the case of N=1 supersymmetry, i.e. only one set of Q and Q. The possibility
of having several copies of these generations leads to extended supersymmetries (N = 2, N = 4), but
these theories do not have chiral fermions, which makes them unsuitable as direct extensions of the SM.

The particle states are described by irreducible representations of the SUSY algebra, called super-
multiplets. The supermultiplet contains equal number of both fermionic and bosonic degrees of freedom.
The particle states in each supermultiplet are called superpartners and they differ by 1/2 unit of spin. In
N=1 SUSY, a chiral supermultiplet contains a Weyl fermion and two real scalars. The Weyl fermion
has two degrees of freedom corresponding to each helicity state, and each real scalar has one degree of
freedom, which are usually described together as one complex scalar. A gauge supermultiplet contains a
massless spin-1 gauge boson and its superpartner, a gugino, which is a massless spin-1/2 Weyl fermion,
both of which have two helicity states. They both transform in the adjoint representation of the gauge
group which is self-conjugate, therefore the left- and right-handed components of the gauginos have the
same transformation properties, thus they are Majorana in nature. The Higgs boson belongs also to a
chiral supermultiplet, with a spin-1/2 superpartner, the Higgsino. But in SUSY theories one Higgs su-
permultiplet is not enough to guarantee an anomaly free theory. The Higgs supermultiplet has a gauge
anomaly, which is cancelled if another Higgs supermultiplet with opposite hypercharge is added. The
members of a supermultiplet must have the same coupling strenghts and also the same mass, thus

Z mgosons = Z m?‘ermions' (8)

In the context of the radiative corrections to the Higgs mass this means that the quadratic corrections to
the Higgs mass coming from the bosons are exactly cancelled by their fermionic superpartners, order by
order in perturbation theory.

One of the main motivations to study SUSY models is that they provide a solution to the hierarchy
problem, in a natural way. The contributions to the radiative corrections to the Higgs mass that come
from the SM particles are cancelled exactly, order by order, by their superpartners, see Fig. 2. This
happens thanks to the sum rule, Eq. (8), and an extra (-1) sign that comes from the Fermi-Dirac statistics.
This is exact only if SUSY is unbroken, once it is broken the squared mass difference between bosons
and fermions is proportional to the susy breaking scale squared M gU gy- This value is expected to be
~ O(1) TeV, to be consistent with the scale of the Higgs mass, and it is also the value that is required
to have good unification of couplings in the minimal SUSY extension of the MSSM.

5.1 The Minimal Supersymmtric Extension of the Standard Model

By far the most phenomenologically viable SUSY model studied is the Minimal Supersymmtric Standard
Model (MSSM). It has N=1 SUSY, to include chiral fermions, and two Higgs supermultiplets, to be free
of gauge anomalies. The gauge group is the same as the SM one, SU(3) x SU(2) x U(1), but now
the particles are arranged in supermultiplets. The matter or chiral supermultiplets contain the quarks and
leptons and their respective superpartners, squarks and sleptons, which are spin-0 scalars. There are two
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Fig. 2: Cancellation of divergencies to the Higgs boson mass from contributions from the superartners, figure from

v~ boson ~ fermion
+ =0
XZ
gauge
 boson / gaugino
2 * : - =0
g

ref [21].
Particles | Bosons Fermions | Charges under SM
quarks, squarks  Q; | (@,d)r, (u,d)r, (3,2,1/6)
u i, ul, (3,2,-2/3)
d 4 dl, (3,2,1/3)
leptons, sleptons  L; | (7,€)r (v,e)r (1,2,-1/2)
e &, el, (1,1,1)
Higgs bosons H, | (H,", HY) | (H,, HY) (1,2,1/2)
Hd (Hc??Hc;) (f{g,ﬁ;) (1727_1/2)
Bino, B BY BY (1,1,0)
Wino, W, Zino, Z | (W*,2) | (W#,2) (1,3,0)
Gluino, g g g (8,1,0)

Table 1: Particle content of the MSSM

chiral supermultiplets with opposite hypercharge that contain the Higgs bosons and their corresponding
superpartners, the Higgsinos. The gauge supermultiplets, which contain the spin-1 vector bosons and
their superpartners the gauginos, which are spin-1/2 Majorana fermions.

In supersymmetric theories the interactions are determined by the superpotential, which is a holo-
morphic function of the chiral superfields. It respects SUSY and gauge invariance. The superpotential
contains the Yukawa interactions and mass terms, in the MSSM it is

Warssu = i (yap@AUs Hs + yny QLD HY + yy LAESHY + pH HY) ©)
where the superfields in the potential are given in Table 5.1

In principle there could be terms in the superpotential that break baryon or lepton number, like for
instance LQd°. These terms would mediate really fast proton decay through p — et + 7%, In order to
forbid these terms a new multiplicative discrete parity is introduced, R symmetry. R symmetry is defined
as

R= (71)3(B—L)+25 , (10)

thus all supersymmetry particles have & = —1 and the SM particles and all the Higgs bosons have
R = 1. Besides forbidding proton decay, one immediate consequence of R parity is that the lightest
supersymmetric particle (LSP) is stable. This feature may provide with a good candidate to dark matter,
if the LSP is electrically neutral. Another consequence of R parity is that superparticles are created in
pairs.
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5.2 SUSY breaking in the MSSM

If SUSY exists in Nature it has to be a broken symmetry, since no superpartners of the SM particles
have been observed. The way to break SUSY consistent with phenomenological observations, and to
preserve the solution to the hierarchy problem is to add soft breaking terms to the SUSY Lagrangian.
Soft breaking terms do not reintroduce quadratic divergences in the theory, they have positive mass
dimension, and are super-renormalizable. The soft breaking part of the MSSM Lagrangian has a similar
form to the superpotential

1 - -
_ﬁBreaking = Z m(%z|901|2 + <2 Z Ma>\a)\a + BHlHQ
i a (1)
+ AL Q.U Hy + AL QoD Hy + AL Lo Hy + h.c.) ,

where ; are the scalar fields, Ao are the gaugino fields, Q,U,D and L, E are the squark and slepton
fields, respectively, and H,, 4 are the Higgs fields. In principle there can be over 100 soft breaking terms,
but they are constrained by requiring the absence of Flavour Changing Neutral Currents (FCNCs) and
CP violation. These constraints appear naturally if one imposes “universal” soft breaking terms, which
means that all the soft scalars are proportional to the identity matrix 13xs, the trilinear A terms are
proportional to the Yukawa couplings, and there are no extra CP violating phases besides the usual CKM
one

~92 .
MO udLe X 1QudLe;  Qude X AudeYude - (12)

Usually, universal gaugino masses at the unification scale are assumed too. These universality conditions
are usually taken as boundary conditions for the RGEs at at higher scale, most commonly the GUT scale.
They are assumed to originate from an underlying more fundamental theory, where SUSY is dynamically
broken, allthough such theory is not known. The general assumption is that the MSSM is connected to
an unknown or “hidden” sector, that communicates to the matter or “visible” sector through so-called
messangers. Thus, the effective theory that is left after the hidden and visible sectors interact through the
messenger has a Lagrangian with soft SUSY breaking terms. The most studied types of SUSY breaking
through hidden sectors are:

— Gravity mediated, the sectors interact through gravity. The SUSY breaking scale is of the order of
the gravitino mass, the superpartner of the graviton. Although it is very attractive due to the fact
that gravity exists and is felt by all particles, there does not exist yet a theory of quantum gravity.

— Gauge mediated, the SUSY breaking is communicated to the observable sector through the known
gauge interactions that involve the messenger particles in loop diagrams. These messanger parti-
cles are the SM particles plus particles from a unified theory. The LSP is the gravitino.

— Anomaly mediated, SUSY breaking appears at loop level through a superconformal anomaly. An
interesting feature in this scenario is that the soft terms that appear are renormalization group
invariant, i.e. they are valid at any renormalization scale. One drawback of the simplest anomaly
mediated scenario is that the slepton is tachyonic, although there are ways out of this problem.

— Gaugino mediated, it is based on brane theory. It is assumed that the SM lives on a brane, while
gravity and other field propagate in the bulk. SUSY breaking happens in a different brane and it
is communicated to our brane through the gauginos. This is the least studied of the four hidden
sector proposals.

All these scenarios generate soft breaking terms of the form given in Eq. (11). To each one of these
scenarios correspond particular boundary conditions at the unification scale, that after evolving to the
electroweak scale through the RGEs, give different predictions for the s-spectrum. Examples of such
different s-spectra are shown in Fig. 3.
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Fig. 3: The upper part shows the hidden sector scenario, whereas the lower part shows the different sparticle-
spectra that come from the different scenarios, both figures from ref [21].

5.3 Higgs potential and masses in the MSSM

The tree level Higgs potential of the MSSM should be compatible also with electroweak symmetry
breaking. We require that it breaks the SU(2) x U(1) group to the electromagnetic U(1)gps. At the
minimum it is always possible to rotate away the vev’s of one of the Higgs fields, for instance H,” = 0,
which at the minimum 9V /O H, implies that also H, 4 = 0. Thus, the potential is given by

Viree(Hus Ha) = (1] 4y, ) Hu[? + (12| + miy, ) | Hal? = b(HH + c.c.)
2 2
+
+ S(E)? - HP)? (13)

where g is the SU(2) gauge coupling and ¢’ the U(1) one, quu and m%,d are the soft breaking mass
terms for the Higgs bosons, and p their mixing term in the superpotential. The quartic couplings are
fixed in terms of the gauge couplings. The requirement that the potential is bounded from below gives
positivity conditions on the potential parameters

m3 4+ m3 > 2Jb| . (14)

To guarantee electroweak symmetry breaking, a linear combination of the Higgs fields has to have a
negative square mass term, which happens if

mai > mim3 . (15)
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These conditions are not satisfied at the GUT scale in general, but since they are scale dependent,
i.e. “running parameters”, they might be realized at at lower energies after evolving the RGEs. Thus,
the symmetry breaking is driven through radiative corrections. Because of this feature the mechanism is
known as radiative electroweak symmetry breaking. Furthermore, after electroweak breaking the Higgs
vevs and the gauge couplings must be related to the Z boson mass through

mz = (¢° +9") (v +vd)/4, (16)
where
< H® >=v,/V2, <HY>=0vg/vV2,  v=1v2+02=~246.218 GeV ,
and we define tan 8 = v, /v4. Eq. (16) imposes further conditions on the p and b parameters

) (m%{d - m%]u) tan 28 + M2 sin 243 7
- 5 , a7
2 m%lu sin? 5 — m%{d cos? 3 M% 18

o= 2 " (19

To find the Higgs bosons masses, it is necessary to expand the potential around the minimum
and separate it in real and imaginary parts. The two complex Higgs doublets have eight real degrees
of freedom. The real parts correspond to the CP-even Higgs bosons and the imaginary parts to the CP-
odd ones and to the Goldstone bosons. After electroweak symmetry breaking the three Goldstone bosons
become the longitudinal modes of the W+ and Z bosons, as in the SM. The other five degrees of freedom
will give rise to four massive scalars, two of which are neutral h and H, two charged H™, plus a massive
neutral pseudoscalar A. Of these, one can be easily identified with the SM Higgs boson, namely A, which
is naturally lighter than the other four.

After SUSY and electroweak symmetry breaking all the SM, Higgs bosons and the s-particles
acquire their physical masses. The tree level masses of the Higgs bosons are:

My = 2b/sin28 (19)
1

My = S(M3+M}¥ VML + MB)2 — AM3 M3 cos 25) 20)

Mpys = M3+ M3 (1)

It is clear from the minimisation conditions and the expressions for the Higgs’ masses that there are only
two free parameters at tree level, which can be taken as M 4 and tan 3. Moreover, whereas M4, M,
and Mg+ can be very large, the lightest Higgs mass my, is bounded from above

M, <min(Ma, Mz)|cos28| < My . (22)

Radiative corrections to Mj, particularly form the RGE running quartic coupling, which is proportional
to the top quark mass, and threshold corrections from integrating out the stop quarks in the loop, are very
large and change this bound to

My, <135 GeV . (23)

The actual value of M}, in any specific model will depend on the s-spectrum, particularly on the stop
quark masses, and the degree of mixing among themselves. This result is encouraging for the MSSM as
an extension of the SM in the sense that it has a natural decoupling limit, which reduces to the SM, but
the details of the predictions depend sensibly on the details of the soft breaking terms.

Another interesting feature of the MSSM is that after electroweak symmetry breaking the neutral
states can mix among themselves, the same happens to the charged states. This gives rise to four mass
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eigenstates known as neutralinos X(1),273, 4 which are a mixture of the neutral gauginos (W9, B) and neutral
Higgsinos (ﬁg, ﬁg); and two charged mass eigenstates, the charginos ng which are a mixture of the
charged Higgsinos (flf[ , H ;) and the charged Winos (I/T/i).

The mass matrices of the neutralinos are

My 0 — My cos Bsiny My sin S sinyy
0 _ 0 Mo My cos fcosyy  —Mysin B cosyy 24)
— Mgz cos Bsinyy Mg cos B cosy 0 — ’
Mysin fsinyy —Myz sin 8 cosyy — 0
the mass matrices of the charginos are
M- V2Myy sin 3
( V2Myy cos 8 I ’ 2
and the mass matrices for the scalar quarks are of the form
( miy, mi(Ap — pfacB) )
mys(Ar — pfacp) fn?cR ’

where f is any of the quarks and leptons, and fac8 = tan 8 for down type quarks and leptons, and
facB = cot B for up type quarks. The mixing in the first two families is practically negligible, but can
be sizeable in the third one.

As can be seen from the expressions of the mass matrices, the sparticle spectrum (s-spectrum)
depends on the choice of soft breaking parameters, given in Eq. (11) and the 1 Higgsino mixing term
appearing in the superpotential (9). Thus, different soft breaking terms will lead to different allowed
parameter space at low energies.

To make the study of the MSSM more tractable the number of free parameters is reduced in dif-
ferent ways. One popular way is the constrained MSSM (cMSSM), in which the universality relations
Eq. (12) are taken a step further, making all the soft scalar masses at a high scale equal, mg, all the
trilinear terms equal A, and all the gaugino masses equal m j,. This leaves only five free parameters:
Mo, my 2, A, tan 3, signu. The cMSSM is inspired in minimal supergravity models, which have the
same five parameters, but with extra relations among themselves at the unification scale. Most experi-
mental searches are based on the cMSSM or variations of it. This model might be too constrained and
even unrealistic, but opening slightly the parameter space at the unification scale can widen it at experi-
mental scales. For instance, relaxing any of the strict universality relations changes the phenomenology
at low energies.

Besides giving a solution to the hierarchy problem, there are two other widely studied features that
make the MSSM and other SUSY models attractive.

— The neutralino LSP has been proposed as a good candidate for dark matter, since it is neutral
and has only electroweak interactions. The neutralinos are a combination of the neutral gauginos,
which means that for different values of the soft breaking terms the LSP will be different. This
in turn means that the admixture of the lightest neutralino (Higgsino, Wino and Bino) will lead
to different types of DM (for an extensive review on the subject see ref. [22]). The combination
of experimental collider searches and direct DM detection experiments can be used to restrict the
allowed parameter space of a particular model. An example of this is provided in [23], where DM
is assumed to be the lightest neutralino, and regions in parameter space that agree with the dark
matter relic abundance () and experimental constraints are studied for different SUSY models.

— The MSSM with ¢ > 0 might provide a solution to the discrepancy between the experimental and
the theoretical value of the anomalous magnetic moment of the muon g — 2 [24]. On the other
hand, lepton flavour violating processes have been proposed also to alleviate or solve entirely this
problem (see for instance [25,26]).
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Fig. 4: Unification of couplings in the SM (up) and in the MSSM (bottom), where the SUSY breaking is assumed
to be at 2 T'eV. From ref. [27].

There are a number of low energy experimental constraints that reduce the parameter space for the
cMSSM. The most stringent ones are the ones that come form FCNC’s and flavour physics. Among the
most used constraints are:

The branching ratio b — s7.
The branching ratio B — pup ™.

Constraints on direct searches on SUSY particles.

— Dark matter constraints, if the dark matter is composed 100% of the LSP, which is usually the
neutralino.
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5.4 SUSY GUTs

The unification of couplings, which was not good in the SM, turns out to work rather well in SUSY GUT
models, see Fig. 4, assuming the SUSY breaking happens around a few TeV (for recent reviews see [28]
and references therein). The idea is basically the same as in GUTs, but with supersymmetry added. The

K+

u

Fig. 5: Dimension five operators that mediate proton decay in SUSY GUTs, from [29].

matter and gauge contents are assigned to the same irreps as in non-SUSY GUTs, but now they refer to
the superfields, where the SM particles appear in the supermultiplets together with their superpartners.

In SUSY GUTs there are more ways for the proton to decay through dimension five operators, see
Fig. 5. These decay modes are the dominant ones, with 7, ~ 1034 yrs. The coloured Higgsino triplets
in SUSY GUTs can give rise to dimension five operators also, thus they have to be heavier than the GUT
scale to suppress proton decay.

Dimension six operators exists, like in ordinary GUTSs, but since the unification scale is large
Mgyt ~ 10 the proton lifetime coming from these processes is 7, ~ 103° yrs. Dimension four
operators do not appear in the models considered here, since R parity is conserved.

Many of the constraints on the parameter space in the MSSM come from the assumption that
there is an underlying unified theory behind it. That is the origin of the hidden sector SUSY breaking
assumption and of the universality conditions that were discussed in the previous subsection.

An intriguing feature of SUSY GUTs is that they can be made finite to all-loops in perturbation
theory, which can lead to good predictions for the third generation of quark masses, the Higgs mass, and
a prediction for a relatively heavy s-spectrum (see for instance [30] and references therein).

5.5 Experimental searches

No direct or indirect evidence for supersymmetry has been found so far. Indirect evidence could come
from contributions at loop level to some rare processes in the SM, like b — s7v or electron dipole
moments, for instance. Direct production could happen through quark-antiquark annihilation, gluino
fusion, gluino-quark interaction, and quark-quark scattering, which would lead to pairs of sparticles.
The sparticles then would decay into SM particles and neutralinos, the latter escape detection carrying
with them some missing energy. The LHC experiments, CMS and ATLAS, have put bounds on the SUSY
particles, and excluded some regions of the parameter space of the cMSSM. In general, these analysis
are done in simplified models that exhibit generic features, since it is difficult to test simultaneously all
of the free parameters of the MSSM. We present two examples of how such searches are presented, for a
more detailed description the reader should go to the experiments public pages [] and papers therein.

The results for the searches for gluinos and first and second generation squarks from proton proton
collisions at 8 T'eV are presented in [31]. Limits in simplified models with gluinos and squarks of the
first and second generations are derived for direct and one- or two-step decays of squarks and gluinos,
and gluino decays via third-generation squarks are derived. They considered simplified models with
R-parity conservation, and in all of them the limit on the gluino mass exceeds 1150 GeV at 95% CL,
for an LSP mass smaller than 100 GeV. They also derive exclusion limits for a number of simplified
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Fig. 7: CMS exclusion limits in the chargino-lightest neutralino plane are show, from [33,34]

models, like the cMSSM and a model with non-universal Higgs mass model with gaugino mediation,
among others. Fig. 6 the exclusion limits at 95% CL for 8 T'eV analyses are shown in the (mq, mq /2)
plane for the MSUGRA/cMSSM model. The other three parameters have been set to tan(3) = 30, 4g =
—2mg, u > 0 [31]. The Higgs mass is ~ 125 GeV in a large part of the parameter space. The search
excludes gluino masses < 1280 GeV'.

The results of the searches for chargino-neutralino pair production in proton-proton collisions with
sleptons as final decay modes were performed in [33]. Chargino-neutralino pair production is expected
to have the largest cross section from all the electroweak processes. Higgsino pair production in a gauge
mediated SUSY breaking scenario, was also studied. Different simplified models lead to different final
states, where limits on the charginos and neutralino masses can be set, these range from 180 GeV to
1150 GeV at 95% C.L. For instance, models with light left-handed leptons lead to the stringest bounds,
with the mass limit for charginos and neutralinos up to 1150 GeV at 95% C.L. In 7 exclusion limits for
this study in the chargino/lightest neutralino plane are shown.
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5.6 The Next to Minimal Supersymmetric Standard Model

Another widely studied extension of the SM is the Next to Minimal Standard Model (NMSSM). The
model has the same matter content than the MSSM plus a chiral singlet superfield S, i.e. an extra Higgs
singlet. It provides for a solution of the so-called “x problem” in the MSSM, which refers to the fact that
the the i term in the Higgs potential is of the order of the SUSY breaking scale, while the fundamental
scale is high (see for instance [35,36] and references therein).

The NMSSM solves the p problem by generating this term dynamically through the new chiral
singlet. The superpotential adds two terms to the MSSM usual one

Wxnssu = Warssar + ASHUH? + §§3 (26)
and the Higgs potential is given by
2 2 2 2 21q2 K, a3
VNMSSM = mHu‘HU‘ + de‘Hd| + mS|S\ + ()\A)\SHqu + §A,§S + h.c.) . 27

When the new singlet field acquires a vev < S >= wvg, it generates an effective y term pi.rr = Avg,
which appears then naturally at the electroweak scale. The NMSSM shares also the nice features of the
MSSM in terms of candidates to dark matter and unification of couplings, besides solving the hierarchy
problem.

The NMSSM has two more degrees of freedom than the MSSM, and after electroweak symmetry
breaking there are seven physical massive scalars. If there is no extra CP breaking these states are
three neutral CP even scalars Hj 3 3, two charged ones H=, and two neutral pseudoscalars A(1,2]. The
SM-like Higgs boson can be either the lightest scalar, or the second lightest scalar. In the latter it is
possible to have a very light neutral Higgs that has escaped detection so far, although this situation is
very constrained by LCH searches of scalares decaying into 7 pairs, as well as by flavour observables.
The heavier one is very similar to the heavy neutral Higgs of the MSSM.

In the NMSSM there is no upper bound for the tree-level mass, as in the MSSM, where large stop
masses or large mass splittings are necessary to lift the Higgs mass through radiative corrections. Thus,
the NMSSM can achieve more naturally a Higgs mass of 125 GeV, and still retain the good features
of the MSSM: solution to the hierarchy problem, good unification of couplings, and good dark matter
candidates. Also, in the NMSSM, the extended Higgs sector allows for Higgs to Higgs decays that are
not present in the MSSM. The results for LHC searches for light Higgses, i.e. with mass below 125 GeV
in the diphoton channel are presented in refs. [37,38], and a review on the LHC NMSSM Higgs boson
searches with emphasis on the mono-Higgs signature in [39].

6 Extra Dimensions

Another way to go beyond the SM is to add extra space-time dimensions, namely space ones. The idea
of having extra space dimensions predates the SM by around half a century. It was proposed first by
Ni£irdstrom in 1914 to unifiy electromagnetism and scalar gravity. Independently T. Kaluza proposed
to extend general relativiy in five dimensions (1921), and then O. Klein proposed to compactify the
extra dimension in 1926. Thus it is possible to describe four-dimensional gravity and electromagnetism.
Although this original proposal does not work, it is the basis for modern superstring theories and the
brane world scenario. For reviews on extra dimensions see for instance [13, 40].

Consider first that the fifth dimension is compactified in a circle of radius R, and the other dimen-
sions are extended, see Fig. fig:KK-circle

The action of a massless field in five dimensions is

55 = /d5$§6M¢($#7y)aM¢(x“’y) ’ (28)
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Fig. 8: A string compactification of one dimension in a circle S! times four dimensional Minkowski space M*
is shown to the left, to the right is shown the associated tower of massive Kaluza-Klein modes m,, = |n|/r, both
figures from ref. [11].

where 2M = (2#,y), M = 1,..5, = 0,...4 and y is the coordinate in the fifth dimension, which is

compact. This means that it has periodic boundary conditions of the form

(zt,y) = (2!, y + 27 R) .

Since it is periodic in y it is possible to make a Fourier expansion
¢(2",y) = dn(2") exp(iny/R) , (29)
upon substituting the Fourier expansion in the 5-D Eq. (28) action we obtain
o n2
Sy = / d'z (amoawo + ) (Oup"T 0" — ﬁww”)) . (30)
n

The last term in the action represents an infinite tower of massive particles m,, = n/R. These are the
so-called Kaluza-Klein modes, and a signature of theories with compactified extra dimensions.

The 5-dim action is given by

1
Ssp = /d5$ —— Fun FMY (31)
95D
where
Fyn = dMAN — dNAM . (32)

Then, decomposing again in four dimensional fields we have the usual vector field A,, and a scalar
p = Ay. In a similar way as the scalar one, it is possible to expand in a Fourier series along the compact
dimension the gauge fields and find an expression for the 4-dim action,

o0 . o0 .
ny mny
Ay = Z AZ exp <?> ; p= Z Pn €XpP (f) . (33)
n=—oo n=—oo
Choosing a traverse gauge to remove the mixed terms
MANy =0, Ag=0 —MoyAy=0

leads to

21 R? 21R
ggauge _ / 'z <—” S Fo  + 5 0upod” po + ) (34)
95D 95D
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This action corresponds to a massless gauge particle, a massles scalar, plus infinite towers of massive
scalar and vector fields. The gauge couplings of the 5-dim and the 4-dim theory are related through

1 _27TR
g g

In the gravity sector, we denote the graviton as Gy v, where G, is the graviton, G, gravivectors,
and G,,,, graviscalars. After a similar treatment to the gauge and vector fields, the 4-dim Einstein-Hilbert
action reads

(35

1 mp0) 9 40
S4E[§I = /d4x |g| <M12 (4)R_ qu(()) F}E?/) F(O),LLI/ + M 4o

1
6 (602

This way gravity, scalar fields, and electromagnetism get unified, but the Planck mass is not fundamental,
it is a derived quantity
M}, ~ ME™2Vp_q ~ ME72RP. (36)

In order to include non-Abelian gauge fields in this kind of formalism one needs to go to higher
dimensions, it is not possible to include strong and weak interactions only in five dimensions. Kaluza-
Klein theories are the inspiration for more modern theories like superstrings and brane worlds, as well as
universal extra dimensions models.

6.1 Brane Worlds

String theory was formulated originally as a theory of the strong interacion, but it turned out to provide
a description of quantum gravity, with the realisation that it contains a massless spin 2 state which can
be identified with the graviton. There is actually and infinte number of excitations of the strings, and
the massless ones are interpreted as non-Abelian gauge bosons and matter fermions. At large distances
these excitations appear like point-like objects, whose properties, like mass and charge depend on the
vibrational modes of the string.

In superstring theory, instead of point particles the fundamental objects are one-dimensional: ei-
ther open or closed strings. The mathematical consistency requires that the theory is supersymmetric and
formulated in six extra space dimensions. Usually, these extra dimensions are assumed to be compact-
ified with extremely small compactification radii, of the order of the Planck scale, and that is why they
would be unobservable.

String theory is not formulated as a quantum field theory, it is a geometrical theoy where particles
and interactionas, upon compactification of the extra dimensions it may lead to a quantum field theory,
many different vacua appear as possibilities, the number can be as large as 10°°°. This makes it very
difficult to find the vacuum where the SM could come from, since the fundamental scale of string theory
is the Planck scale, and we cannot make experiments that reach that scale in order to probe the different
possibilities.

Another possibility, inspired in string theory and extra dimensions, was the realization that differ-
ent fields might live in different dimensions. Then, the SM fields would be described by open strings
whose ends are attached to a brane, which is a 3-dimensional hypersurface, whereas the gravitons are
described by closed strings that can travel through all D dimensions. For reviews on string theory, branes,
and extra dimensions see for instance [41,42].

The following scenarios have been proposed as possible solutions to the hierarchy problem, where
the hierarchy problem has been now turned into the problem of finding the number and size of the extra
dimensions.
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y=0 y=TR

Fig. 9: The left figure depicts a brane, where the SM fields are open strings that start and end on the brane,
whereas gravitons are closed strings moving in the bulk. The right figure deptics the Randall-SUndrum setup, with
the Planck brane on the left, warped down to the weak brane in the right, both figures from [11].

6.2 Large extra dimensions

Large extra dimensions have been proposed as a solution, or a way to go around, the hierarchy problem.
Rather than asking why the electroweak scale is so much smaller than the Planck scale, the question is
why is gravity so much weaker than the other interactions. The idea is that the Planck scale is not the
fundamental one, but it appears so because of the existence of extra dimensions, it is a derived quantity.
The actual fundamental scale is around O(1) TeV. From Eq. (36) we can figure out the number and size
of the extra dimensions needed. From experimental tests the radius has to be smaller than R > 1 TeV,
since no K-K tower or its effects have been found. For d extra dimensions,

d=1 R~10%°km 37)
d=2 R~ 0.5mm (38)
d=3 R~1%m (39

the first possibility, d = 1 is clearly ruled out, d = 2 is currently being tested, and larger values of d are
still allowed.

6.3 Warped extra dimensions

The warped extra dimension or Randall-Sundrum (RS) simplest scenario consists also of a five dimen-
sional theory, which is an interval bounded by two three dimensional branes. This interval has a warped
geometry, that is the metric is exponentially warped along the y direction

ds? = exp (ky)nudatd’ + dy* . (40)

In this scenario the Planck scale is the fundamental one, and sits in one of the branes at y = 0, the other
is the SM brane at y = wR. So, from Eq. (40), we can see that the metric changes exponentially as
Nuv — €xp —km Ry, from the SM to the Planck brane. The change in the metric implies a change in
energy and length scales, for the electroweak scale this implies

Apy ~ Mpyexp (tkR) ~ 1 TeV | 41)

with a small dimension R 2 501p;, just slightly bigger than the Planck length. In this scenario d = 1,
i.e. only one extra dimension, is still allowed.

118



BEYOND THE STANDARD MODEL

A very attractive feature of the Randall-Sundrum scenario is that it can be tested experimentally.
The interaction Lagrangian is
£I = _G#VT/LV/AEM 5 (42)

where T}, is the energy-stress tensor, which involves the SM fields. These interactions are at the order
of the electroweak scale, and in principle can be produced at the LHC. If only gravity travels through the
warped extra dimension the first resonance will be the RS graviton. In more modern variants of the RS
scenario, it is necessary to allow more particles to travel in the bulk, but leaving the Higgs boson attached
at the SM brane, in order to avoid FCNCs.

7 Multi-Higgs Models

It is possible to extend the SM by just adding more particles, but preserving the gauge group of the
SM. This is the case of some multi-Higgs models (see for instance [43,44] and references therein). In
general, adding N Higgs doublets to a Lagrangian leads to the Higgs potential of an N-Higgs doublet
model (NHDM),

V(@) = Yijle; + Zim(6{é5) (o)) . (43)
which is Hermitian,thus Y;; = Y'x;, Z; ;11 = Zjur*, Zijki = Zra; - For N Higgs complex doublets, each
with four degrees of freedom, the potential Eq. (43) has N2 + N2(N? + 1)/2 real parameters. So, for a
general two Higgs doublet model there are 14 real parameters, as compared to the Higgs potential of the
MSSM, which has only four. For three Higgs doublet models there are in principle 54 real parameters.
Because of the increase in the number of parameters, phenomenological studies of NHDM have mainly
focused on two and three Higgs doublet models.

By far the most widely studied NHDM are two Higgs doublet models (2HDM) [43]. The Higgs
potential for a general 2HDM is

V= m11¢1¢1 + m22¢£¢2 - (m12¢1¢2 + h.c.)+

A A

5 (01617 + 5 (0562) + As(6]01)(0hb2) + a(0]62) (@ 61) (44)
A

+ [ 5 (6102) + Aa($161) (9] 62) + Mr(6h) (8] d2) + e |

where m11, m22, A\1234 are real, and the rest m12, A5 6 7 are complex. These are 14 parameters, but only
eleven of which are physical. as can be seen by a change of basis. This general potential allows for
charge breaking minima, which is usually avoided, as well as CP conserving and CP violating minima.
The possibility of CP violating minima is quite interesting, since it allows for new sources of CP violation
to address baryogenesis, and many models with this feature have been studied.

One of the main challenges of any NHDM is to avoid FCNCs. In the case of 2HDM there are
two models that naturally avoid this problem. Type I 2HDM couples only one of the Higgs fields to the
quarks, by convention it is taken to be ¢2. This can be achieved by requiring a Z symmetry that acts like
¢1 — —¢1. The type 11 2HDM is similar to the MSSM in that the right-handed up-type quarks couple
to one of the Higgs fields, and the right-handed bottom-type quark to the other. In this case, besides the
¢1 — —¢1 discrete symmetry, it is required that dﬁé — —d%. In both models it is assumed the right-
handed leptons couple to the Higgs field in the same way as the right-handed down quarks. From these
two models, type II has been more studied, due to its similarities with the MSSM. There are variations
of these two models, like the Lepton-specific or the flipped one, which will not be discussed here. In
the Higgs sector, the Zy symmetry means there is no CP violation. Thus, in some models a term like
m2, (qu{ ¢2) is added to allow for CP violating terms. In type III models both Higgs fields are allowed to
couple to the matter sector, and in this case care has to be taken to avoid FCNCs.

In general, phenomenological studies of 2HDMs usually make a number of simplyfing assump-
tions, to get rid of some of the parameters. The Higgs sector is assumed to be CP conserving, no
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explicit and no spontaneous breaking is allowed, quartic terms odd in any of the doublets are zero (can
be achieved with a discrete symmetry). To exemplify this, lets look at the following potential, which is
gauge invariant, CP conserving, and that includes a term that breaks softly the symmetries, to allow for
more diverse possibilities

V = mild1 + maadlds — miz(¢lda + phen )+
A A
5 (0101)° + 5 (9362)° + Aa(6161)(8h02) + Ma(0] 62) (611 45)

+ 22 (@l + (6hen)?]

The procedure to minimise the potential follows the one of the MSSM, where the fields have to be
expanded in terms of their neutral and charged parts, and requiring that the minimisation gives the correct
electroweak breaking. In a similar way, one has to check that the potential minimum is really bounded
from below, and that perturbative unitarity is maintained.

The Higgs fields are denoted by

o
< @i >= | vitpitm (46)
V2
with j =1, 2.
At the minimum the Higgs fields are
0 0
<¢1>0= | v < P2 >0= | v (47)
V2 V2

In the CP conserving model, CP-odd and CP-even states do not mix, and the term which will
become the pseudoscalar decouples from the mass matrix. The CP neutral states mix to give two neutral
states, the mixing angle is denoted by «

h = sinap; +cosaps, (48)
H = —cosap; +sinaps. 49)

As in the MSSM the ratio of the vevs tan 8 = wvg/vy is an important parameter, since it is the
mixing angle for the charged scalars, which are are given by

H* = —sin Bpf + cos By, (50)

where v; = vcos  and v9 = vsin 5. After electroweak symmetry breaking there are 5 massive scalar
bosons, h, H, H*, and A. From the two neutral ones, A is assumed to be the lightest. In a general 2HDM,
the five masses, together with the two angles « and (3 are free parameters.

In general, it is hard to minimise potential Eq. (45), so often the strategy is to fix the vevs, and then
fix the mass parameters m;; through the tadpole equations. In this kind of models, one has to be aware
that there might be more than one neutral minima, and it is difficult to find the deeper one. It is possible
to find whether the studied minimum is the deeper one by calculating a discriminant. This quantity is
built from a combination of the potential parameters and vevs, a positive sign means that the potential is
stable at tree-level, and a negative sign that there is a deeper minimum.

Because of the increased number of free parameters it is common to add more symmetries to
multi-Higgs models in general, and to the 2HDMs in particular, to be able to do phenomenological
studies.
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Fig. 10: The figure shows possible ways of detecting dark matter.

7.1 Searches for exotic Higgs scalars

To test multi-Higgs models one can look directly to the production of the extra scalars, decays that are
not possible in the SM or deviations from processes of the SM.

Again, searches have been focused mainly on two Higgs doublet models. The 2HDM has a natural
decoupling limit, where the massive exotic Higgs states are much heavier than the SM one. This makes
the type I 2HDM very difficult to distinguish phenomenologically from the SM, unless we go to high
energies.

The main way to distinguish different 2HDMs from the SM and among themselves, is through the
branching ratios of their Higgs decays (see for instance [43, 44] and references therein). These studies
are usually done assuming the decoupling limit, where the extra Higgs bosons are very heavy and thus
decoupled from the SM, although there are also searches for low mass Higgs scalars and pseudoscalars
[45-47]. What can also be measured, besides the branching ratios, are corrections to the different SM
couplings due to the heavy states. Higgs production has also been extensively studied in 2HDMs.

There are experimental bounds which are generic to 2HDM, for instance the couplings to gauge
bosons like ZHA or yvH T H_, which appear already at tree level and would have been already pro-
duced at the LHC, imply that the charged scalares are heavy. The same as with SUSY models, flavour
observables can place stringent bounds on 2HDMs. The decay b — s+ puts a bound on the charged
Higgs mass mpy1 > 480 GeV at 95% C.L. [48], and in type II models flavour physics puts a bount of
mpy++ 2 600 GeV [49].

7.2 Scalar Dark Matter

Extra Higgs scalars can provide also with good candidates to dark matter. They appear in multi-Higgs
models with global symmetries, under which the SM particles do not transform. Of particular interest
are the inert models, in which at least one extra Higgs doublet is added, with no couplings to the matter
fields and with zero vacuum expectation value. This is achieved by adding an extra discrete symmetry,
usually Z». The combination of the symmetry and the zero vev guarantee the stability of the dark matter
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scalar. The new heavier scalars decay into the lightest one, which is the DM candidate, which cannot
decay further. This type of models are referred to as inert doublet models [50,51].

The inert 2HDM has been extensively studied, since it is very predictive and can be tested in
colliders, as well as in direct and indirect DM searches. The extra scalars can still have pair interactions
among themselves, and also pair interactions with the gauge and Higgs bosons of the SM are possible.
It also has cosmological consequences, in particular a sequence of strong first order phase transitions in
the early Universe, which restricts considerably the allowed parameter space (see for instance [52] and
references therein).

The searches for dark matter, be it dark scalars, neutralinos or other candidates, will go on via
direct production from DM particles by collision of SM ones in colliders, indirect detection which can
be DM annihilation or decays, or direct detection through collision with a target nucleus, as depticted in
Fig. 10 (see for instance [4, 5] and references therein).

A review on searches for new particles excluding supersymmetry, for instance leptoquarks, hig-
gses, heavy leptons, can be found in ref [53].

8 Conclusions

There is experimental and observational evidence that there is physics beyond the Standard Model in
the neutrino masses and the existence of dark matter. The need to go beyond the SM is backed also
by sound theoretical motivations. We have not found yet any other evidence of new, or rather unknown
to us, physics beyond the Standard Model, and it is not for want of models or experimental searches.
Since physics BSM impacts particle physics and cosmology, as well as some astrophysical processes,
the search has to continue in all three fronts, both from the theoretical as from the experimental point of
view. The continuous feedback between these three areas will guide our future searches.
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Abstract

The field of relativistic heavy-ion physics has become an important testing
ground for our current understanding of the properties of strongly interact-
ing matter under extreme conditions. Strong interactions are described by
Quantum Chromodynamics which, in addition to its defining gauge symmetry,
possesses additional symmetries and properties that can be put to test in col-
lisions of heavy-nuclei at different beam energies. The exploration of these
properties is currently being conducted and will still continue for years to come
when new facilities enter into operation. This is the so called study of the
QCD phase diagram. Of particular relevance is the search of a possible critical
end point (CEP). In these lectures I make a brief survey of QCD properties
and of its symmetries. Since the phase diagram refers to the study of phase
transitions, I also give the main generalities of such and mention some of the
statistical tools than can be used to study the fluctuations in conserved charges
to identify the CEP location. I also give a brief summary of some of the ex-
perimental signals used to study the properties of the kind of matter created in
heavy-ion collisions at the highest available energy, the so called Quark Gluon
Plasma.

1 Introduction

The field of relativistic heavy-ion physics has become the main playground to explore the properties
of hadron matter under extreme conditions of temperature and density. Experimentally, the relativistic
heavy-ion program started out at modest energies in the mid-1980s, when collisions of heavy-nuclei, in
fixed target experiments with center-of-mass energy of 5 and 17 GeV per nucleon pair, were carried out
at the Alternating Gradient Synchrotron (AGS) in Brookhaven and the Super Proton Synchrotron (SPS)
at CERN, respectively. Shortly before the turn of the century, the relativistic heavy-ion program got a
new boost when the Relativistic Heavy-lon Collider (RHIC) in Brookhaven started to collide gold nuclei
at a, by then unprecedented, center-of-mass energy of 200 GeV per nucleon pair. At the end of 2010, the
first collisions of led nuclei were delivered by the Large Hadron Collided at CERN, at a center-of-mass
energy of 2.76 TeV per nucleon pair. By the end of 2015, the LHC was able to increase this energy to
5.02 TeV. The exciting results obtained from experiments measuring the properties of the hot and dense
matter created in these collisions offer a better shaped but still incomplete picture of the properties of
strongly interacting matter under extreme conditions. The program promises to keep producing new and
equally exciting results when facilities such as NICA, FAIR, J-PARC and KEK, designed to explore the
properties of this kind of matter at higher baryon densities, enter into operation.

The purpose of these lecture notes is to provide a theoretical framework, at the introductory level,
to put into context the aim and meaning of some of the results of the experimental program. I focus on
the description of the different phases that strongly interacting matter can reach when its temperature
and baryon density are varied by varying the center-of-mass energy in the collisions. These phases can
be better described in terms of an idealized picture based on the so called QCD Phase Diagram, where
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Figure 1: Representation of the QCD phase diagram in the temperature (7') and quark chemical potential (1)
plane.

the transition lines correspond to the boundaries between one and another phase. Figure 1 shows a
representation of this phase diagram. Close to the phase boundaries, the relevant quark species are the
light quarks u, d and 5. A complete description, accounting for the abundance of these species, should in
principle be given in terms of the chemical potentials associated to each of these quarks. Nevertheless,
when one assumes equilibrium, these chemical potentials are not independent from each other. They
are related by the requirements of beta equilibrium and charge neutrality. Therefore, out of the three
chemical potentials only one is independent. Any one of them can be chosen and the usual choice is the
baryon chemical potential piz, related to the quark chemical potential u by u = ug/3.

The transit through the phase boundaries is related to the restoration/breaking of QCD symmetries
and thus an account of such symmetries is the main unifying concept along the text. The lectures are
organized as follows: In Sec. 2, I focus on the description of QCD flavor and chiral symmetries. In
Sec. 3 I discuss the main features of QCD confinement and asymptotic freedom. In Sec. 4 I describe how
chiral symmetry/deconfinement are restored in heavy-ion collisions at high energy. Since the description
is made in terms of thermodynamical quantities, I recall the concept of phase transitions and provide a
survey of our current knowledge of the QCD phase structure obtained from lattice QCD (LQCD). I also
discuss how the search for the QCD critical end point is a central subject in the field and some of the
theoretical tools to try to identify this point from experimental measurements. In Sec. 5 I discuss some
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of the experimental signals that give an account of our current understanding of the properties of the
deconfined state of matter produced in heavy-ion reactions, generally known as the quark-gluon plasma
(QGP). I finally summarize in Sec. 6.

2 Flavor and chiral symmetries [1]

The quantum field theory that describes strong interactions is Quantum Chromodynamics (QCD). This
is a gauge theory based on the local symmetry group SU(N,), where N, is the number of colors. In
Nature N. = 3. The fundamental fields are the quarks (matter fields) and the gluons (gauge fields). Each
one of the Ny quark fields belong to the fundamental representation of the color group which is N.—
dimensional. The antiquark fields belong to the complex conjugate of the fundamental representation,
also N.—dimensional and the gluon fields to the adjoint representation, which is N2 — 1-dimensional.

The QCD Lagrangian at the classical level is written as

Nf 1
Locp =Y (iy“(&u 5 +ig, A%) — m,ﬁ“b) v - G GE (1)
i=1

where G, = J,AY —8vAﬁ+gsf°‘/3"AﬁA3,Aﬁb =A{(15)® witha,b=1,...,N.and o, 8,6 =1,...,N; —
1. g is the coupling strength both between matter and gauge fields and between gauge fields themselves,
m; is the (bare) mass for each quark flavor and 7, are the generators of the SU (N,) algebra. For N, = 3,
these are usually taken as the Gell-Mann matrices.

Quarks are distinguished form one another by a quantum number called flavor. There are six
flavors: u,d,s,c,b,t. and we refer to the number of flavors generically as Ny. Consider the ideal case
in which all Ny flavors have the same mass. Quark and antiquark fields are assigned to the fundamental
and complex conjugate representations (each Ny—dimensional), respectively, of the SU(Ny) group. The
Lagrangian corresponding to the quark sector becomes (we omit color indices for quarks and gluons)

=

Ly =Y W, (iY" Oy +igsAu) —m) v 2
1

%, is invariant under continuous global transformations of SU (Ny)

oA (TAY
yi— vy = ey,
vi—w = g
Ay —>AL = Ay, 3)
A=1,. ..,NJ% —1, T4 are Ny X Ny matrices.
In infinitesimal form
Syi = —ida(T)y;
oy, = i50‘AWj(TA)Ji

Using Noether’s theorem, one finds szf — 1 conserved currents

Ju@) = T (T (%)
Mjy = 0. 5)
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The generators of the group (the charges) are obtained from j6“ by space integration

0= [@x (). (©)
Q"’s satisfy the SU(Ny) algebra

(0", 0" =if"" 0", (7

AB,C=1, ...,NJ% — 1. Current conservation implies that the generators are independent of time and
therefore they commute with the Hamiltonian H

[H,0%]=0. (8)

The transformation properties of the fields can be translated to the states. Introduce one-particle quark
states (omit spin labels) |p,). If the vacuum state is invariant under the group transformations, then

Q*|p,i) = (T*)|p, j). )

Since these states are also eigenstates of the Hamiltonian, the above means that the various one-particle
states of the fundamental representation multiplet have equal masses m. This mode to realize the sym-
metry is called the Wigner-Weyl mode.

Consider however the real case where flavors have different masses
N
Zy =Y (i (O +igeAu) —m;) Wi 10)
i=1

The mass term spoils SU (Ny) invariance, therefore currents are not conserved and we find

i Z —m)W(TY) w £0 (11)

i,j=1

In Nature, quarks are divided into two groups: Light quarks u,d,s and heavy quarks c,b,t. The
mass difference between each group is large (> 1 GeV). An approximate symmetry can be expected only
for the light quarks: SU(2) for u,d or SU(3) for u,d,s.

Notice that quarks can also be transformed by means of unitary transformations that include the
¥s matrix. The transformations are called axial flavor transformations. In infinitesimal form

Syi = —isa(T)/ By,
oy, = iS‘XAVjVS(TA){'
A, = 0. (12)

Consider the quark part of the Lagrangian ., with equal masses. Under these transformations .Z is not
invariant because of the mass

8.2, = 2im8a W (T) . ys ;. (13)

Invariance under axial flavor transformations requires vanishing of the quark mass. Contrary to flavor
symmetry transformations, equality of masses is not sufficient for invariance under axial flavor transform-
ations. In the general case of different masses, we introduce the mass matrix .4 = diag(my,my, ...,my,).
The variation of the Lagrangian is

8%, = isa W {M, T} sy, (14)
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Figure 2: Schematic representation of the parity doublets for the lightest meson and baryon states.

where {, } is the anticommutator.

Consider the massless case. The Lagrangian is invariant under both the flavor and the axial flavor
transformations. The conserved currents are

Ja®) = T0)nuTv (x):  9*jy=0
@) = W) v (x); ", =0. (15)

The corresponding charges are

ot :/d3x jax), 0f= /d3x j‘g‘o(x). (16)

Together the flavor and axial flavor transformations form the chiral transformations. The corresponding
charges satisfy the commutation relations

(04, 0% =if*BC0C, [0*,08]=if"" 0§, [05,08]=if"*CQc. (17)

The axial charges do not form an algebra, however, if we define

1 1
0p=5(0"-05), Qr=5(Q"+05) (18)
we obtain
(01,08] =if**C0f, [04,08] =if*®¢0%, [0, 0%] =0. (19)

The result can be summarized as follows: The left-handed and right-handed charges decouple
and operate separately. Each generate an SU(Ny) group. The chiral group is decomposed into the
direct product of two SU(Ny) groups, labeled with the subscripts L and R, i.e. the chiral group =
SU(Nf)L @ SU(Ny)g. In Nature, chiral symmetry is not exact, guark masses break it explicitly. In the
light quark sector, the breaking can be treated as a perturbation, the symmetry is approximate. What is
the signature of this approximate symmetry?

Suppose that the symmetry is realized in the Wigner-Weyl mode. Thus, in the massless quark limit
a chiral transformation acting on a massive state gives

Q?|M7S7p7+7i>:(TA)J;"MPS‘?pa_Lj)‘ (20)
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This means that we should find parity partners for the massive states. When we consider the light quark

masses, the degeneracy within parity doublets is lifted, but the masses should remain close to each other.
No degenerate parity doublets are observed, thus the Wigner-Weyl mode realization of chiral symmetry
does not happen under ordinary conditions. The alternative is spontaneous symmetry breaking, also
known as Nambu-Goldstone mode. What happens if the generators of some transformations do not
annihilate the vacuum?

0310) # 0. Q1)

In this case we say that the symmetry has been spontaneously broken. The axial charges when applied
to the vacuum state produce new states

0310)=A,—), A=1,..N;—1 (22)

The states have the same properties as the axial charges that generate it, in particular they are pseudo-
scalar states.

In the massless limit, the charges commute with the Hamiltonian therefore, these states are mass-
less (Goldstone theorem). Spontaneous chiral symmetry breaking is manifested by means of the exist-
ence of NJ% — 1 pseudoscalar massless particles called Nambu-Goldstone bosons. The breaking of the
symmetry involves only the axial sector. The ordinary flavor symmetry is still realized in the Wigner-
Weyl mode.

SU(Ny)L®SU(Ng)r — SU(Ny)y. (23)

In Nature Ny = 3, this corresponds to eight pseudoscalar bosons (7, K, 1) with small masses.

We have thus seen that chiral symmetry is broken due to a finite mass of the quarks. Under
ordinary circumstances, quarks are confined within hadrons. The quark mass is thus an effective mass
which corresponds to about one third of the nucleon mass ~ 300 MeV. The origin of this effective, or
dynamically generated mass, is the strength of the interaction and can be explained in terms of non-
perturbative methods [2]. It seems intuitively clear that if we could somehow overcome the confining of
quarks, their mass would decrease and chiral symmetry would be restored. Let us now study how the
strong interaction produces this confinement to later ask how a collision of relativistic nuclei could help
to study the situation where quiral symmetry and deconfinement are achieved.

Figure 3: Schematic representation of spontaneous symmetry breaking. Goldstone bosons correspond to the
directions where the potential is flat.

130



HEAVY-ION PHYSICS

3 Confinement and asymptotic freedom

To grasp why under ordinary circumstances quarks are confined within hadrons let us recall the
characteristics of the strong interaction: The potential between two quarks at “long" distances, &'(1 fm),
is linear, this means that the separation of quarks requires “infinite" amount of energy. Confinement is a
direct consequence of the gluon self-interaction. Quarks and gluons confined inside the QCD potential
must combine into zero net color charge particles called hadrons.

The strength of strong interaction is characterized by a coupling “constant" o = g2/47 whose
strength decreases with distance since the bare color charge is antiscreened due to gluon self-interaction.
To study confinement and the running of the strong coupling with distance (or equivalently, with the
energy involved in the physical process), one resorts to a renormalization group analysis of the gluon
polarization tensor

TRy
" (q) = (4%, o) <g‘” - ‘fq?) : (24)

where we refer to I1 as the gluon self-energy. Gauge invariance dictates that the gluon polarization tensor
be transverse and thus the tensor structure in Eq. (24). Let IT(¢?) represent the un-renormalized gluon
self-energy. Let us scale each factor of the momentum ¢ appearing in IT by the renormalization ultraviolet
energy scale fi, writing

¢ = R*(/RP). (25)
Therefore, we have
(¢ o) = 1°TI(¢*/ 1% o), (26)

where D = 2 is the energy dimension of II. Since fi is arbitrary, the statement that IT should be inde-
pendent of this scale is provided by the Renormalization Group Equation (RGE) [3]

9 J 2. o) —
(Ha‘aﬂL%ﬁ(%)aax—Y) (g o) =0, 27
where B () is the QCD beta function defined by
_do
o (o) = I o (28)
and
09
Y—IJ&[LIHZ ; (29)

where Z is the gluon self-energy renormalization. The beta function represents the rate of change of the

renormalized coupling as the renormalization scale fi is increased. The dependence of a given Green’s
function on fi happens through the counter-terms that subtract ultraviolet divergences. Therefore, the
beta function can be computed from the counter-terms that enter a properly chosen Green’s function. In
QCD, to lowest order, the beta function can be computed as

. d 1
B zgsuﬁ (51+62+253) (30)

where 0;, 6, and 03 are the counter-terms for the quark-gluon vertex, the quark self-energy and the gluon
self-energy [4]. The QCD beta function is negative and to one-loop level it is given by

1
Bla) = —bioy, bi = (1IN —2Ny) > 0. G1)
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Figure 4: Running of ¢ as a function of the momentum transferred Q in the corresponding process.

To find the evolution of the strong coupling with the momentum scale, we start from Eq. (27) and intro-
duce the variable

r=In(Q*/[1*), (32)

where Q7 is the momentum transfered in a given process. Notice that the reference scale i is usually
large enough, so as to make sure that the calculation is well within the perturbative domain, therefore
Q? < [i. After this change of variable, the RGE becomes

S

d d 2. ) —
(—(%Jrasﬁ(as)&a—y) (¢ a) =0. (33)

Using the method of the characteristics [5], one obtains the relation between the coupling values evalu-
ated at Q7 and the reference scale 1 as

1(Q%) 1 [os(Q%)
[ a=— | iy (34)
HQ*=p?) by Joy(2=p2) 04
Solving for o, (Q?), we obtain
2 o ()

" Tt bioy (1) In(Q2/R2)

from where it is seen that as Q increases, the coupling decreases. This behavior is known as asymptotic
freedom and it is responsible for the fact that strong interaction processes can be computed in perturbation
theory when the transfered momentum is large. Conversely, when this momentum is small, the coupling
is so large that pertuerbative calculations become meaningless. This is the so called non-perturbative
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Figure 5: Particle ratios obtained in the statistical model compared to experimentally measured ratios in central
Pb + Pb collisions at ,/syy = 2.76 TeV, obtained by the ALICE Collaboration.

regime. Processes where perturbation theory can be applied are usually those where the transferred
momentum satisfies Q> > 1 GeV?2. To quantify this statement, notice that from Eq. (35) we can define
a transferred momentum value Agcp small enough such that the denominator vanishes and thus the
coupling blows up, namely

2 2 gm0 A2 22 ham

Aogcp is a renormalization scheme dependent quantity. It also depends on the number of active flavors.
For instance, in the MS scheme and for three active flavors, its value is of order Aocp ~ 300 MeV. All
dimensionful QCD results where the transferred momentum is small, scale with Agcp. The existence
of this scale is the reason for the existence of the mass of baryons and thus of the mass of the visible
universe.

The question we now set up to address concerns whether and how heavy-ion reactions allow us to

explore the situation where the two above discussed properties of QCD, namely, the breaking of chiral
symmetry by the effective quark mass and confinement, can be overcome.

4 Chiral symmetry/deconfinement transitions at high temperature and baryon density

When nuclear matter is subject to extreme conditions, interesting phenomena take place. There are two
important parameters when this matter can be described as being in equilibrim: The temperature 7 and
the baryon number density np (or equivalently its conjugate variable ug = 3 ). Since the intrinsic QCD
scale is of order Agcp ~ 200 —300 MeV, one expects a transition around 7 ~ Agcp and/or ng ~ A%CD ~1
fm~3. The temperature and baryon density in a heavy-ion reaction are functions of the center-of-mass
energy in the collision.

To estimate the possible values that these quantities achieve, one usually resorts to the statistical
model. This model assumes that hadron matter is in thermal equilibirium during chemical freeze-out,
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Figure 6: Schematic representation of the meson density of states as a function of their mass. Notice that the
density of states increases exponentially. Figure taken from Ref. [8].

that is to say, when hadron abundances are stablished during the reaction. In this manner, it is possible
to extract the values for the temperature and baryon chemical potential from fits to particle abundances,
given in the model by

_ 8

(o] 71
n= ks [ pdplew | M} £1] G7)

where = refer to fermions and bosons, respectively. Figure 5 illustrates a comparison between the statist-
ical model calculations and experimentally measured particle ratios. The main claim of the model is that
since multi-particle scattering rates fall-off rapidly, the experimentally determined chemical freeze-out
temperature 7., and chemical potential ., are good measures of the phase transition temperature and
baryon chemical potential [6].

Using this model, it is found that for central collisions, the baryon chemical potential decreases
roughly as the inverse of the center-of-mass energy per nucleon pair in the collision [7]. Therefore, for
current collider based experiments where the highest energies are reached, such as the LHC and RHIC,
the bayon chemical potential associated to the reaction is the smallest. This can be understood in terms of
an increase of the degree of transparency of colliding nuclear matter with collision energy, whereby in the
interaction zone, the energy deposited produces roughly an equal number of particles and antiparticles.
On the contrary, when the collision energy decreases, the transparency decreases and the reaction zone
becomes baryon richer.

A systematic exploration over a wider range of np values, up to several times the normal nuclear
matter density 19 ~ 0.16 fm~3, can be carried out currently by the BES-RHIC and in the future by other
facilities such as FAIR, NICA, J-PARC and KEK. In Nature, the interior of compact stellar objects is the
relevant system where dense and low temperature QCD matter is realized.
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4.1 Phase transitions

A phase transition is a transformation of a given substance from one state of matter to another. During
the phase transition some quantities change, often in a discontinuous manner. Changes result from
variations of external conditions such as pressure, temperature, etc. In technical terms, a phase transition
occurs when the free energy is non-analytic (one of its derivatives diverges) for some values of the
thermodynamical variables. Phase transitions result from the interaction of a large number of particles
and in general do not occur when the system is very small or has a small number of particles. On the
phase transition lines the free energies in both phases coincide. Sometimes it is possible to change the
state of a substance without crossing a phase transition line. Under these conditions one talks about a
crossover transition.

Phase transitions are classified according to behavior of the free energy as a function of a given
thermodynamical variable (Ehrenfest). They are named according to the derivative of lowest order that
becomes discontinuous during the transition: First order; the first derivative of free energy is discon-
tinuous. A prototypical example is boiling water. During this process there appears a discontinuity in
the density, i.e. the derivative of free energy with respect to chemical potential. Second order; the first
derivative is continuous but the second derivative is discontinuous. A prototypical example is ferromag-
netism. The magnetization, i.e. the derivative of the free energy with respect to the external field is
continuous. The susceptibility, i.e. the derivative of the magnetization with respect to the external field,
is discontinuous.

In a modern classification, a first order phase transition involves latent heat. The system absorbs or
releases heat at a constant temperature. Phases coexist, although some parts have competed the transition
whereas some others have not. A second order phase transition is a continuous transitions. Susceptibil-
ities diverge, correlation lengths become large.

4.2 Deconfinement transition form hadron thermodynamics

Consider an ideal gas of identical neutral scalar particles of mass mg contained in a box volume V.
Assume Boltzmann statistics. The partition function and related thermodynamical quantities are given
by

N
v P
2OV = L |G "pexp{‘T
VTm§
ll’lg(T,V) = 27r20K2(m0/T)
1 dInZ(T,V 3
e(T) = —Vg(l/(T’))Tz;O ;T‘l energy density
1 dInZ(T,V 1
n(T) = —Vna(‘(/)’)Tz;O ?T‘g particle density
o(T) = €(T)/n(T)~3T average energy per particle (38)

Notice that the above relations imply that an increase of system’s energy has three consequences: A
higher temperature, more constituents, more energetic constituents.

Let us now include in the analysis hadron resonances whose mass is m;. It is easy to show that the
partition function is given by
VTmi2
272

mZ(T,V) =Y

i

p (mi)Ko(m;/T), (39)
where i starts with the ground state () and then includes the possible resonances with masses m; and

p (m;) is the weight (density of states) corresponding to the state m;. It is thus crucial to determine p (m;),
i.e., how many states there are having mass m;.
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Figure 7: Schematic representation of the change of effective degrees of freedom for the description of a set of
hadrons when the density and/or temperature increases, as a consequence of a heavy-ion reaction. At low temper-
atures/densities, the description is given in terms of a collection of hadron resonances. As the temperature/density
increases, limiting values of the baryon density and/or temperature are reached above which the descriptions is
made in terms of the fundamental QCD degrees of freedom. This signals the onset of a phase transition.

Figure 4 shows a schematic representation of the density of states, albeit for non-strange mesons.
In any case, it serves to illustrate that the density of states grows exponentially with the mass of the
species, p(m) o exp {m/T"}, where T" ~ 0.19 GeV. This exponential growth should be balanced by
the Boltzmann factor
m m
— — = 40
co{p ). w
such that when T > T, the integration over m becomes singular. T plays the role of a limiting temper-
ature known as the Hagedorn temperature above which the hadronic description breaks down.

Applying a similar argument, we can also estimate the critical line at finite ug. The density of
baryon states p(mp) o< exp {mB JTH }, where mgp is the typical baryon mass (of order 1 GeV) is balanced
by the Boltzmann factor exp {—(mp — ug)/T}. The limiting temperature becomes

T— (1—“B> T, @41)

mp

Notice that the treatment of the system as a gas made out of resonances leads to three con-
sequences: More and more species of ever heavier particles appear; a fixed temperature limit 7 — T
above which the resonance picture does not hold; the momentum of the constituents do not continue to
increase. All in all, these observations imply that above and to the right of the limiting curve, Eq. (41),
a different description of hadron matter, in terms of degrees of freedom other than hadron resonances,
is called for. The situation is illustrated in Fig. 6. As the system becomes hotter/denser, the bound-
aries between individual hadrons disappear and the description should be made instead in terms of the
fundamental QCD degrees of freedom. A deconfinement phase transition takes place.

4.3 Chiral symmetry transition

The QCD vacuum within hadrons should be regarded as a medium responsible for the non-perturbative
quark mass. In hot and/or dense matter, quarks turn bare due to asymptotic freedom. We expect a phase
transition from a state with heavy constituent quarks to another with light current quarks. This transition
is called chiral phase transition.
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At finite T and u the QCD phase diagram can also be studied from the point of view of chiral
symmetry restoration. In the chiral limit (m = 0), a true order parameter for the transition is the quark-
antiquark condensate (Yy), since it is finite in the chirally broken (Nambu-Goldstone) phase and van-
ishes in the chirally symmetric (Wigner-Weyl) phase. In this limit the (true) critical temperature can be
obtained from the chiral susceptibility

J
Am = %<W>- (42)

In vacuum (Yy)o = —(0.24 GeV)>3. This value sets the scale for the critical temperature of chiral restor-
ation.

From yPT at low T and low ng one knows that

Wy)r/(Wy)y = 1-T*/(8f7)—T"/(384f7)
(W) / (TW)o = 1 —Oannp/(f2m2)—... 43)

where fr ~ 93 MeV, is the pion decay constant and oy = 40 MeV, is the & — N sigma term. Equa-
tions (43) indicate that the quark-antiquark condensate melts at finite 7" and np.

For physical quark masses neither (yy) vanishes nor y,, diverges at the pseudocritical temperat-
ure. Nevertheless these quantities retain a behavior reminiscent of the corresponding one in the chiral
limit. In particular J,, has a peaked structure as a function of 7. It is customary to define 7, as the
temperature for which y,, reaches its peak. Other susceptibilities, such as yr = a‘%(l/_/l//), can also be
used to define 7. It has been shown [9] that the critical temperatures thus obtained coincide within a
narrow band and therefore using any of these susceptibilities gives basically the same 7.

Lattice calculations have provided values for 7. extracted from the peak of y,, for 2+1 flavors
using different types of improved staggered fermions [10]. These values show some discrepancies. The
MILC collaboration [11] obtained 7, = 169(12)(4) MeV. The BNL-RBC-Bielefeld collaboration [12]
reported T, = 193(7)(4) MeV. The Wuppertal-Budapest collaboration [13] has consistently obtained
smaller values, the latest being 7, = 147(2)(3) MeV. The HotQCD collaboration [14] has reported T, =
154(9) MeV. The differences could perhaps be attributed to different lattice spacings.

The unambiguous picture presented by lattice QCD for T > 0, u = 0 cannot be easily extended
to the case u # 0, given that standard Monte Carlo simulations can only be applied to the case where u
is either O or purely imaginary. Simulations with u # 0 are hindered by the sign problem [15]. Recall
that in the computation of the QCD partition function with finite u, integration over each fermion field
produces a fermion determinant, i.e. a factor DetM = Det(I) +m+ Yy), where M is the fermion matrix.
Let us consider in general a complex p. Taking the determinant on both sides of the identity

BP+m+up)ys=B+m—p p), (44)

we get

Det(D+m+ uy) = [Det(P+m—u*y)]", (45)

which shows that the fermion determinant is not real unless ¢ = 0O or purely imaginary. For real u the
direct sampling of a finite density ensemble by Monte Carlo methods is not possible, since the sampling
requires a real non-negative measure. This problem is referred to as the sign problem, although a more
appropriate name would seem to be the phase problem.

That the integrand of the partition function becomes complex would seem to be only a minor
inconvenience. A naive approach to deal with the sign problem would be to write [16]

DetM = [DetM|e®. (46)
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Figure 8: Comparison between phenomenological freeze-out curves with the experimentally measured values
for the temperature and baryon chemical potential obtained from particle abundances using the statistical model.
Shown is also the analytical expression for the chiral phase transition curve obtained by means of LQCD tech-
niques.

To compute the thermal average of an observable O in QCD one writes

[DUS™DetM O [ DUeS™|DetM|e® O
[DUeSvDetM [ DUeS|DetM|e®

(0) = (47)
where Sy is the Yang-Mills action. Notice that written in this manner, the simulations could be imple-
mented in terms of the phase-quenched (pq) theory where the measure involves |DetM| and the thermal
average could be written as

19) ei9

(¢%)pq
The average phase factor (also referred to as the average sign) in the phase-quenched theory can be
written as

(¢®)pq =€ VU T/T (49)

where f and f),, are the free-energy densities in the full and phase-quenched theories, respectively and V
is the three-dimensional volume. If f — f,, # 0, the average phase factor decreases exponentially when
V goes to infinity (the thermodynamic limit) and/or T goes to zero. Under these circumstances the signal
to noise ratio worsens. This is referred to as the severe sign problem.

To circumvent the sign problem, a possibility is to determine the first Taylor coefficients in the
expansion of a given observable in powers of ug/T. The coefficients of the expansion can be expressed
as expectation values of traces of matrix polynomials taken in the tp = 0 ensemble. Although care has
to be taken regarding the growth of the statistical errors with the order of the expansion, this strategy has
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provided a very important result: the curvature of the transition line at tp = 0. The curvature x is defined
as the dimensionless coefficient of the quadratic term in the Taylor expansion of the pseudocritical line

2
H dT.(u
T.(ug) = Tc<1—xT§> k= — (T di;))

(50)

up=0

Values for k between 0.006 — 0.02 have been reported [17]. It should be noted that since the phases
are separated by a crossover, the curvature should depend in principle on the observable considered.
Nevertheless, these curvatures give considerable smaller values than that of the chemical freeze-out curve
obtained from statistical models [18]. This observation could be of potential importance for if the pseudo
critical line is flatter than the chemical freeze-out line, the distance between the possible QCD critical end
point (CEP) and the freeze-out curve increases. If this happens then possible experimental evidences for
criticality may be washed out by the moment when particle abundances are established after a heavy-ion
collision.

Figure 8 shows a comparison between phenomenological freeze-out curves with the experiment-
ally measured values for the temperature and baryon chemical potential obtained from particle abund-
ances using the statistical model. Shown is also the analytical expression for the chiral phase transition
curve obtained by means of LQCD techniques. Although the physics portrayed in the statistical model
is quite different from the physics of chiral symmetry restoration, the agreement of the descriptions is
remarkable, a similarity that is worth exploring and understanding.

4.4 The critical end point

In the study of the QCD phase diagram, the location of a possible Critical End Point (CEP) is of particular
relevance. This point marks the end of a first order phase transition line. There are strong arguments
based on effective models suggesting that close to the tip-axis, the transition is first order [19]. Since,
on the other hand, close to the T-axis, the transition is a smooth crossover, a CEP should be located
somewhere in the middle of the phase diagram. To locat its position, the STAR BES-I program has
recently analyzed collisions of heavy-nuclei in the energy range 200 GeV > /syy > 7.7 GeV [20].
Future experiments [21-23] will keep on conducting an exploration to locate the CEP changing the
collision energy down to about /syy ~ 5 GeV and the system size in heavy-ion reactions.

From the theoretical side, efforts to locate the CEP make use of a variety of techniques. These
involve Schwinger-Dyson equations, finite energy sum rules, functional renormalization methods, holo-
graphy, and effective models [24-32,36-38]. These studies have produced a wealth of results for the
CEP location that range from low to large values tp and 7. Recent LQCD analyses [39] have resorted
to the imaginary baryon chemical potential technique, extrapolating afterwards to real values, to study
the chiral transition near the 7-axis. The method has still large uncertainties, however this technique has
shown that the transition keeps being a smooth crossover [40]. The Taylor expansion LQCD technique
has also been employed to restrict the CEP’s location to values pg/T > 2 for the temperature range 135
MeV < T < 155 MeV. Its location for temperatures larger than 0.9 7¢(ug = 0) seems to also be highly
disfavored [41] (see also [42]).

Table I summarizes the CEP location found in some recent works.

A powerful tool to experimentally locate the CEP is the study of event-by-event fluctuations in
relativistic heavy-ion collisions [44]. These are sensitive to the early thermal properties of the created
medium. In particular, the possibility to detect non Gaussian fluctuations in conserved charges is one of
the central topics in this field.

Let n(x) be the density of a given charge Q in the phase space described by the set of variables x.
These quantities are related by

0= /den(x), (51)
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’ ‘ Reference ‘ TCEP ‘ HcEP ‘ ‘
C. Shi, et al. [29] 0.85 T, 1.11 T,
G. A. Contrera, et al. [30] 69.9 MeV 319.1 MeV
T. Yokota, ef al. [33] 5.1 MeV 286.7 MeV
S. Sharma [34] 145-155 MeV >2 Teep
J. Knaute, et al. [36] 112 MeV 204 MeV
N. G. Antoniou, et al. [37] | 119-162 MeV 84-86 MeV
Z.F. Cui, et al. [31] 38 MeV 245 MeV
P. Kovacs and G. Wolf [35] >133.3 MeV
R. Rougemont, et al. [38] <130 MeV >133.3 MeV
A. Ayala, et al. [43] 18-45 MeV | 315-349 MeV

Table 1: Summary of some recent results for the CEP location taken from Ref. [43].

where V is the total phase space volume available. When the measurement of Q is performed over the
volume V in a thermal system, we speak of a thermal fluctuation. For instance, the variance of Q is given
by

(6Q%)v = ((@—(Q)*)v = /VdX1dX2<5n(X1)5n(X2)> (52)

The integrand on the right hand side of Eq. (52) is called a correlation function, whereas the right hand
side is called a (second order) fluctuation. With this example, we see that fluctuations are closely related
to correlation functions. In relativistic heavy-ion collisions, fluctuations are measured on an event-by-
event basis in which the number of some charge or particle species is counted in each event. Although
these fluctuations are not necessarily equal to the thermal fluctuations, there are good reasons to expect
that, with an appropriate treatment these two can be taken as equivalent.

For a probability distribution function &?(x) of an stochastic variable x, the moments are defined

as
(") = /dxx"gz(x). (53)
We can define the moment generating function G(0) as
G(6) = / dxe™® P (x), (54)
from where
() = 4G(0) 55)
- dor 0—0
To define the cumulants, it is convenient to define the cumulant generating function
K(0) =1InG(0). (56)
The cumulants of & (x) are defined by
()= S K(0) 57
¢ dor 6=0

It is then possible to write the cumulants in terms of the moments. For instance
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Figure 9: Net proton number cumulants measured by STAR. The figure is from Ref. [45].

(e = ()= ()= (827,
(e = (8x),

(Me = (8x%) —3(6x%)2. (58)

The relation with thermodynamics comes through the partiton function 2, which is the funda-
mental object. The partition function is also the moment generating function and therefore the cumulant
generating function is given by In 2.

Cumulants are extensive quantities. Consider the number N of a conserved quantity in a volume
V in a grand canonical ensemble. It can be shown that its cumulant of order »n can be written as

(N ey = XV, (59)

where the quantities ), are called the generalized susceptibilities. From the thermodynamical side, the
derivatives of In 2 with respect to the chemical potentials give the susceptibilities. For instance
ik ai+k+j(P/T4)

T
= — . ; P=—In%Z. 60
X508 = 3115/ T)0 (o) T s/ T)° + v " (©0)

Also, since cumulants higher than second order vanish for a Gaussian probability distribution,
non-Gaussian fluctuations are signaled by non-vanishing higher order cumulants.

Two important higher order moments are the skewness S and the curtosis k. The former measures
the asymmetry of the distribution function whereas the latter measures its sharpness. When the stochastic
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variable x is normalized to the square root of the variance, o, such that x — ¥ = x/o, the skewness and
the kurtosis are given as the third and fourth-order cumulants, namely

S= (D), x=(T.. (61)

When fluctuations of conserved charges in relativistic heavy-ion collisions are well described by
hadron degrees of freedom in equilibrium, their cumulants should be consistent with models that describe
these degrees of freedom, such as the Hadron Resonance Gas (HRG) model. On the other hand, when
fluctuations deviate from those in the HRG model, they can be used as experimental signals of non-
hadron and/or non-thermal physics. Figure 9 shows that experimental ratios of some cumulants present
statistically significant deviations from the HRG model, though within large errors. Near the CEP, higher
order cumulants of conserved charges also behave anomalously. In particular, they change sign in the
vicinity of the critical point. They are also sensitive to the increase of correlation lengths [46].

5 Experimental signatures of deconfinement

The results from relativistic heavy-ion experiments carried out at the largest available energies have
produced a picture of the properties of the created matter at high temperatures, though for small baryon
chemical potentials. These properties are extracted from observables optimized to probe the evolution of
the system during the different stages of the collision. There are many reviews devoted to the detailed
description of such observables and their meaning [47]. Here I contempt myself with a brief review of
some of the main characteristics that have been reported and on how these help us providing a coherent
picture of the kind of matter produced in these reactions.

During the initial stages of the collision, dense gluon fields create a strongly interacting medium,
the initial state is described by the Color Glass Condensate. This Medium rapidly expands and thermal-
izes; a Quark Gluon Plasma (QGP) is produced which continues to expand and eventually cools down
below 7. ~ 155 MeV where it hadronizes and becomes a hadron-resonance gas. At a very similar temper-
ature (known as chemical freeze-out temperature 7<"™), the particle composition is fixed. After chemical
freeze-out, particles continue to interact. Only their momentum distributions are affected since their
energy is below the inelastic reaction threshold. Hadrons then cease to interact at a kinetic freeze out
temperature 75" ~ 95 MeV,instant when they have developed a radial flow velocity (Br) ~ 0.65. A
summary of the parameters that characterize the produced medium is as follows:

Temperature: 100 — 500 MeV.

Volume: 1 -5 x10° fm?.

Lifetime: 10 — 20 fm/c.

Pressure: 100 — 300 MeV/fm®.

ensity: 1 — 10 py (po = 0.17 fm~3 normal nuclear density).

Atlow pr < 2 GeV/c, hydrodynamics provides a good description of this bulk properties. Notice
that a large fraction of all particles is produced in this py regime. The produced bulk medium behaves like
an almost perfect fluid with a value of shear viscosity to entropy ratio 11/s close to its lower theoretical
value. The medium is opaque to hard probes, quenching their energy. Radial flow tends to deplete the
particle spectrum at low values (blue shift), which increases with increasing particle mass and transverse
velocity.

In peripheral collisions, an elliptic flow, characterized by the coefficient v, of the the azimuthal
angle particle distribution’s harmonic expansion, develops. The azimuthal distribution can be expressed
as

dN

m = Ny [1 +2v; (pT)COS((P — lPR) + 2V2(pT) COS(2(¢ — lPR)) .. ] (62)
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Figure 10: Deviations from v, scaling with hadron’s quark content measured by the ALICE Collaboration. The
figure is taken from Ref. [48]

It is believed that v, originates from the asymmetric pressure gradients of the initial ellipsoidal
overlap region. The strength of this coefficient increases, as expected, with the initial geometric asym-
metry from central to peripheral collisions, with maximal value for the centrality range 404AS$50%. It is
interesting to notice that particle depletion becomes larger in-plane than out-of-plane, thereby reducing
vp. The net result is that at a fixed value of pr heavier particles have smaller v, than lighter ones.

At RHIC energies, it was reported that at intermediate pr if both v, and py were scaled by the
number of constituent quarks ng, the various identified hadrons follow an approximate common behavior.
Scaling was interpreted as a signature that quark coalescence was a dominant hadronization mechanism
in this momentum domain and also as the onset of the quark degrees of freedom importance during the
early stages of heavy-ion collisions, when collective flow develops. However, recent ALICE data shows
that scaling, if any, is only approximate, for all centrality intervals. This is illustrated in Fig. 10.

Angular correlations also provide with an important experimental tool to explore collective phe-
nomena. It has been observed that AnA¢ distributions contain two important features: (1) A peak around
(An,A¢) = (0,0) (near side peak from jets) and (2) Long-range correlations called ridges (collective
phenomena). This is illustrated in Fig. 11. Similar structures are observed in small reference systems.
Possible explanations for these observations are either hydrodynamical behavior and/or gluon saturation
of the initial state (CGC).
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Figure 11: AnA¢ distributions in Pb+Pb collisions measured by the CMS and ATLAS Collaboration. The main
features of these correlations are visible: A peak around (An,A¢) = (0,0) coming from the near side jet and
long-range correlations called ridges, associate to collective phenomena. The figure is from Ref. [49].
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Figure 12: Nuclear Modification Factor, for all identified particles measured by PHENIX in central Au+Au colli-
sions at /syny=200 GeV.

Hard probes such as highly energetic jets of hadrons with heavy flavor content are also a power-
ful tool to explore the response properties of the medium. An important finding in this context is the
observation of the jet quenching phenomenon. This is quantified in terms of the nuclear modification
factor

dN*(pr) /dpr

. 63
No)dN?P (pr) Jdp1 63)

Raa(pr) = <

The prototypical behavior of R44 for several species is illustrated in Fig. 12. Notice that had-
rons species show quenching. This quenching is usually attributed to the energy loss suffered by the
propagating parton that later on hadronizes. It is important to emphasize that energy loss and elliptic
flow are interconnected, that is to say that a clear relationship between jet suppression R4q4 and initial
nuclear geometry v; is observed. This relationship confirms not only the existence of the medium but
also the expectation that jet suppression is strongest in the out-of-plane direction where partons traverse
the largest amount of hot matter.
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Figure 13: Asymmetry distribution as a function of jet asymmetry for p+p and Pb‘+Pb collisions from CMS data.
Notice that for the case of Pb+Pb collisions the peak of the distribution moves to larger jet asymmetries as the

centrality of the collision increases. The figure is from Ref. [50].

A pertinent question is, where does the quenched jet energy go? The answer can be quantified in
therms of the asymmetry distribution as a function of the jet asymmetry variable

Pri—Prs

— ) (64)
Pri+Prp

Ay
When no medium modification is present, near and away-side jets carry similar momentum and the asym-
metry distribution peaks for A; ~ 0. However, when near and away-side jets carry different amounts of
energy, the asymmetry distribution does not peak for A; ~ 0 anymore. This is illustrated in Fig. 13 where
data from CMS on p+p and Pb+Pb data are compared to PYTHIA (no medium present) simulations. The
data on Pb+Pb collisions clearly show that the peak of the distribution moves to larger jet asymmetries
as the centrality of the collision increases.

To quantify the amount of missing momentum inside away jet, one defines the average missing pr

<¥>z% Y —rreos(di—¢u). (65)

i € all N tracks

The momentum in the away-side is obtained for tracks around the sub-leading jet within a cone aperture
larger than the jet cone. Data show that the contribution to the momentum around the leading cone comes
mostly from tracks with pr > 8 GeV. This momentum is balanced by the combined contributions from
tracks with 0.5 < pr < 8 GeV outside the away-side jet cone with A¢ < /6. This is shown in Fig. 14

Finally, we mention that another important tool to probe medium properties is the study of heavy
flavors. Heavy flavors are produced by initial hard-scattering processes at time scales of order 7 ~ 1/2my
(0.07 fm for charm and 0.02 fm for bottom), which are short compared to QGP formation (75 ~ 0.1 — 1
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cone. The figure is from Ref. [50].

fm). Therefore heavy flavors witness the entire medium evolution. Their annihilation rate in the QGP
is small, although interaction with the medium may redistribute their momentum. These characteristics
make heavy flavors a good probe for medium properties, that is, for the study of transport coefficients.
At the LHC, the production cross section is much larger than at RHIC, thus heavy flavors can be studied
more systematically.

Figure 15 shows the quenching pattern for open-flavor heavy-mesons. Notice that in nuclear
collisions, the suppression is as strong as for the case of light flavors. This is contrary to the case
of p+Pb collisions. A large suppression indicates a strong heavy-flavor coupling with medium. Pure
energy loss predicts effects predict a hierarchy in the suppression pattern, Rﬁ‘ < RB, < RB,. However,
one should be cautious since there are a number of effects that may alter such suppression pattern, for
instance the differences between primordial spectral shapes of produced partons and their fragmentation
functions; the differences between the kinds of processes of flavor production (recall that light flavors are
mainly produced by soft processes, whereas heavies are produced by hard processes), etc. The observed
agreement Rys (D) ~ Raa(7) is reproduced by models that include different fragmentation functions and
shapes of the primordial pr distributions, in addition to the expected energy loss hierarchy. On the other
hand, a comparison of Rq4(D) and Raa(J/y) shows the expected suppression pattern.

Heavy-flavor hadrons can share the medium azimuthal anisotropy quantified by v,. Data show
large v, of charm (same magnitude as v, of light-hadrons) which implies that charm thermalizes in
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Figure 16: Prompt D mesons v, for Pb+Pb collisions at /syy = 2.76 TeV measured by the ALICE Collaboration.
Figures are taken from Ref. [53]

medium. This is illustrated in Fig.16.

As a final remark, we notice that the simultaneous measurements of R44 and v> help to disentangle
the interplay of different energy loss scenarios and imposes constraints on theoretical models.

6 Conclusions

The heavy-Ion Standard Model is being developed as we speak. For this purpose there is a strong syn-
ergy between experiment and theory. Experimental measurements pose many theoretical challenges
and rise questions stimulating progress. The field represents a rich and diversity field of approaches.
Semi-classical gauge theory for initial conditions, LQCD for static thermodynamic properties, perturb-
ative QCD in vacuum and in-medium, transport theory and particularly viscous hydrodynamics for the
evolution of bulk matter and even holographic methods can be employed to describe the dynamics of
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thermalization. There is also a large variety of open problems in different fronts: Thermal photon puzzle,
extraction of transport coefficients, interplay between hard and soft modes, limit of applicability of hydro
approach and inclusion of bulk viscosity in 3D calculations, role of magnetic fields in peripheral colli-
sions, critical point of phase diagram, etc., are only some of the questions that need attention. Overall this
is an exciting field with many opportunities to continue exploring the properties of QCD matter under
extreme conditions.
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1 Introduction

Why should a particle physicist learn cosmology? I can think of several reasons:

o the main evidence from new physics beyond the Standard Model comes from cosmology: eg dark
matter, dark energy and inflation;

e particle physics affect cosmology: eg origin of matter- anti-matter asymmetry (needs baryon number
violation, CP violation, non-equlibrium processes), the Higgs field can have a role in inflation, neutrinos
have a role in the formation of structures (such as galaxies and galaxy clusters) in the Universe, cos-
mological phase transitions due to particle physics (electroweak breaking, QCD confinement, etc) can
occur in the early Universe with observable consequences (such as the generation of gravitational waves,
topological defects, etc) ;

e cosmology affects particle physics: eg evolution of the Universe may be responsible for electroweak
symmetry breaking (eg relaxion idea);

e carly Universe is a testbed for SM and BSM: eg stability or metastability of SM vacuum;

e gravity (geometry) may play an important role in particle physics: eg models with warped extra di-
mensions

e new particles from geometry: KK excitations, radion, etc;

e models with extra dimensions can change the evolution of the Universe (and hence be tested).

Now that I hope to have convinced you of the importance to study cosmology with all these very
interesting topics I’ll unavoidably disappoint you since I will not be able to cover in much detail any of
them - but my intention is to give a short start so that you can continue on your own.

I must say right away that in my opinion a full-fledged write-up of these lectures, which still need
much improvement, is not essential at this point. In fact there are several excellent books and lectures on
Cosmology among which I list:

My favourite cosmology book, even if outdated, still is “The Early Universe" by Kolb and Turner
[1]. I guess this is for sentimental reasons, since I learned the subject from it. Dodelson’s “Modern
Cosmology" is more recent and highly recommended [2];

Lectures by Daniel Baumann at Cambridge [3] - I borrowed extensively from these lectures;
Lectures by Pierre Binétruy at the 2012 European CERN School [4];

— Lectures by Toni Riotto at the 2010 European CERN School [5];

Lectures on Dark Matter by Graciela Gelmini [6] and Mariangela Lisanti [7].

Hence these notes are intended as just a brief guide to what was discussed in the lectures. In the following
I will present a simple sketch of my lectures pointing to some references where more details can be
found.The slides of my lectures, as well as for the other lectures of the School can be found in [8].

Cosmology has become a precision, data-driven science in the last 20 years or so. I remember
that when I started to read about it (admittedly a long time ago) the age of the universe was written as
to = 109%! years. The uncertainty was in the exponent! It is fantastic how measurements coming from
different observables now determine ¢, = (13.799 4 0.021) x 10° years.
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There are several observational probes that are used to find out what is the best cosmological
model that describes our universe. These include:
e the cosmic microwave background (CMB);
e the abundance of light elements, as described by Big Bang Nucleosynthesis (BBN);
o the use of supernovae of type la as standard candles to measure distances in the universe;
o the study of the Large Scale Structure (LSS) of the Unverse, particularly in the use of a feature in the
distribution of galaxies called Baryon Acoustic Oscillation (BAO) as a standard ruler;
o the use of weak gravitational lensing, small distortions in the shape of galaxies, for the determination
of the distribution of matter in the universe;
o the use of counts of galaxy clusters as a measure of the growth of perturbations in the universe.

The picture that has emerged from all these observations is consistent and somewhat disturbing:
we know that we don’t know what 95% of the universe is made of. Of the cosmic energy-density budget,
roughly only 5% is matter that we know and love - atoms. The rest we believe is dark matter (roughly
25%) and dark energy (roughly 70%). The best model that describes our universe is a model where
dark matter is made of nonrelativistic particles (called cold dark matter) and dark energy is described
by a simple cosmological constant (denoted by A). The so-called ACDM model became the Standard
Cosmological Model.

As you all know, particle physics also has a Standard Model (SM) - the SU (3) o xSU (2);, xU(1)y
Glashow-Weinberg-Salam model, where the SU(2); x U(1)y symmetry is spontaneously broken to
electromagnetism U (1), through the Higgs mechanism. The last missing piece of the model, the
Higgs boson was finally detected at the LHC in 2012. The SM of particle physics has been tremendously
successful - it can actually explain all the data measured at accelerators given some input parameters.
However, it is not satisfactory since it does not describe neutrino masses, it has no candidate for cold
dark matter, it suffers from the so-called hierarchy problem (simply stated, why is the Higgs mass much
smaller than a high energy scale where new physics reside when quantum corrections are taken into
account), among other issues. This has led to the development of new physics models, extensions of the
SM called Beyond SM (BSM), where these problems can be addressed.

The Standard Cosmological Model is also unsatisfactory. We do not know what dark matter and
dark energy are. There are several alternatives to the cold dark matter paradigm: warm dark matter, fuzzy
dark matter, self-interacting dark matter, modified newtonian dynamics, TeVeS, etc. The cosmological
constant suffers from the same hierarchy problem as the Higgs mass, only worse since the sensitivity to a
new physics scale is quartic instead of quadratic. For dark energy there are even more exotic alternatives
that go by names such as quintessence, Horndesky, massive gravity, clustered dark energy, interacting
dark energy, etc.

One important development that happened after the School was the observation by LIGO and
LISA on August 17, 2017 of the gravitational waves produced by the fusion of a pair of neutron stars,
with an electromagnetic counterpart identified by several observatories in different wavelengths. The
time difference between the gravitational and electromagnetic waves from the event was less than 1.7
seconds. Given the distance of 130 million of light-years this measurement puts a very stringent bound
on the difference of the velocities of the two types of waves of one part in 10" - we can say that
gravitational waves propagate with the speed of light. This simple new observational fact has eliminated
several models of dark energy (see, eg [9]). I also should mention that the 2017 Nobel prize was awarded
to Weiss, Barish and Thorne “for decisive contributions to the LIGO detector and the observation of
gravitational waves".

For these lectures I mostly concentrate on the Standard Comological Model.

152



A SKETCHY INTRODUCTION TO COSMOLOGY

2 First lecture: The averaged Universe
2.1 The basics

The Universe is ruled primordially by gravitation. Gravity is described by Einsten’s General Relativ-
ity, which relates a geometry determined by a metric to the content of the Universe as described by an
energy-momentum tensor. In 1917 Einstein applied his new theory to describe the whole Universe. It’s
complexity can be domesticated under the assumption that the Universe is on average homogeneous and
isotropic. This assumption, sometimes called the “cosmological principle", leads to a considerable sim-
plification since the metric in this case is the so-called Friedmann-Lemaitre-Robertson-Walker (FLWR)
metric:

ds* = dt* — a(t)*dz>. (1)

The FLRW metric is determined by the scale factor a(¢) which controls the evolution of the averaged
Universe. By definition the scale factor is set to one today (a(ty) = 1). In fact the FLRW allows for the
introduction of a spatial curvature that also impacts the evolution of the Universe. It is remarkable that
observations in the last 20 years or so have measured that the curvature is consistent with zero with small
errors: our Universe is on average spatially flat to a very good degree and hence I’'m not considering
curvature in these lectures.

The expansion rate of the Universe is defined as the Hubble factor:
a
H(t) = - 2
0 =1, @
where the dot denotes time derivatives. The Hubble constant is the Hubble factor today (H, = H (t)).

The acceleration of the Universe is set by a. The redshift z, given by the relative change in the position
of spectral lines due to the expansion of the Universe, is related to the scale factor by:

3)

One describes the matter-energy content of the average Universe by a perfect homogeneous fluid
energy-momentum tensor which in a rest-frame is characterized only by its energy density (p) and the
pressure (p) can be written as

p 0 0 O
0O p 0 O
[
T = 0 0 -p O “)
0 0 0 -p
then Einstein’s equation reduces to the two well-known Friedmann’s equations:
-\ 2
a 81G
()5, 5
a 3
and - —
a s
- =—— 3 6
<a> 5 (p+3p) (6)

One can obtain a continuity equation by taking the time derivative of the first equation and substi-
tuting in the second one:
p+3H(p+p)=0 (7

In order to study the evolution of a fluid in the Universe we must assume an equation of state: a
relation between its pressure and energy density. The simplest form is

D = wp, (8)
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“Our whole universe was in a hot dense state”
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Fig. 1: Evolution of densities in the Universe as a function of the scale factor for different components.

where w goes by the name of equation of state parameter. For a constant w it is easy to show that the
energy density changes as

a(t) )3(1+w) 9)

plt) = it (45

and therefore for nonrelativistic fluid (w = 0), relativistic fluid (w = 1/3) and for a cosmological constant
(w = —1) one has p x a_3, p X a % and p X a’ respectively.

These simple considerations lead to the conclusion that the early universe is very dense and hot
(dominated by radiation) and the late universe is dominated by the cosmological constant. A sketch of
this behaviour is shown in Figure 1.

It’s also easy to show that since a/a o< ,/p the scale factor grows with time as:

#%/3 for matter
a(t) o /2 for radiaton (10)
Ht .
e~ for a cosmological constant

The Universe is now dominated by a cosmological constant and hence it is expanding exponentially. We
don’t feel it for the same reason that we don’t feel our money growing exponentially in a savings account.

The average Universe being spatially flat is a consequence of its density being equal to the so-
called critical density:

3Hg
=0 11

The Hubble constant has been measured with a few percent accuracy recently and there is a 3o tension
between the value measured in the local Universe and the value extracted from CMB measurements [10]:

Hy = 73.244+1.74 km/s/Mpc (local) (12)
Hy = 69.3+0.7 km/s/Mpc (Planck).
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The jury is still out whether this tension merits some explanation from new physics. In any case, the
critical density amounts to something equivalent to only five hydrogen atoms per cubic meter. The
average Universe is a pretty empty place.

One quantifies the composition of the Universe by the ratios {2, between the energy density in a
given component i to the total critical density: Q; = p,/p,. For a spatially flat Universe:

ZQi =1 (13)

These quantities are time-dependent and one can re-write the first Friedmann equation as:

H\? (0) —3(1
<Ho> :ZQ o 30+wi), (14)

It’s worth remarking again that the equations derived so far are valid for constant w’s - it is not difficult to
generalize them for time-varying equation of state. This is the case for the so-called models of Dynamical
Dark Energy (DDE), where for instance Dark Energy can be modelled by a dynamical scalar field. The
energy density and pressure for a spatially homogeneous, time-dependent, canonically normalized scalar
field ¢ with a potential V' (¢) is easily computed from its energy-momentum tensor and the equation of
state is given by:

_b_ ¢2/2 - V(o) (15)

P24 V(9)

and hence —1 < w < 1. Given initial conditions and a potential one can devise DDE models that can
easily mimick the background expansion.

2.2 Distances in the Universe

In order to get observational information about the evolution of the Universe it is of fundamental im-
portance to be able to measure distances. There are basically two ways to measure distances in the
Universe: using standard candles or using standard rulers. Standard candles are objects of known intrisic
brightness, or luminosity. Cepheid stars and supernovas of type Ia are objects that can be calibrated into
standard candles. Standard rulers are features in the Universe that have a well-defined physical length,
such as the scale of the so-called Baryon Acoustic Oscillation (BAO), which I will discuss later on.

Let’s introduce some different distances that will be useful in the following.
(a) Comoving distance between us and an object at redshift z (y(2)):
This is defined as a distance x(z) that a light ray would travel

2

ds®> = 0 = dt* = a(t)*dx (16)
and with some change of variables it is easy to show that (we are setting ¢ = 1)
? dz
x(z) = (17)
o H(z)
(b) Comoving particle horizon (x(2)}0,):
Largest region in causal contact since the Big Bang - it’s given by
boat’
VA = _— 18
X( )hor /0 a(t/) (18)

(c) Luminosity distance (dy,):
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This is the distance measured using standard candles and is given in terms of the flux of photons received
in a detector and the intrinsic luminosity of the source

L
= 5 (19)
47TdL
and it can be shown that it is related to the comoving distance by
d, = (14 2)x(2) (20)

The luminosity distance is larger for a given redshift for larger values of the dark energy density. This
can be traced back to the accelerated expansion of the Universe due to dark energy. Therefore SNIa’s
look dimmer in a Universe with dark energy. This is how the accelerated expansion of the Universe was
discovered in 1998, which was a big surprise (actually a shock) for the community. The 2011 Nobel
prize in Physis was awarded for “the discovery of the accelerated expansion of the Universe through
observations of distant supernovae".

(d) Angular diameter distance (d 4):

This distance is related to the angle 60 subentended by a physical length [ (d4 = [/d6) and it can be
shown that

dy = x(2). (21)

(e) Comoving Hubble radius (rg):
Comoving distance that particles can travel in a Hubble time, sometimes known as the Hubble comoving
horizon

1
= (22)
and therefore
al/ 2 for matter
rg(t) a for radiaton (23)

1/a for a cosmological constant

It’s interesting to study how a comoving scale compares with the comoving Hubble radius - we sketch in
Figure 2 how a given scale can enter and exit the Hubble horizon during the evolution of the Universe.

2.3 The thermal history of the Universe

I showed above that for radiation the energy density goes as p,,q X a~*. However, from the Stefan-
Boltzmann law p,,q T*, where T is the temperature of the radiation. Therefore one finds a relation
between the scale factor and the temperature of the radiation: a T~ ! - the Universe cools down as it
expands. Since we also know that a o #/2 in a radiation dominated Universe, one finds that

T(MeV) ~ 1.5g; /4(s) 1/ (24)

where g, measures the number of relativistic degrees of freedom in thermal equilibrium, the temperature
is given in MeV and the time is given in seconds.

For a gas of nonrelativistic matter with mass m and temperature 7' (1" < m) the energy density is
exponentially suppressed (we are using unity for the Boltzmann constant):

p X m(mT)g/Qefm/T. (25)

When the Universe cools down and particles become nonrelativistic the abundance of these par-

ticles is exponentially suppressed and they drop out of thermal equilibrium. The reason is the rate of
interactions (I') which is given by

I(T) = n(T)(ov), (26)
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Fig. 2: Comoving Hubble radius during the evolution of the Universe compared to a given comoving scale.

where n(T") = p(t)/m is the number density of the particles at temperature 7" and (ov) is the thermally
averaged cross section times velocity. This interaction rate should be compared with the expansion rate
of the Universe given by the Hubble parameter H(T'). When the interaction rate is much larger than the
expansion rate the interactions have time to bring the particles to thermal equilibrium. But as the Universe
cools down, the interaction rate drops and eventually the particles will get out of thermal equilibrium and
their number will then freeze since the interactions are no longer efficient. This happens at the so-called
freeze-out or decoupling temperature. A rough estimate of the freeze-out temperature T, is obtained
from equating I'(T,, ) = H (T}, ). A more precise estimate follows from an explicit solution of the
Boltzmann equation.

A simple example is the decoupling of neutrinos in the early Universe. Neutrinos are kept in
equilibrium by the weak interactions, eg v, < eTe” and the cross section is roughly given by o =~
G FT2 from dimensional analysis (Gp ~ 10° GeV ™2 is the Fermi constant). Their number density
decreases as n,, a™® o T? and therefore T' ~ G FT5. On the other hand, the Hubble parameter is
given by

H(T) ~ T?/Mp, 27)

where we used Friedmann’s equation with p o< T * and that G = 1 /Mlzpl. Therefore the freeze-out
temperature for neutrinos can be estimated as

1 1/3
Tto ~ < 5 ) ~ 1 MeV (28)
GrMp,

After decoupling neutrinos cool down as 7' o< 1/a. They would have the same temperature as
photons except for the fact that photons get heated up by the annihilation of ete ataround T ~ 0.5
MeV. Hence neutrinos are a bit cooler than photons today (7, = 1.95 K).

This relic low energy neutrino background has not been directly detected yet. There is a planned
experiment called PTOLOMY designed to detect it [11].

In the SM there are only left-handed neutrinos and they are massless. However, we now know
that neutrinos oscillate among different flavors and must be massive. Therefore the SM should be aug-
mented, most plausibly with the inclusion of a new degree of freedom, the right-handed neutrino, which
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Fig. 3: Thermal history of the Universe. Figure from Kolb & Turner “The Early Universe".

is a gauge singlet. Right-handed neutrinos may have cosmological consequences, acting as warm dark
matter. Neutrinos could be dark matter but because they are light they would be relativistic at the time of
decoupling - this is the definition of hot dark matter. Hot dark matter is already ruled out by cosmology,
more specifically due to the fact that it would erase small scale structure in the Universe because of its
free streaming.

We now understand that neutrinos contribute today a very small amount to the energy density
budget of the Universe, just like photons, but bounds on their masses can still be derived from cosmolog-
ical observations related to the formation of structures in the Universe and from the CMB (for a recent
review, see [12]). Using a recent combination of CMB and LSS observables results in the 95% upper
bound ), m,, < 0.16 eV [13].

The thermal history of the Universe is a very rich and dramatic one, with several events taking
place during its evolution, such as inflation, phase transitions (electroweak symmetry breaking, QCD
confinement, etc), the changes in the dominant component of the Universe, decoupling and annihilation
of whole species and finally the take over of Dark Energy. There are many illustrative figures of this
history but my favourite one is of course from the book by Kolb and Turner, which I reproduce in Figure
3.

2.4 The cosmological constant: the elephant in the room

The cosmological constant, first introduced by Einstein in 1917 in order to allow for a static Universe
that was then consistent with observations, has been rejected by him as his biggest blunder after the
discovery of the expansion of the Universe in 1929. However, as George Gamow puts it in his 1970
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autobiography [14], “But this “blunder”, rejected by Einstein, is still sometimes used by cosmologists
even today and the cosmological constant rears its ugly head again, again and again."

The cosmological constant was always something that we, theoretical physicists, wanted to put
aside. But the discovery of the accelerated expansion of the Universe blew the cosmological constant
into our faces. It is too much of an embarrassment. The main reason for this embarrassment is the fact
that its value is uncontrollable: it suffers from quadratic divergences when quantum corrections are taken
into account, much worse than the quadratic divergences that afflicts the mass of the Higgs boson in the
SM. The easiest way to see the origin of this divergence is to consider the contribution of the zero-point
(vacuum) energy to a scalar quantum field of mass m (the fiw/2 factor, where w? =k + m2), which
can be thought of as an infinite number of harmonic oscillators:

3
Pvac = / (;iﬂ_];;g; V k +m 29)

This integral diverges as an energy cut-off scale Efut. If one uses the Planck scale as the cut-off the
well known discrepancy of 10" with respect to observations is obtained. This may very well be largest
discrepancy in the history of Physics and it is referred to as the cosmological constant problem [15].
However, it only reflects the fact that we do not understand what is going on. To this date there is not a
good solution to this problem. Therefore, most of us chose to continue ignoring it.

3 Second lecture: Origins

In this second lecture I briefly discuss how some things came to existence in the Universe:
e Origin of light elements;

e Origin of baryons;

e Origin of dark matter;

e Origin of inhomogeneities.

3.1 Origin of light elements: BBN

Big Bang Nucleosynthesis (BBN) is one of the pillars of the Standard Cosmological Model (for a recent
review see [16]) ' It is the earliest cosmological probe that we have so far (couple of minutes after the
Bang). The idea goes back to George Gamow and his students in the 1940’s.

The details involve a complicated set of nuclear reactions which can be studied with sophisticated
codes but here I will present a very simplified picture of BBN developed in five easy steps:
(1) When T' > 1 MeV (t < 1 s), the Universe is made out of neutrons, protons, electrons and photons.
Neutrons and protons are in thermal equilibrium due to the weak force. When 7" = O(1 MeV), protons
and neutrons are non-relativistic with the ratio of their number density (denoted by n,,/n,) given by

On _ o=@Q/T, (30)

Ny

where QQ = (m,, — m,,) is the mass difference between them. Notice that the neutron-proton mass
difference (@) = 1.3 MeV) is very small compared to their masses (m,, ~ m,, =~ 1000 MeV).

(2) Neutrons and protons freeze out at T' = 0.8 MeV. Their number remains constant afterwards (number
densities are < a” ) except for neutron decay which we will take into account in step (3). The neutron
fraction (X,,) then becomes

L m QT

= 31
n nn+np 1+€—Q/T ( )

Q

| =

T=0.8 MeV

'Tlearned BBN many years ago from an excellent review by Gary Steigman, a pioneer in the development of the connection
between cosmology and particle physics and an expert on BBN [17]. Gary used to come to Brazil frequently and we became
good friends. I was very saddened to learn about his untimely passing last year a bit after the School took place.
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(3) The neutron fraction is almost frozen except for the fact that free neutrons decay with a lifetime
7, /= 900s. Hence, after freeze-out
X, () =e™X,. (32)

(4) Helium can only be formed by nuclear reactions when deuterium is present. Hence the temperature
of the Universe has to be smaller than the deuterium binding energy - Fp =~ 0.06 MeV (tp ~ 330s). At
this time

X,,(330 s) =~ 1/8. (33)

(5) At this point we can approximate that all neutrons present are used to form helium-4 (ng, = 2n,,).
Then we can compute the fraction in mass of the Universe in ‘He as:

47’LH€

Yire ~ 2X, ~ 1/4. (34)

Ty
Therefore after the first few minutes of the Universe approximately 25% of the mass of atoms
are in the form of *He. There are also small quantities of D, 3He, and °Li that can be computed by
dedicated computer codes that take into account the dynamics of the many nuclear reactions involved
in the background of an expanding Universe. The results from these computations depend crucially on
the amount of photons in the Universe or, more precisely, on the ratio between the number of protons
(or baryons, more generally) and photons. This ratio, denoted by 7, determined from BBN is in good
agreement with an independent measurement from the CMB:
n _
n=—=(6.10+0.04) x 10 7. (35)
Ty
The determination of 7 coupled to the measurement of CMB provides an estimate of the baryonic content
of the Universe, {2;,.

The agreement between the measurements of the abundances of the light elements (with some
extrapolation to their primordial abundance) and the predictions from BBN is one of the great successes
of the Standard Cosmological Model.

3.2 Origin of baryons: baryogenesis

One can try to estimate what would be the relic amount of baryons using arguments similar to the ones
discussed above: baryons can be kept in thermal equilibrium by the strong interactions until their density
drop sufficiently when they become nonrelativistic so that they leave thermal equilibrium and the cor-
responding baryon number gets frozen. A simple calculation that I sketched in the lectures lead to the
disturbing result of 1 ~ 107", Itis nota typo: there is a disagreement of 9 orders of magnitude with the
observed value!

What is the catch? We started with the same number of baryons and anti-baryons, a very reason-
able assumption given that they are in thermal equilibrium. But that can’t work. It turns out that we need
to generate a tiny asymmetry between baryons and anti-baryons. In fact, a difference of one extra baryon
in 1 billion baryons would be sufficient.

How can such an asymmetry be generated in particle physics? Andrei Sakharov laid the conditions
for this to happen in 1967 [18]. These are:
e presence of baryon number violating processes;
e presence of C and CP violation in these processes;
o these processes to be out-of-equilibrium.

It is fair to say that there is no standard model of baryogenesis. All these conditions are met in
the SM (even baryon number violation which occurs non-perturbatively) but the amount of CP violation
turns out to be too small. This is one of the motivations for searching new sources of CP violation
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(eg, neutrino sector). Models with Grand Unified Theories, baryogenesis through leptogenesis and other
BSM possibilities are also being currently considered. This is certainly one of the hottest topics of
research today and the jury is still out.

3.3 Origin of dark matter
3.3.1 Evidences

Evidence for dark matter (DM) arises from different observations at different scales. So far they are
unfortunately all based on observations in the heavens and not in laboratories. Among them I can list:
e Dynamics of clusters of galaxies

e Rotational curves of galaxies

e Gravitational lensing

o Cosmic microwave background

e Big bang nucleosynthesis

o Structure formation in the universe

e Baryon acoustic oscillations

o Bullet cluster

I’ll not have time to describe them in any detail here. For a review see the lectures [6, 7].

DM is most possible a neutral, long-lived particle. I don’t know any viable alternative. In the SM
the neutrino could have the role of DM but they are ruled out since their contribution to the energy budget
of the Universe is very small. Hence, DM implies new physics beyond the SM.” Structure formation tells
us that dark matter must be cold (ie, nonrelativistic at decoupling) or a most warm (there are bounds from
the so-called Lyman-a absorption lines from distant quasars setting m > 5.3 keV at 20 for the mass of
the warm dark matter particle [21]).

There are several candidates for dark matter: weakly interacting massive particles (WIMPs),
new scalars (phion, inert Higgs models), vy, axions, primordial black holes, lightest KK particle, self-
interacting dark matter, etc. Usually one needs a symmetry (most times discrete, such as Z5) to ensure
the stability of the lightest particle that is odd under it. WIMPs in particular are well-motivated candi-
dates since they are predicted in SUSY extensions of the SM (with R parity conservation): the lightests
supersymetric particle (LSP), usually a neutralino (a given combination of gauginos and higgsinos). Can-
didates must pass several observational constraints. In [22] a ten-point test is proposed and 16 candidates
are scrutinized.

3.3.2 Thermal production of dark matter: the “miracle’

Dark matter can have other interactions in addition to the gravitational one. Hence it could have been
in thermal equilibrium in the early Universe - in this case it is called thermal DM.’ In the lectures I
presented a very simple way to estimate the relic abundance of thermal DM particles. For accurate
estimates one must solve the appropriate Boltzmann equation with the correct thermally averaged cross
section. There are specialized and sophisticated codes such as MicroOMEGAs" and others that compute
DM relic densities.

We already saw in the first lecture that particles get out of thermal equilibrium and their abundance
freeze-out roughly when the interaction rate becomes of the order of the expansion rate. Using Eqs. (26)

*The lack of signals for new physics and the detection of gravitational waves have led people to think harder in DM within
the SM, either in the form of primordial black holes or new quark states, see eg [19, 20].

3There is also the possibility that DM is non-thermally produced, eg from the non-equilibrium decay of other particles or
by coherent field oscillations (as in the case of axions).

4https://lapth.cnrs.fr/micromegas/
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and (27) one obtains for its number density at freeze-out:

Tf.o.

L Y (36)

On the other hand, if the DM is cold it is nonrelativistic at freeze-out and its number density is given by
a Boltzmann distribution:
nY, = (myTp,)*Pe ! Tre, 37)

where I'm using m,, for the DM mass. Introducing = m, /T it can be shown that equating Eqs (36)

and (37) results in x s, ~ 30 for typical values of m, = 100 GeV, v = 0.3 and o = G%mi One can
now compute the relic DM abundance

Q=2 ———"=0() (38)

This is the so-called WIMP miracle: a thermal relic with weak cross section results in a relic abundance
with order of magnitude of the observed one. This mechanism of thermal relic production leads to the
survival of the weakest: the weaker the cross section the earlier the particle freezes out and consequently
the larger its abundance.

There are several experiments looking for DM. There are basically three types of searches: direct
production at the LHC (with signatures such as monojets), direct detection of DM particles that surround
us in our galaxy in underground laboratories (one can estimate that of the order of a billion particles of
DM passes through a typical person per second) and indirect detection through the annihilation of DM
into SM particles occurring in dense DM rich regions of the Universe (center of our galaxy, satellite
dwarf galaxies, etc). It is beyond the scope of these lectures to discuss these searches but many details
can be found in the suggested reading. I just can’t resist to mention the recent lower bound of 70 GeV
on the mass of thermal DM coming from indirect searches from annihilation (assumed to be exclusively
into bb) in the Milky Way halo [23].

3.4 Origin of inhomogeneities

This is another sketchy subsection. Again I refer to the excellent lectures mentioned in the introduction.

3.4.1 The causality problem

CMB is originated at the “last scattering surface" when atoms are formed and the Universe becomes
transparent to radiation. That’s when radiation decouples from matter. This happened at z ~ 1100
(t = 380, 000 years after the bang).

There are regions in the last scattering surface that were never in causal contact - and hence no
reason to have the same temperature. Nevertheless the CMB is very uniform over the whole sky, with
small variations of 1 part in 10°. This problem is sketched in Figure 4.

3.4.2 Inflation

Inflation is a period of very fast (exponential) expansion of the Universe. It is similar to the period of dark
energy domination we are in now. A single small patch can fill the whole horizon at decoupling. Hence
inflation also predicts that the Universe is spatially flat - as observed. Inflation also provides quantum
fluctuations that are the seeds for inhomogeneities in the Universe.

The basic idea is simple: the very early Universe is dominated by the energy density of a (surprise!)
scalar field - called inflaton - that is slowly rolling down in a potential. There are a plethora of models
used to implement inflation and most of them are listed in the “Encyclopedia Inflationaris" [24].
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Fig. 4: The causality problem.

Inflation must end otherwise we wouldn’t be here. And at the end of the inflationary period the
Universe is empty and cold. Something has to jump-start the Universe again to the usual hot and dense
phase that we know it should have existed in the past. Usually the end of inflation is identified with the
end of the so-called slow-roll period when the scalar field is rolling down in a part of the potential that
is relatively flat. After the slow-roll phase, the potential becomes steeper and usually has a minimum.
The field then starts to oscillate around the minimum of the potential. It is not difficult to show that an
oscillating field is equivalent to a nonrelativistic gas of inflaton particles (the mass of the inflaton is set at
m ~ 10" GeV from the amplitude of perturbations in the CMB). The inflaton then decays into radiation
(this is model dependent) and results in the so-called reheating of the Universe. A sketch of the potential
is shown in Figure 5.

The actual reheating process is more complicated and can be simulated numerically. There is a
possibility of preheating, when instabilities in the scalar field perturbations can occur before the coher-
ent oscillation period. The only bound on the reheating temperature 7', is that it must be larger than
temperatures required by BBN (1 GeV).

In order to solve the causality problem, one should require that the observable Universe today was
to fit in the comoving Hubble radius at the beginning of inflation. A simple calculation that I did in the
lectures shows that the amount of inflation needed, characterized by the number of e-foldings denoted
by N is:

—In (a > — 26 — 64, (39)
a;

where a; and a,, are the scale factor and the beginning and end of the inflation and the range in N arises
from the uncertainty in the reheating temperature (from 1 to 10" GeV). One usually assumes N ~ 50.

3.4.3 Perturbations generated during inflation

The origin of the inhomogeneities we observe today are quantum fluctuations in the inflaton field d¢
generated during inflation. The size of quantum fluctuations of the inflaton field during inflation is set by
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Fig. 5: A cartoon of the inflaton potential.

2
(59)) = 5 (40)

In general, perturbations J(Z, ¢t) can be decomposed in Fourier modes:
5(#,t) = /dgk 5, (1) e @41)
and the power spectrum P (k) is defined by
(0,08) = (2m)>6° (K — B)P(k). (42)

Inflation predicts a power-law primordial power spectrum for scalar and tensor (gravitational
waves) perturbations

PJ(k) = Ak&™ " (43)
Pt(k:) == Atknt

where A, ; and n, are respectively the amplitudes and spectral indices of the perturbations. They can
be computed in a given model of inflation.

In particular, CMB bounds on the ratio of the tensor-to-scalar amplitudes, denoted by r, have been
used to eliminate several models of inflation. There were some claims that a non-zero value of r had
been detected, which would imply in the detection (albeit indirect) of primordial gravitational waves
generated during inflation. However, the claim turned out to be just background and the latest value is
r < 0.12 at 95% confidence level [25]. But this upper bound is enough to rule out well-know models for
the inflaton field, such as models with a q§4 potential.

Even if there is no fully satisfactory model, inflation is great because it

— explain why the Universe is spatially flat;
— solve the causality problem;
— generate almost gaussian, almost scale invariant fluctuations;
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— generate both scalar and tensor fluctuations;
— given a inflation potential one can predict the spectrum of scalar and tensor perturbations;
— the scalar (density) perturbations gives rise to the large scale structure of the Universe.

4 Third lecture: The perturbed Universe

In this lecture I briefly describe how the tiny perturbations generated during inflation grow to give rise
to the structures in the Universe that we measure today with large surveys of galaxies such as the Dark
Energy Survey.

4.1 Growth of perturbations

Tiny fluctuations of the order § ~ 10™° were detected in the CMB around 1991. These fluctuations
grew due to gravity in the evolution of the Universe. Their growth is determined by solving the perturbed
Einstein’s equations. While this can be done analytically in a linearized way, ie keeping only linear terms
in the perturbations, when the perturbations become large enough (J = 1) this approximation ceases to
be valid. In this case one has to resort to full numerical simulations, such as N-body simulations. These
simulations are becoming more and more realistic, with the inclusion of baryons.5

In principle one has to use full GR to study the evolution of perturbations. However, at scales
smaller than the Hubble radius and for non-relativistic matter one can simplify the problem and use
Newtonian physics. Hence one has to study fluid dynamics in an expanding Universe. In this case we
have to consider three coupled equations: the continuity equation, the Euler equation and the Poisson
equation. As I described in the lecture (you can see the slides), in the linearized approximation we can
derive a single equation for the time evolution of the matter density perturbation &,,,:

" . 3 9

O + 2H (t)9,, — gH(t) Q,, ()0, =0 (44)
where _
O = L L (45)

Pm

Using this simple equation it is easy to show that in a matter-dominated Universe (£2,,, = 1, a %/ 3,
H o 2/(3t)) the matter density perturbation grow as the scale factor 6 o< a. On the other hand, in a
dark energy dominated Universe (€2,,, = 0, a e H =const.) a solution to the equation is § =const.,
ie dark energy prevents matter perturbations from growing. This led to the famous anthropic argument
for an upper limit in the cosmological constant put forward by Weinberg: the energy density of the
cosmological constant can’t be too large otherwise galaxies would not form and we would not exist.

4.1.1 The matter power spectrum in recent times

We already introduced the power spectrum in Eq.(42). Here we discuss some observables related to
it after the evolution of perturbations. It can be easily shown that the power spectrum is the Fourier
transform of the 2-point correlation function of the density perturbations:

P(k) = / dPre(r)e™ ™ (46)
where the two-point correlation function

£(r) = (8(71)6(22)) 47

’See eg the Eagle Simulation, http://icc.dur.ac.uk/Eagle/
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Fig. 6: Ratio of angular distance measurements in BAO to values from Planck fiducial cosmology [27].

depends only on r = |#; — &5 due to homogeneity and isotropy. Therefore features such as peaks in the
2-point correlation function are transformed into oscillatory features in the power spectrum (think that
the Fourier transform of a Dirac d-function 6°(r — r,) results in P(k) = "),

Are there peaks in the correlation function of galaxies? Is there a preferred scale in the sky?
The answer is affirmative and comes from physics related to the decoupling of matter and radiation at
recombination (z,.. ~ 1100). It is the sound horizon at decoupling.

Before recombination, baryons and photons were strongly coupled, forming a single fluid with
pressure and speed. Dark matter, neutrinos and other forms were decoupled. After decoupling, baryons
are left behind at a characteristic distance given by the sound horizon at decoupling, which is called the
baryon acoustic oscillation (BAO) scale 7 40:

TBAO :/ dzlcr;z; ~ 150 Mpc, (48)

where c§ ~ 1/3 is the speed of propagation of the photon-baryon fluid. This characteristic scale in the
distribution of baryons in real space gives rise to oscillations in the matter power spectrum.

The BAO feature in the matter power spectrum and in the real space 2-point correlation function
was first detected in 2005. The position of the BAO peak provides a standard ruler in the sky that can be
used to determine cosmological parameters. The ratio of an angular distance measure in BAO data to its
theoretical value in a ACDM cosmology with Planck cosmology (ie, cosmological parameters as derived
by the Planck collaboration) is shown in Figure 6 from [27], where one can see the good agreement.

4.2 If the Universe is the answer what is the question?

The question we want to answer is: given our Universe what is the best model that describes it? And
at this moment the flat ACDM Standard Cosmological model describes all the observations so far. This
model is characterized by six parameters: the Hubble constant (Hy), the baryon abundance (£2;), the
abundance of cold dark matter (2. ), the amplitude of the initial scalar perturbations (A,), the spectral
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index of the scalar perturbations(n,) and the so-called optical depth (7, related to the ionization history of
the Universe). In addition to these baseline parameters, one could add neutrino masses, nonzero spatial
curvature and a constant equation of state w # —1.

Cosmology is sensitive to the sum of the neutrino masses (X = ) . m;), as we already mentioned
in Section 2.3 - it is interesting to notice that the value of > depends on the hierarchy of neutrino masses.
Using data from neutrino oscillations:

5> { (58.5 £ 0.48) meV for normal hierarchy (49)

(98.6 £ 0.85) meV for inverted hierarchy

The equality is attained when the lightest mass is zero. Therefore if from cosmology one finds X < 0.098
eV then one can say that the inverted hierarchy is excluded. There are claims in the literature of strong
evidence (in the bayesian sense) for normal hierarchy [26].

Large scale surveys are important for the determination of cosmological parameters. I’'m a member
of the Dark Energy Survey (DES), which uses photometric techniques to estimate the redshift of galaxies.
DES uses a 570 Mpixel digital camera installed in the Blanco 4-meter telescope at the Cerro Tololo
International Observatory in Chile. It will finish its 5 years observational period in 2018. The data for
the first year has already been mostly analysed and we are now in the process of analysing the data of
the three first years. Around 300 million galaxies have already been detected and catalogued. The DES
BAO result for the first year of data is shown in Fig. 6.

The distribution of galaxies in the universe provide information about growth of perturbations
(and hence is sensitive to Dark Energy or Modified Gravity), information about dark matter (eg hot DM
is already ruled out) and a standard ruler (BAO scale). In addition, DES can measure weak gravitational
lensing through the small distortions in the shapes of galaxies, can measure the distribution of galaxy
clusters and can also measure SNIa. All these probes will be combined to derive the best constraints on
cosmological parameters.

I would like to finish this subsection by drawing the following analogy between high energy ac-
celerators and large scale galaxy survey:

Energy <+ Redshift
Luminosity <+ Area & observation time

— Energy resolution <+ Redshift errors

Energy calibration <+ Redshift calibration using objects with known redshifts
— pr cuts, etc <+ Magnitude cuts, mask, etc

Final data set <+ Value added catalogs

Higgs bump hunting <+ BAO bump hunting

Perturbation theory in QCD is ok at high energies <+ Perturbation theory in GR is ok at high z

4.3 Finding out the best model from data

The way we estimate the best model from data is through the likelihood function, which can generically

be written as

fobs_fth (m)t COV (j,obs_fth(ﬁ,))]

£() o el (50)

where p'is a set of parameters (it turns out that several so-called nuisance parameters must be introduced
to model the theoretical prediction), 7 % is the data vector, 7' is the theoretical modelling of the observ-
able and Cov denotes de covariance matrix. The covariance matrix can be either theoretically modelled,
measure from subsets of data (jackknife, bootstrap or subsampling methods) or measured from a set of
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Fig. 7: ACDM constraints from the three combined probes in DES Y1 (blue), Planck with no lensing (green), and
their combination (red) [28].

mock data. One can then use Bayes theorem to turn the likelihood function into a probability distribution
for the parameters given the data using a prior probability for the parameters. The parameters can then
be estimated using the Markov Chain Monte Carlo method to sample the space of parameters with the
known probability distribution.

In Figure 7 I show the money plot for the DES analyses of the first year of data using a combination
of galaxy distribution and weak lensing data [28]. It shows constraints on only 2 parameters, Sy (related
to the amplitude of the scalar power spectrum A,) and €2,,,. All other parameters (including 20 nuisance
parameters related to redshift uncertainties, galaxy bias, etc) have been marginalized over. In the same
plot it is shown the constraints from CMB obtained by the Planck collaboration. It is amazing that for the
first time the two constraints are comparable (usually CMB results are much more constraining that LSS
ones) and compatible, given that they come from signals produced with billions of years of difference.
We have also analysed a model with constant equation of state denoted by wCDM. Combining DES data
with several external datasets resulted in w = —1.00f8:8§. Therefore this analysis confirms that dark
energy is compatible with the cosmological constant.

5 Coda

I have given a brief tour on some selected topics in cosmology. The current situation in cosmology is
somewhat akin to the one in particle physics. As in particle physics, we have a Standard Cosmological
Model, ACDM, that explains all the cosmological observations so far. It has only 6 parameters in its
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minimal version (much less than the 20 or so parameters in the SM). However, in contrast to the SM
where all the building blocks have been found and studied, in cosmology we don’t know much about the
95% of the Universe that is comprised of dark energy and dark matter. Surveys like DES and the future
Large Synoptic Survey Telescope (LSST), of which I'm also a member, will hopefully shed some light
on the dark side of the Universe.
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Abstract
The aim of these lectures is to give an overview of the basic concepts and tools
on Probability and Statistics that are relevant for analysis in Particle Physics.

Keywords
Probability; Statitics and Inference; Monte Carlo Methods.

"They say that understanding ought to work by the rules of right reason. These rules are, or
ought to be, contained in Logic; but the actual science of logic is conversant at present only
with things either certain, impossible, or entirely doubtful, none of which (fortunately) we
have to reason on. Therefore the true logic of this world is the calculus of Probabilities, which
takes account of the magnitude of the probability which is, or ought to be, in a reasonable
man’s mind"

J.C. Maxwell
1 Introduction

These notes are based on a course on Probability and Statistics given to graduate and PhD students at
different places and, in particular, at the very nice 2017 CERN Latin-American School of High Energy
Physics in San Juan del Rio, Mexico. They contain a humble overview of the basic concepts and ideas
one should have in mind before getting involved in data analysis and, altough they may have to be tailored
for undergraduate students, I hope they will be a useful reading for all of them.

I feel, maybe wrongly, that there is a tendency in a subset of the Particle Physics community to
consider statistics as a collection of prescriptions written in some holy references that are used blindly
with the only arguments that either "everybody does it that way" or that "it has always been done this
way". In the talks I tried to demystify the “how to” recipes not because they are not useful but because,
on the one hand, they are applicable under some conditions that tend to be forgotten and, on the other,
because if the concepts are clear so will be the way to proceed ("at least formally") for the problems that
come across in Particle Physics. At the end, the quote from Laplace given at the beginning of the first
section is what it is all about.

There is a countable set of books on probability and statistics and a sizable subset of them are
very good out of which I would recommend the following ones (a personal choice function). Section 2
(Lecture 1) deals with probability and this is just a measure, a finite non-negative measure, so it will be
very useful to read some sections of Measure Theory (2006; Springer) by V.I. Bogachev; in particular
the chapters 1 and 2. A large fraction of the material presented in this lecture can be found in more
depth, together with other interesting subjects, in the book Probability: A Graduate Course (2013;
Springer Texts in Statistics) by A. Gut. Section 3 (Lecture 2) is about statistical inference, Bayesian
Inference in fact, and a must for this topic is the Bayesian Theory (1994; John Wiley & Sons) by
J.M. Bernardo and A.F.M. Smith that contains also an enlightening discussion about the Bayesian and
frequentist approaches in the appendix B. It is beyond question that in any worthwile course on statistics
the ubiquitous frequentist methodology has to be taught as well and there are excellent references on the
subject. Students are encouraged to look for instance at Statistical Methods in Experimental Physics
(2006; World Scientific) by F. James, Statistics for Nuclear and Particle Physicists (1989; Cambridge
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University Press) by L.Lyons or Statistical Data Analysis (1997; Oxford Science Pub.) by G. Cowan.
Last, Section 4 (Lecture 3) is devoted to Monte Carlo simulation, an essential tool in Statistics and
Particle Physics.

“Time is short, my strength is limited,...”, Kafka dixit, so many interesting subjects that deserve
a whole lecture by themselves are left aside. To mention some: an historical development of probability
and statistics, Bayesian Networks, Generalized Distributions (a different approach to probability distri-
butions), Decision Theory (Games Theory), ... and Markov Chains for which we shall state only the
relevant properties without further explanation. Additional chapters and appendices are given in [4].

“The Theory of Probabilities is basically nothing else but common sense reduced to calculus”

P.S. Laplace
2 Probability

2.1 The Elements of Probability: (2, B, )

The axiomatic definition of probability was introduced by A.N. Kolmogorov in 1933 and starts with the
concepts of sample space (€2) and space of events (Bg) with structure of o-algebra. When the pair
(Q, Bq) is equipped with a measure p we have a measure space (E, B, ;1) and, if the measure is a
probability measure P we talk about a probability space (€2, Bq, P). Let’s start with a discussion of
these elements.

2.1.1 Events and Sample Space: (2)

To learn about the state of nature, we do experiments and observations of the natural world and ask
ourselves questions about the outcomes. In a general way, the object of questions we may ask about
the result of an experiment such that the possible answers are it occurs or it does not occur are called
events. There are different kinds of events and among them we have the elementary events; that is,
those results of the random experiment that can not be decomposed in others of lesser entity. The
sample space () is the set of all the possible elementary outcomes (events) of a random experiment
and they have to be:

i) exhaustive: any possible outcome of the experiment has to be included in €;
ii) exclusive: there is no overlap of elementary results.

To study random phenomena we start by specifying the sample space and, therefore, we have to have
a clear idea of what are the possible results of the experiment. To center the ideas, consider the simple
experiment of rolling a die with 6 faces numbered from 1 to 6. We consider as elementary events

e; = {get the number i on the upper face} ; i=1,...,6

so Q = {ey,...,es}. Note that any possible outcome of the roll is included in {2 and we can not have two
or more elementary results simultaneously. But there are other types of events besides the elementary
ones. We may be interested for instance in the parity of the number so we would like to consider also the
possible results !

A = { get an even number} and A° = { get an odd number}

'Given two sets A, BC, we shall denote by A° the complement of A (that is, the set of all elements of € that are not in
A) and by A\B = ANB€ the set difference or relative complement of B in A (that is, the set of elements that are in A but
not in B). It is clear that A° = Q\ A.
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They are not elementary since the result A = {e2, e4, €6} is equivalent to get es, e4 or eg and A° = Q\ A
to get ey, e3 or e5. In general, an event is any subset > of the sample space and we shall distinguish
between:

elementary events: any element of the sample space §2;
events: any subset of the sample space;
and two extreme events:
sure events: Sg = { get any result contained in 2} = Q
impossible events: St = { get any result not contained in Q} = ()

Any event that is neither sure nor impossible is called random event. Going back to the rolling of the
die, sure events are

Sg = {getanumbern|1<n<6} = or
Ss = { get anumber that is even or odd} = ()
impossible events are
Sr = { get an odd number that is not prime} = () or
S = { get the number 7} = ()

and random events are any of the e; or, for instance,

Sy = { get an even number } = {e2, €4, €6}
Depending on the number of possible outcomes of the experiment, the the sample space can be:
finite: if the number of elementary events is finite;

Example: In the rolling of a die, 2 = {e;; ¢ = 1,...,6} so dim(§2) = 6.

countable: when there is a one-to-one correspondence between the elements of €2

and \V;

Example: Consider the experiment of flipping a coin and stopping when we
get H. Then Q) ={H, TH, TTH, TTTH, ...}.

non-denumerable: if it is neither of the previous;

Example: For the decay time of an unstable particle Q = {t € R|t>0} =
[0, 00) and for the production polar angle of a particle 2 = {f € R|0<<w} =
[0, 7).

2This is not completely true if the sample space is non-denumerable since there are subsets that can not be considered as
events. It is however true for the subsets of R™ we shall be interested in. We shall talk about that in section 1.2.2.
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It is important to note that the events are not necessarily numerical entities. We could have for
instance the die with colored faces instead of numbers. We shall deal with that when discussing random
quantities. Last, given a sample space ) we shall talk quite frequently about a partition (or a complete
system of events); that is, a sequence {S;} of events, finite or countable, such that

Q= U S; (complete system) and S; m S; = 0; i#j (disjoint events) (D)
i Vi,j

2.1.2 o-algebras (Bgq) and Measurable Spaces (S, Bq)

As we have mentioned, in most cases we are interested in events other than the elementary ones. It is
therefore interesting to consider a class of events that contains all the possible results of the experiment
we are interested in such that when we ask about the union, intersection and complements of events we
obtain elements that belong the same class. A non-empty family Bo = {.S;}I" ; of subsets of the sample
space (2 that is closed (or stable) under the operations of union and complement; that is

SZ‘US]‘GB; VSZ‘,SJ‘EB and Si¢ce B; VS, €B )

is an algebra ( Boole algebra) if () is finite. It is easy to see that if it is closed under unions and
complements it is also closed under intersections and the following properties hold for all S;, S;€Bq:

Q) € Bg 0 € Bqg SimSjEBQ
S;¢ U Sjc € Bg (Sic U Sjc)c € Baq S; \ Sj € Bg

Given a sample space §2 we can construct different Boole algebras depending on the events of
interest. The smaller one is B,, = {0, Q}, the minimum algebra that contains the event A C (2 has
4 elements: B = {0,Q, A, A°} and the largest one, By, = {0, Q, all possible subsets of Q} will
have 29™m(®) elements. From Bj; we can engender any other algebra by a finite number of unions and
intersections of its elements.

2.1.2.1 o-algebras

If the sample space is countable, we have to generalize the Boole algebra such that the unions and
intersections can be done a countable number of times getting always events that belong to the same
class; that is:

GSZGB and ﬁSZEB 3)
=1 =1

with {S;}2°, € B. These algebras are called o-algebras. Not all the Boole algebras satisfy these prop-
erties but the o-algebras are always Boole algebras (closed under finite union). Consider for instance a
finite set & and the class A of subsets of E that are either finite or have finite complements. The finite
union of subsets of .4 belongs to .4 because the finite union of finite sets is a finite set and the finite union
of sets that have finite complements has finite complement. However, the countable union of finite sets
is countable and its complement will be an infinite set so it does not belong to .A. Thus, A is a Boole
algebra but not a g-algebra. Let now F be any infinite set and B the class of subsets of E that are either
countable or have countable complements. The finite or countable union of countable sets is countable
and therefore belongs to 3. The finite or countable union of sets whose complement is countable has a
countable complement and also belongs to B. Thus, B is a Boole algebra and o-algebra.
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2.1.2.2 Borel g-algebras

Eventually, we are going to assign a probability to the events of interest that belong to the algebra and,
anticipating concepts, probability is just a bounded measure so we need a class of measurable sets
with structure of a o-algebra. Now, it turns out that when the sample space §2 is a non-denumerable
topological space there exist non-measurable subsets that obviously can not be considered as events
3. We are particularly interested in R (or, in general, in R™) so we have to construct a family B of
measurable subsets of R that is

i) closed under countable number of intersections: {B;}°, € Br — N2, B; € Br
ii) closed under complements: B € Br — B¢ = R\B € Br

Observe that, for instance, the family of all subsets of R satisfies the conditions ¢) and i) and the
intersection of any collection of families that satisfy them is a family that also fulfills this conditions but
not all are measurable. Measurably is the key condition. Let’s start identifying what we shall considered
the basic set in R to engerder an algebra. The sample space R is a linear set of points and, among it
subsets, we have the intervals. In particular, if a<<b are any two points of R we have:

e open intervals: (a,b) = {r € R|a <z < b}

e closed intervals: [a,b] = {z € R|a <z < b}

e half-open intervals on the right: [a,b) = {r € R|a < x < b}
e half-open intervals on the left: (a,b] = {x € R|a < x < b}

When a = b the closed interval reduces to a point {x = a} ( degenerated interval) and the other three to
the null set and, when a— — oo or b—00 we have the infinite intervals (—oo,b), (—o0,b], (a,00) and
[a, 00). The whole space R can be considered as the interval (—oo, 00) and any interval will be a subset
of R. Now, consider the class of all intervals of R of any of the aforementioned types. It is clear that
the intersection of a finite or countable number of intervals is an interval but the union is not necessarily
an interval; for instance [a1, b1] U [ag, ba] with ag > by is not an interval. Thus, this class is not additive
and therefore not a closed family. However, it is possible to construct an additive class including, along
with the intervals, other measurable sets so that any set formed by countably many operations of unions,
intersections and complements of intervals is included in the family. Suppose, for instance, that we take
the half-open intervals on the right [a, b), b > a as the initial class of sets * to generate the algebra Bz so
they are in the bag to start with. The open, close and degenerate intervals are

[e.9]

Ua—l/nb ﬂab—l—l/n and a={reR|lzr=a}=[a,a] 4

so they go also to the bag as well as the half-open intervals (a, b] = (a, b) U [b, b] and the countable union
of unitary sets and their complements. Thus, countable sets like N/, Z or Q are in the bag too. Those are
the sets we shall deal with.

The smallest family B (or simply B) of measurable subsets of R that contains all intervals and
is closed under complements and countable number of intersections has the structure of a o-algebra, is

3In particular, there are subsets of ™! for which the Lebesgue measure does not satisfy o-additivity... and even finite-
additivity for R"=3 (Hausdorff; 1914). Is not difficult to show the existence of Lebesgue non-measurable sets in R. One
simple example is the Vitali set constructed by G. Vitali in 1905 although there are other interesting examples (Hausdorff,
Banach-Tarsky) and they all assume the Axiom of Choice. In fact, the work of R.M. Solovay around the 70’s shows that one
can not prove the existence of Lebesgue non-measurable sets without it. However, one can not specify the choice function so
one can prove their existence but can not make an explicit construction in the sense Set Theorists would like. In Probability
Theory, we are interested only in Lebesgue measurable sets so those which are not have nothing to do in this business and
Borel’s algebra contains only measurable sets.

*The same algebra is obtained if one starts with (a, b), (a, b] or [a, b].
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called Borel’s algebra and its elements are generically called Borel’s sets or borelians Last, recall that
half-open sets are Lebesgue measurable (A((a,b]) = b — a) and so is any set built up from a countable
number of unions, intersections and complements so all Borel sets are Lebesgue measurable and every
Lebesgue measurable set differs from a Borel set by at most a set of measure zero. Whatever has been
said about R is applicable to the n-dimensional euclidean space R".

The pair (2, Bg) is called measurable space and in the next section it will be equipped with a
measure and "upgraded" to a measure space and eventually to a probability space.

2.1.3 Set Functions and Measure Space: (2, Bq, 1)

A function f : A € Bo — R that assigns to each set A € B one, and only one real number,
finite or not, is called a set function. Given a sequence {A;}7" ; of subset of B pair-wise disjoint,
(A,iNA;=0; i,5=1,...,n; i#j) we say that the set function is additive ( finitely additive) if:

f (U Ai) = f(A) (5)
=1 =1

or c-additive if, for a countable the sequence {A;}:°, of pair-wise disjoint sets of B,

f (U Az) = > f(A) (6)
i=1 =1

It is clear that any o-additive set function is additive but the converse is not true. A countably additive
set function is a measure on the algebra Bq, a signed measure in fact. If the o-additive set function
isu:A € Bg — [0,00) (i.e., u(A)>0) for all A € Bg itis a non-negative measure. In what
follows, whenever we talk about measures p, v, .. on a o-algebra we shall assume that they are always
non-negative measures without further specification. If (A) = 0 we say that A is a set of zero measure.

The “trio” (2, Bo, 1), with © a non-empty set, B, a o-algebra of the sets of 2 and p a measure
over B, is called measure space and the elements of B measurable sets.

In the particular case of the n-dimensional euclidean space 2 = R", the o-algebra is the Borel

algebra and all the Borel sets are measurable. Thus, the intervals I of any kind are measurable sets and
satisfy that

i) If I € R is measurable — I¢ = R — I is measurable;
it) If {I}$°, € R are measurable — U2, I; is measurable;

Countable sets are Borel sets of zero measure for, if 11 is the Lebesgue measure, we have that 11 ([a, b)) =
b — a and therefore:
. .1
n({ay) = lim p(la,a+1/m) = lim — =0 ™)
n—o0

n—oo mn

Thus, any point is a Borel set with zero Lebesgue measure and, being p a o-additive function, any
countable set has zero measure. The converse is not true since there are borelians with zero measure that
are not countable (i.e. Cantor’s ternary set).

In general, a measure 4 over B satisfies that, for any A, B € B not necessarily disjoint:

m.1) u(AUB) = p(A) + pu(B\A)

m2) u(AUB) = u(A)+ u(B) — u(ANB) ((AUB) < u(A) + u(B))
m.3) If A C B, then u(B\A) = u(B) — u(A) (> 0since u(B) > u(A))
m.4) u(0) =0
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Observe that, for (m.1), A U B is the union of two disjoint sets, A and B\ A, and the measure is an
additive set function. For (m.2), we have that A N B¢ and B are disjoint and its union is A U B so
w(AU B) = p(AN B°) + u(B). On the other hand A N B¢ and A N B are disjoint at its union is A so
w(AN B¢) + u(AN B) = u(A). Property (m.3) follows from (m.1) considering that, if A C B, then
AU B = B. Last, (m.4) is a consequence of (m.3) with B = A.

A measure y over a measurable space (2, Bo) is finite if /4(2) < oo and o -finite if 2 = U2, A;,
with A;€Bq and p(A;) < oco. Clearly, any finite measure is o-finite but the converse is not necessarily
true. For instance, the Lebesgue measure A in (R", Br~ ) is not finite because A(R") = oo but is o-finite
because

R" = |J [~k K"

keN

and \([—k,k]") = (2k)™ is finite. As we shall see in lecture 2, in some circumstances we shall be
interested in the limiting behaviour of o-finite measures over a sequence of compact sets. As a second
example, consider the measurable space (R, 3) and p such that for ACB is u(A) = card(A) if A is
finite and oo otherwise. Since R is an uncountable union of finite sets, u is not o-finite in /R. However,
it is o-finite in (N, By).

2.1.3.1 Probability Measure

Let (2, Bo) be a measurable space. A measure P over B (that is, with domain in Bg), image in the
closed interval [0,1] € R and such that P(2) = 1 (finite) is called a probability measure and its
properties a just those of finite (non-negative) measures. Expliciting the axioms, a probability measure is
a set function with domain in Bq and image in the closed interval [0, 1] € R that satisfies three axioms:

1) additive: is an additive set function;
ii) no negativity: is a measure;
iii) certainty: P(Q)=1.

These properties coincide obviously with those of the frequency and combinatorial probability
(see Note 1). All probability measures are finite (P(£2) = 1) and any bounded measure can be converted
in a probability measure by proper normalization. The measurable space (€2, Bg) provided with and
probability measure P is called the probability space (2, B, P). It is straight forward to see that if
A, B € B, then:

p.) P(A)
p2) P(0)=0
p.3) P(AUB) = P(A)+ P(B\A) = P(A)+ P(B) — P(AN B) < P(A) + P(B))

1 — P(A)

The property p.3 can be extended by recurrence to an arbitrary number of events {A4;}" , € B for if
Sk = Ub_ Aj, then S = AyUS,_y and P(S,) = P(A,) + P(Sp—1) — P(A, N Sp-1).

Last, note that in the probability space (R, B, P) (or in (R", B, P)), the set of points W =
{Vx € R| P(x) > 0} is countable. Consider the partition

W= Wk where Wi = {Ve e R|1/(k+1) < P(z) < 1/k} (8)
k=1

If x € W then it belongs to one W}, and, conversely, if x belongs to one W, the it belongs to W. Each
set W}, has at most & points for otherwise the sum of probabilities of its elements is P(1/},) > 1. Thus,
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the sets Wy, are finite and since W is a countable union of finite sets is a countable set. In consequence,
we can assign finite probabilities on at most a countable subset of R.

NOTE 1: What is probability?

It is very interesting to see how along the 500 years of history of probability many people (Galileo,
Fermat, Pascal, Huygens, Bernoulli, Gauss, De Moivre, Poisson, ...) have approached different problems
and developed concepts and theorems (Laws of Large Numbers, Central Limit, Expectation, Conditional
Probability,...) and a proper definition of probability has been so elusive. Certainly there is a before
and after Kolmogorov’s "General Theory of Measure and Probability Theory" and "Grundbegritfe der
Wahrscheinlichkeitsrechnung" so from the mathematical point of view the question is clear after 1930’s.

But, as Poincare said in 1912: "It is very difficult to give a satisfactory definition of Probability’".
Intuitively, What is probability?

The first “definition” of probability was the Combinatorial Probability (~1650). This is an
objective concept (i.e., independent of the individual) and is based on Bernoulli’s Principle of Symmetry
or Insufficient Reason: all the possible outcomes of the experiment equally likely. For its evaluation we
have to know the cardinal (v(+)) of all possible results of the experiment (v(£2)) and the probability for
an event ACQ is “defined” by the Laplace’s rule: P(A) = v(A)/v(Q2) This concept of probability,
implicitly admitted by Pascal and Fermat and explicitly stated by Laplace, is an a priory probability in
the sense that can be evaluated before or even without doing the experiment. It is however meaningless if
2 is a countable set (v(€2) = oo) and one has to justify the validity of the Principle of Symmetry that not
always holds originating some interesting debates. For instance, in a problem attributed to D’ Alembert,
a player A tosses a coin twice and wins if H appears in at least one toss. According to Fermat, one can
get {(TT),(TH),(HT),(HH)} and A will loose only in the first case so being the four cases equally
likely, the probability for A to win is P = 3/4. Pascal gave the same result. However, for Roberval one
should consider only {(T'T"), (T'H), (H-)} because if A has won already if H appears at the first toss so
P = 2/3. Obviously, Fermat and Pascal were right because, in this last case, the three possibilities are
not all equally likely and the Principle of Symmetry does not apply.

The second interpretation of probability is the Frequentist Probability, and is based on the idea
of frequency of occurrence of an event. If we repeat the experiment n times and a particular event A;
appears n; times, the relative frequency of occurrence is f(A;) = n;/n. As n grows, it is observed
(experimental fact) that this number stabilizes around a certain value and in consequence the probability
of occurrence of A; is defined as P(A;)=lim{* _ f(A;). This is an objective concept inasmuch it is
independent of the observer and is a posteriori since it is based on what has been observed after the
experiment has been done through an experimental limit that obviously is not attainable. In this sense, it
is more a practical rule than a definition. It was also implicitly assumed by Pascal and Fermat (letters of
de Mere to Pascal: I have observed in my die games...), by Bernoulli in his Ars Conjectandi of 1705 (
Law of Large Numbers) and finally was clearly explicited at the beginning of the XX’th century (Fisher
and Von Mises).

Both interpretations of probability are restricted to observable quantities. What happen for in-
stance if they are not directly observable?, What if we can not repeat the experiment a large number of
times and/or under the same conditions? Suppose that you jump from the third floor down to ground
(imaginary experiment). Certainly, we can talk about the probability that you break your leg but, how
many times can we repeat the experiment under the same conditions?

During the XX’th century several people tried to pin down the concept of probability. Pierce and,
mainly, Popper argumented that probability represents the propensity of Nature to give a particular re-
sultin a single trial without any need to appeal at “large numbers”. This assumes that the propensity,
and therefore the probability, exists in an objective way even though the causes may be difficult to
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understand. Others, like Knight, proposed that randomness is not a measurable property but just a prob-
lem of knowledge. If we toss a coin and know precisely its shape, mass, acting forces, environmental
conditions,... we should be able to determine with certainty if the result will be head or tail but since we
lack the necessary information we can not predict the outcome with certainty so we are lead to consider
that as a random process and use the Theory of Probability. Physics suggests that it is not only a question
of knowledge but randomness is deeply in the way Nature behaves.

The idea that probability is a quantification of the degree of belief that we have in the occurrence
of an event was used, in a more inductive manner, by Bayes and, as we shall see, Bayes’s theorem and
the idea of information play an essential role in its axiomatization. To quote again Poincare, ” ... the
probability of the causes, the most important from the point of view of scientific applications.”. It was
still an open the question whether this quantification is subjective or not. In the 20’s, Keynes argumented
that it is not because, if we know all the elements and factors of the experiment, what is likely to occur
or not is determined in an objective sense regardless what is our opinion. On the contrary, Ramsey
and de Finetti argued that the probability that is to be assigned to a particular event depends on the
degree of knowledge we have ( personal beliefs) and those do not have to be shared by everybody so it
is subjective. Furthermore they started the way towards a mathematical formulation of this concept of
probability consistent with Kolmogorov’s axiomatic theory. Thus, within the Bayesian spirit, it is logical
and natural to consider that probability is a measure of the degree of belief we have in the occurrence
of an event that characterizes the random phenomena and we shall assign probabilities to events based
on the prior knowledge we have. In fact, to some extent, all statistical procedures used for the analysis of
natural phenomena are subjective inasmuch they all are based on a mathematical idealizations of Nature
and all require a priory judgments and hypothesis that have to be assumed.

2.1.4 Random Quantities

In many circumstances, the possible outcomes of the experiments are not numeric (a die with colored
faces, a person may be sick or healthy, a particle may decay in different modes,...) and, even in the
case they are, the possible outcomes of the experiment may form a non-denumerable set. Ultimately,
we would like to deal with numeric values and benefit from the algebraic structures of the real numbers
and the theory behind measurable functions and for this, given a measurable space (€2, Bq,), we define a
function X (w) : weQ—R that assigns to each event w of the sample space 2 one and only one real
number.

In a more formal way, consider two measurable spaces (2, Bq) and (', Bf,) and a function
X (w) : weQ — X (w)e ©)

Obviously, since we are interested in the events that conform the o-algebra Bg, the same structure has
to be maintained in (€, Bf,) by the application X (w) for otherwise we wont be able to answer the
questions of interest. Therefore, we require the function X (w) to be Lebesgue measurable with respect
to the o-algebra Bg; i.e.:

XYB') = BCBq vV B € B, (10)

so we can ultimately identify P(B') with P(B). Usually, we are interested in the case that Q' = R
(or R™) so B, is the Borel o-algebra and, since we have generated the Borel algebra BB from half-open
intervals on the left I,, = (—oo, z] with z€R, we have that X (w) will be a Lebesgue measurable function
over the Borel algebra ( Borel measurable) if, and only if:

X 1) = {weQ| X (w)<z} € Bq VreR an

We could have generated as well the Borel algebra from open, closed or half-open intervals on the right
so any of the following relations, all equivalent, serve to define a Borel measurable function X (w):
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1) {w|X(w) > c}eBq VeeR;
3) {w|X (w)>c}eBq VeeR;
4) {w|X (w) < c}eBq VeeR,;
5) {w| X (w)<c}eBg VeeR

To summarize:

e Given a probability space (2, Bq, @), a random variable is a function X (w) : Q2—7R, Borel
measurable over the g-algebra Bq, that allows us to work with the induced probability space

(R,B,P)?>.

Form this definition, it is clear that the name ‘random variable” is quite unfortunate inasmuch
it is a univoque function, neither random nor variable. Thus, at least to get rid of variable, the term
“random quantity” it is frequently used to design a numerical entity associated to the outcome of an
experiment; outcome that is uncertain before we actually do the experiment and observe the result, and
distinguish between the random quantity X (w), that we shall write in upper cases and usually as X
assuming understood the w dependence, and the value x (lower case) taken in a particular realization
of the experiment. If the function X takes values in 2x CR it will be a one dimensional random
quantity and, if the image is 2x CR", it will be an ordered n-tuple of real numbers (X7, Xo, ..., X,).
Furthermore, attending to the cardinality of {2y, we shall talk about discrete random quantities if it is
finite or countable and about continuous random quantities if it is uncountable. This will be explained
in more depth in section 3.1. Last, if for each w € Qis | X (w)| < k with k finite, we shall talk about a
bounded random quantity.

The properties of random quantities are those of the measurable functions. In particular, if X (w) :
Q—( is measurable with respect to Bg and Y (z) : ©'—Q" is measurable with respect to Bgy, the
function Y (X (w)) : Q—Q" is measurable with respect to B, and therefore is a random quantity. We
have then that

P(Y <y) = P(Y(X)<y) = P(X €Y (Ix)) (12)
where Y ~!(Ix) is the set {z|z€€} such that Y (x)<y.

Example 2.1: Consider the measurable space (2, Bg) and X (w) : Q — R. Then:

e X(w) = k, constant in R. Denoting by A = {we| X (w) > ¢} we have that if c>k then A = @ and if
¢ < kthen A = Q. Since {0, E}€Bq we conclude that X (w) is a measurable function. In fact, it is left as
an exercise to show that for the minimal algebra B = {(}, 2}, the only functions that are measurable are
X (w) = constant.

o Let GeBg and X (w) = 1¢(w) (see Note 2). We have that if I, = (—o0, a] with a€R, then a€(—00,0) —
X—1(1,) = 0, a€0,1) - X~1(I,) = G, and a€[l,00) — X1(I,) = Q so X(w) is a measurable
function with respect to Bg. A simple function

X(w) = Z ag 1Ak(w) (13)
k=1

where ai€R and {Ay}}7_, is a partition of € is Borel measurable and any random quantity that takes a
finite number of values can be expressed in this way.

e Let 2 = [0, 1]. It is obvious that if G is a non-measurable Lebesgue subset of [0, 1], the function X (w) =
1¢e(w) is not measurable over Bg 1) because a€(0,1) — X ~*(1,) = G¢Bjg 11
e Consider a coin tossing, the elementary events

er = {H}, and ey = {T} — Q = {ey, ea} (14)

3 It is important to note that a random variable X (w) : Q—R is measurable with respect to the o-algebra Bq.
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the algebra Bo = {0, 9, {e1}, {e2}} and the function X : Q—R that denotes the number of heads
X(er) =1 and X(es) = 0 (15)

Then, for I, = (—o0, a] with a€R we have that:

a€(—00,0) — X~(1,) = 0eBq (16)
a€l0,1) — XYI,) = ex€Bq (17)
a€ll,o00) — X HI,) = {e1,e2} = QB (18)

so X (w) is measurable in (€2, Bq, P) and therefore an admissible random quantity with P(X = 1) = P(e;)
and P(X = 0) = P(ez). It will not be an admissible random quantity for the trivial minimum algebra
B = {(), Q} since eo¢BE".

Example 2.2: Let 2 = [0, 1] and consider the sequence of functions X,,(w) = 2" 1, (w) where weQ, §,, =
[1/27,1/2"~ ! and neN. Is each X,,(w) is measurable iff VreR, A = {weQ | X,,(w) > r} is a Borel set of Bg,.
Then:

1) 7€(2",00)— A = DPeBq with A(A) = 0;
2) r€l0,27]— A = [1/2",1/27"1eBq with A(A) = 2/2" — 1/2" = 1/2".
3) re(—o00,0)0—A = [0,1] = Q with with A\(Q) = 1.

w)

Thus, each X, (w) is a measurable function.

Problem 2.1: Consider the experiment of tossing two coins, the elementary events
61:{H7H}, GQZ{H,T}, 63:{T,H}, 64:{T7T}
the sample space Q2 = {ey, ea, €3, e4} and the two algebras

Bi = {0.Q.{er}. {ea}, {er e, ea), {ea s, eal, {er, eal, {ea s}
B, = {@,97{61762}7{63764}}
The functions X (w) : Q—R such that X (e;) = 2; X(e2) = X(

e
and Y(w) : Q—R such that Y(e1) = Y(e2) = 1; Y(e3) = Y(ey)
admissible random quantities? (sol.: X wrt B1; Y wrt Bs)

= 1; X(eq) = 0 (number of heads)
0, with respect to which algebras are

3)
Problem 2.2: Let X;(w) : R—R with i = 1, ..., n be random quantities. Show that
Y = max{X1,Xz2}, Y = min{X;, X2}, Y =sup{Xi};_; and Y = inf{Xy}7_,

are admissible random quantities.

Hint: It is enough to observe that

{w|max{Xy, Xo} <z} = {wXi(w) <z}{w|Xs(w)<z}leB
{w| min{X;, X5} <z} = {w|Xi(w) <z}U{w|Xz(w) < z}eB
{w| sup, X, (w) <z} = Np{wlX,(w) <z}eB
{w] inf, X,,(w) <2} = Up{w|X,(w) < z}eB

NOTE 2: Indicator Function. This is one of the most useful functions in maths. Given subset AC
we define the Indicator Function 1 4(x) for all elements z€€2 as:

1 if zeA
La(z) = { 0 ifagA (19)
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Given two sets A, BC(2, the following relations are obvious:

lanp(z) = min{la(z),1p(x)} = 14(x)1p(x)
lavp(z) = max{la(z),1p(x)} = 1a(z)+ 1p(x) — 1a(x)1p(x)
Tac(z) = 1 — 1u(x) (20)

It is also called "Characteristic Function" but in Probability Theory we reserve this name for the Fourier
Transform.

2.2 Conditional Probability and Bayes Theorem

Suppose and experiment that consists on rolling a die with faces numbered from one to six and the event
ea ={ get the number two on the upper face}. If the die is fair, based on the Principle of Insufficient
Reason you and your friend would consider reasonable to assign equal chances to any of the possible
outcomes and therefore a probability of P;(e2) = 1/6. Now, if I look at the die and tell you, and only
you, that the outcome of the roll is an even number, you will change your beliefs on the occurrence of
event e and assign the new value P5(e2) = 1/3. Both of you assign different probabilities because you
do not share the same knowledge so it may be a truism but it is clear that the probability we assign to
an event is subjective and is conditioned by the information we have about the random process. In one
way or another, probabilities are always conditional degrees of belief since there is always some state of
information (even before we do the experiment we know that whatever number we shall get is not less
than one and not greater than six) and we always assume some hypothesis (the die is fair so we can rely
on the Principle of Symmetry).

Consider a probability space (€2, Bg, P) and two events A, B C Bq that are not disjoint so
AN B # (). The probability for both A and B to happen is P(A N B)=P(A, B). Since Q) = BU B¢
and BNB¢ = () we have that:

P(A) = P(A(Q) = P(ANB) + P(AN B°®) = P(A\B) (21)
probability for A P(A\B) : probability for
and B to occur A to happen and not B

What is the probability for A to happen if we know that B has occurred? The probability of A con-
ditioned to the occurrence of B is called conditional probability of A given B and is expressed
as P(A|B). This is equivalent to calculate the probability for A to happen in the probability space
(Y, Bg,, P') with € the reduced sample space where B has already occurred and By, the corresponding
sub-algebra that does not contain B¢. We can set P(A|B) o P(A N B) and define (Kolmogorov) the
conditional probability for A to happen once B has occurred as:

def. P(A( B) P(A, B)

P(A|B) = PB ~ PB) (22)

provided that P(B)=0 for otherwise the conditional probability is not defined. This normalization factor
ensures that P(B|B) = P(B N B)/P(B) = 1. Conditional probabilities satisfy the basic axioms of
probability:

i) non-negative since (A (1 B) C B - 0 < P(A|B) <1

P(Q () B)
P(B)  P(B)

ii) unit measure ( certainty) since P(Q2|B) =
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iii) o-additive: For a countable sequence of disjoint set { A;}7°,

P (U A¢|B> _ PWUS A)NB) _ = =Y P(4B) (23)
i=1 =1

P(B) P(B)
Generalizing, for n events {A;}7 , we have, with j = 0,...,n — 1 that
P(Ay,...,Ay) = P(An, ..., A0j|Aj,...,A)P(A;,..., A1) = (24)
= P(An|A1, ..., Ap_1)P(A3|As, A1) P(A2|A1)P(A1) (25)

2.2.1 Statistically Independent Events

Two events A, BEBq, are statistically independent when the occurrence of one does not give any
information about the occurrence of the other °; that is, when

P(A,B) = P(A)P(B) (26)

A necessary and sufficient condition for A and B to be independent is that P(A|B) = P(A) (which
implies P(B|A) = P(B)). Necessary because

P(A,B)=P(A)P(B) — P(AB) = 2 = = P(A) 27
Sufficient because
P(A|B)=P(A) — P(A,B) = P(A|B)P(B) = P(A)P(B) (28)

If this is not the case, we say that they are statistically dependent or correlated. In general, we have
that:

P(A|B) > P(A) — theevents A and B are positively correlated; that is, that B has already
occurred increases the chances for A to happen;

P(A|B) < P(A) — the events A and B are negatively correlated; that is, that B has al-
ready occurred reduces the chances for A to happen;

P(A|B) = P(A) — theevents A and B are not correlated so the occurrence of B does not
modify the chances for A to happen.

Given a finite collection of events A = {A4;}" ; with Ay; C Bq, they are statistically independent if

P(Ala---aAm) - P(AI)P(Am) (29)

8 In fact for the events A, BE€ B we should talk about conditional independence for it is true that if C'€ Bq, it may happen
that P(A, B) = P(A)P(B) but conditioned on C, P(A, B|C)#P(A|C)P(B|C) so A and B are related through the event C'.
On the other hand, that P(A|B)#P(A) does not imply that B has a "direct" effect on A. Whether this is the case or not has to
be determined by reasoning on the process and/or additional evidences. Bernard Shaw said that we all should buy an umbrella
because there is statistical evidence that doing so you have a higher life expectancy. And this is certainly true. However, it
is more reasonable to suppose that instead of the umbrellas having any mysterious influence on our health, in London, at the
beginning of the XX™ century, if you can afford to buy an umbrella you have most likely a well-off status, healthy living
conditions, access to medical care,...
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for any finite subsequence {Ak}zl: > 1 < 5 < m < n of events. Thus, for instance, for a sequence of 3
events { Ay, Ay, A3} the condition of independence requires that:

P(Al,AQ) = P(Al)P(AQ) N P(Al,Ag) = P(Al)P<A3) N P(AQ,A3) = P(AQ)P(Ag)
and P(Al, AQ, Ag) = P(Al)P<A2)P(A3) (30)

so the events { A, Ay, A3} may be statistically dependent and be pairwise independent.

Example 2.3: In four cards (Cy, Cs, C3 and Cy4) we write the numbers 1 (C4), 2 (C3), 3 (C3) and 123 (Cy) and
make a fair random extraction. Let be the events

A; = {the chosen card has the number i}
with ¢ = 1,2, 3. Since the extraction is fair we have that:
P(4;) = P(C;) + P(Cy) = 1/2 (31

Now, Ilook at the card and tell you that it has number j. Since you know that A; has happened, you know that the
extracted card was either C; or Cy4 and the only possibility to have A;7#A; is that the extracted card was C} so the
conditional probabilities are

P(A;|A;) =1/2; 4,j = 1,2,3; i#j (32)
The, since
P(AilA;) = P(Ai) 5 4,5 = 1,2,35 i#j (33)
any two events (A;, A;) are (pairwise) independent. However:
P(Aq, Ay, A3) = P(A1]As, A3) P(As|As) P(A3) (34)

and if I tell you that events A, and A3 have occurred then you are certain that chosen card is Cy and therefore A;
has happened too so P(A1|A2, A3) = 1. But

11 1
P(A1, Az, A3) = 155 # P(A1)P(A2)P(A;3) = 3 (35

so the events { Ay, Ay, A3} are not independent even though they are pairwise independent.

Example 2.4: Bonferroni’s Inequality. Given a finite collection A = {4, ..., A,} C B of events, Bonferroni’s
inequality states that:

P(A1[)---[)An) = P(A1,.. ., An) = P(A1) + ... + P(A) — (n—1) (36)

and gives a lover bound for the joint probability P(A4;, ..., A,,). Forn = 1itis trivially true since P(A;) > P(A;).
For n = 2 we have that

A1UA2 A1 + P AQ AlﬂAQ — P(Al mA2>ZP(A1) +P(A2) —1 (37)

Proceed then by induction. Assume the statement is true for n—1 and see if itis so forn. If B,_; = A1N...NA,_1
and apply the result we got for n = 2 we have that

P(A () +(An) = P(Buoi[)An) > P(Bu1) + P(A,) — 1 (38)

but
P(B,_1) = P(By_2( ) An-1) > P(Bn_2) + P(An_1) — 1 (39)
P(A1[).--[)An) = P(Bn_2) + P(An_1) + P(A,) — 2 (40)

and therefore the inequality is demonstrated.
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2.2.2 Theorem of Total Probability

Consider a probability space (2, Bo, P) and a partition S = {S;}?_; of the sample space. Then, for any
event A € B we have that A = A\ Q = A((U;, S;) and therefore:

n

P(A) =P (A N [U; SD =P (szl [Aﬂ SD =3 Pa)S) = zn: P(A|S;)-P(S;) (41)

=1

Consider now a second different partition of the sample space { By} ;. Then, for each set B), we have

P(By) = Y P(ByS)P(S:); k=1,....m (42)
=1
and
Y P(By) =Y P(S) | P(BilS)| = Y P(S) =1 (43)
k=1 =1 k=1 =1

Last, a similar expression can be written for conditional probabilities. Since

P(A, B,S) = P(A|B,S)P(B,S) = P(A|B,S)P(S|B)P(B) (44)
and
P(A,B) = zn:P(A,B,S,-) 45)
=
we have that
P(A|B) = P](;?g) - P(lB) iP(A,B, Si) = anP(A\B,Si)P(SZ-]B) 46)

Example 2.5: We have two indistinguishable urns: U; with three white and two black balls and Us with two white
balls and three black ones. What is the probability that in a random extraction we get a white ball?

Consider the events:
Ay = { choose urn Uy }; Ao = { choose urn Uz} and B = { get a white ball}  (47)

It is clear that A; N A = @ and that A; U A = Q). Now:

3 2 1
P(B|Ay) = 5 P(B|Az) = 5 and P(Al):P(A2):§ (48)
so we have that
2
31 21 1
P(B) = P(B|A;)-P(A;) = —— -~ == 4
(B) = > P(BIA)-P(A) = 25 + £5 = 5 (49)

i=1

as expected since out of 10 balls, 5 are white.
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2.2.3 Bayes Theorem

Given a probability space (€2, Bg, P) we have seen that the joint probability for for two events A, B€ B,
can be expressed in terms of conditional probabilities as:

P(A, B) = P(AIB)P(B) = P(B|A)P(A) (50)
The Bayes Theorem (Bayes ~1770’s and independently Laplace ~1770’s) states that if P(B)=0, then
P(B|A)P(A)
P(AB) = ———+—— 1
(A1B) = =57 5)

apparently a trivial statement but with profound consequences. Let’s see other expressions of the theo-
rem. If H = {H;}}_, is a partition of the sample space then

P(A,H;) = P(A|H;)P(H;) = P(H;|A)P(A) (52)
and from the Total Probability Theorem

P(A) = )  P(A|Hy)P(Hy) (53)
k=1
so we have a different expression for Bayes’ Theorem:
P(A|H;)P(H;) _ P(A|H;)P(H;)
P(A) > k=1 P(AlHy)P(Hy)

P(H;|A) = (54)

Let’s summarize the meaning of these terms ’:

P(H;) : is the probability of occurrence of the event H; before we know if event
A has happened or not; that is, the degree of confidence we have in the
occurrence of the event H; before we do the experiment so it is called

prior probability;
P(A|H;) : is the probability for event A to happen given that event H; has oc-
curred. This may be different depending on ¢ = 1,2, ..., n and when

considered as function of H; is usually called likelihood;

P(H;|A) : is the degree of confidence we have in the occurrence of event H; given
that the event A has happened. The knowledge that the event A has
occurred provides information about the random process and modifies
the beliefs we had in H; before the experiment was done (expressed by
P(H;))soitis called posterior probability;

P(A) : is simply the normalizing factor.

Clearly, if the events A and H; are independent, the occurrence of A does not provide any information
on the chances for H; to happen. Whether it has occurred or not does not modify our beliefs about H;
and therefore P(H;|A) = P(H;).

In first place, it is interesting to note that the occurrence of A restricts the sample space for 7 and
modifies the prior chances P(H;) for H; in the same proportion as the occurrence of H; modifies the
probability for A because

P(Hi|A) _ P(A[H;)

P(A)P() = PULAPA)  —  —pg =~ (59)

7 Although is usually the case, the terms prior and posterior do not necessarily imply a temporal ordering.
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Second, from Bayes Theorem we can obtain relative posterior probabilities (in the case, for instance,
that P(A) is unknown) because

P(H;|A) P(A|H;) P(H;)

P(H,|A) ~ P(A|H,) P(H;) 0

Last, conditioning all the probabilities to Hy (maybe some conditions that are assumed) we get a third
expression of Bayes Theorem
P(A|H;, Hy)P(H;|Hy) P(A|H;, Hy)P(H;|Hy)

P(H;|A, Ho) = P(A[Ho) ~ Soi P(A[Hy, Ho)P(Hy|Hy) o7

where H( represents to some initial state of information or some conditions that are assumed. The pos-
terior degree of credibility we have on H; is certainly meaningful when we have an initial degree of
information and therefore is relative to our prior beliefs. And those are subjective inasmuch different
people may assign a different prior degree of credibility based on their previous knowledge and experi-
ences. Think for instance in soccer pools. Different people will assign different prior probabilities to one
or other team depending on what they know before the match and this information may not be shared by
all of them. However, to the extent that they share common prior knowledge they will arrive to the same
conclusions.

Bayes’ rule provides a natural way to include new information and update our beliefs in a sequen-
tial way. After the event (data) D; has been observed, we have

P(D1|H;)

P(H;) o< P(D1|H;)P(H;) (58)
Now, if we get additional information provided by the observation of Do (new data) we “update” or
beliefs on H; as:

P(Ds|H;, Dy)
P(Ds|Dy)

P(Ds|H;, D1)P(D;|H;)P(H;)
P(Dy, Dy)

P(H;|Dy)—P(H;|Da, D1) = P(H;|Dy) = (59)

and so on with further evidences.

Example 2.6: An important interpretation of Bayes Theorem is that based on the relation cause-effect. Suppose
that the event A ( effect) has been produced by a certain cause H;. We consider all possible causes (so H is a
complete set) and among them we have interest in those that seem more plausible to explain the observation of the
event A. Under this scope, we interpret the terms appearing in Bayes’s formula as:

P(A|H;, Hp) : is the probability that the effect A is produced by the cause (or hypothesis) H;;

P(H;, Hy) : is the prior degree of credibility we assign to the cause H; before we know that A
has occurred;

P(H;|A, Hyp) : is the posterior probability we have for H; being the cause of the event (effect) A
that has already been observed.

Let’s see an example of a clinical diagnosis just because the problem is general enough and conclusions may
be more disturbing. If you want, replace individuals by events and for instance ( sick,healthy) by ( sig-
nal,background). Now, the incidence of certain rare disease is of 1 every 10,000 people and there is an efficient
diagnostic test such that:

1) If a person is sick, the tests gives positive in 99% of the cases;
2) If a person is healthy, the tests may fail and give positive (false positive) in 0.5% of the cases;
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In this case, the effect is to give positive (7') in the test and the exclusive and exhaustive hypothesis for the cause
are:

H; : besick and H, :  be healthy (60)

with Hy = H;°. A person, say you, is chosen randomly (H,) among the population to go under the test and give
positive. Then you are scared when they tell you: "The probability of giving positive being healthy is 0.5%, very
small" (p-value). There is nothing wrong with the statement but it has to be correctly interpreted and usually it is
not. It means no more and no less than what the expression P(T'|H) says: ‘“under the assumption that you are
healthy (H>) the chances of giving positive are 0.5%” and this is nothing else but a feature of the test. It doesn’t
say anything about P(H;|T), the chances you have to be sick giving positive in the test that, in the end, is what
you are really interested in. The two probabilities are related by an additional piece of information that appears
in Bayes’s formula: P(Hq|H,); that is, under the hypothesis that you have been chosen at random (H,), What
are the prior chances to be sick?. From the prior knowledge we have, the degree of credibility we assign to both
hypothesis is

: 9999
10000 and P(H,|Ho) = 1 — P(H)) = ~— (61)

P(H\|Ho) =
(Hy|Ho) 10000

On the other hand, if T" denotes the event give positive in the test we know that:

99 5
P(T|Hy) = — d P(T|Hs) = —— 62
(TIH) = 155 an (T|H2) = Jors (©)
Therefore, Bayes’s Theorem tells that the probability to be sick positive in the test is
P(T|H,)-P(H,|H 2
P(H1|T) _ ( | 1) ( 1| 0) _ 100 10000 ~ 0.02 (63)

S22, P(T|H,)-P(Hi|Ho)  1o6 o095 + To00 10006

Thus, even if the test looks very efficient and you gave positive, the fact that you were chosen at random and that
the incidence of the disease in the population is very small, reduces dramatically the degree of belief you assign
to be sick. Clearly, if you were not chosen randomly but because there is a suspicion from to other symptoms that
you are sic, prior probabilities change.

2.3 Distribution Function

A one-dimensional Distribution Function is a real function F' : R—R that:

p.1) is monotonous non-decreasing: F'(z1) < F(x3) Vr; < 22€R
p.2) is everywhere continuous on the right: lim,_,g+ F(x 4+ €) = F(z) Vz€R
p.3) F(—o0) =limy_oo F(z) =0and F(o0) = limg_y4 o0 F(x) = 1.

and there is [?] a unique Borel measure ;1 on R that satisfies p((—oo,z]) = F(z) for all zeR. In
the Theory of Probability, we define the Probability Distribution Function ® of the random quantity
X(w) : Q=R as:

Flz) ™ P(X<2) = P(Xe(~c0,2]) ; Yz eR (64)
Note that the Distribution Function F'(x) is defined for all z€R so if supp{P(X)} = [a,b], then

F(z) =0Vz < aand F(x) = 1 Y2>b. From the definition, it is easy to show the following important
properties:

8The condition P(X < x) is due to the requirement that F'(x) be continuous on the right. This is not essential in the
sense that any non-decreasing function G(z), defined on R, bounded between 0 and 1 and continuous on the left (G(z) =
lim,_,o+ G(z — €)) determines a distribution function defined as F'(x) for all  where G(x) is continuous and as F'(z + €)
where G(x) is discontinuous. In fact, in the general theory of measure it is more common to consider continuity on the left.
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a) Vx € R we have that:

a.l) P(X<x) et F(z)

a2) P(X<z) = F(z —€);

a3) P(X>z) = 1 - P(X<z) = 1 — F(z) ;

a4) P(X>z) = 1-P(X<z) =1—F(x—e¢);

b) Vx; < z2 € R we have that:
b.1) P(z1<X<z3) = P(X € (z1,22]) = F(x2) — F(z1) ;
b.2) P(a:ngng) = P(X S [xl,xg]) = ( ) (SCl — 6)
(thus, if 1 = zo then P(X = z1) = F(z1) — F(x1 — €));

b.3) P(r1<X<x9) = P(X € (z1,22)) = F(xa —€) — F(x1) =
= F(x2) — F(z1) — P(X =22) ;

b4) P(r1<X<xg) = P(X € [z1,22)) = F(aza —€) — F(z1 —¢€) =
= F(z9) — F(x1) — P(X =x9) + P(X = 1) .

The Distribution Function is discontinuous at all z € R where F(x — €)#F(x + €). Let D be
the set of all points of discontinuity. If z € D, then F'(z — €¢)<F'(x + €) since it is monotonous non-
decreasing. Thus, we can associate to each = € D a rational number r(z) € Q such that F\(z —¢) <
r(z) < F(z + €) and all will be different because if 21 < x2 € D then F(z1 + €)<F(x2 — €). Then,
since Q is a countable set, we have that the set of points of discontinuity of F'(z) is either finite or
countable. At each of them the distribution function has a “jump” of amplitude (property b.2):

F(z) — F(x—¢) = P(X =x) (65)

and will be continuous on the right (condition p.2).

Last, for each Distribution Function there is a unique probability measure P defined over the
Borel sets of R that assigns the probability F'(z2) — F'(x1) to each half-open interval (x1, z2] and, con-
versely, to any probability measure defined on a measurable space (R, B) corresponds one Distribution
Function. Thus, the Distribution Function of a random quantity contains all the information needed to
describe the properties of the random process.

2.3.1 Discrete and Continuous Distribution Functions

Consider the probability space (€2, F, (), the random quantity X (w) : weQ— X (w) € R and the
induced probability space (R, B, P). The function X (w) is a discrete random quantity if its range
(image) D = {x1,...,x;,...}, withz; € R, i =1,2,...1is a finite or countable set; that is, if { Ax; k =
1,2,...} is a finite or countable partition of €2, the function X (w) is either:

n oo
simple: X (w) = Zwk 14,(w) or elementary: X(w) = Zxk 14, (w) (66)

Then, P(X = z3) = Q(Ag) and the corresponding Distribution Function, defined for all z€R, will be

F(z) = P(X<z) = Y P(X=uax)1alm) = » PX

V€D Vo <z

x) 67)

with A = (—o0, 2] N D and satisfies:

i) F(—o0) =0and F(400) = 1;
ii) is a monotonous non decreasing step-function;
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iii) continuous on the right (F'(x + €¢) = F(z)) and therefore constant but on the finite or countable
set of points of discontinuity D = {x1, ...} where

F(zy) — F(zp —€) = P(X =ay) (68)

Familiar examples of discrete Distribution Functions are Poisson, Binomial, Multinomial,...

The random quantity X (w) : Q—R is continuous if its range is a non-denumerable set; that is,
if for all x € R we have that P(X = z) = 0. In this case, the Distribution Function F'(z) = P(X <x)
is continuous for all x € R because

i) from condition (p.2): F(z + €¢) = F(x);
ii) from property (b.2): F(x —¢€) = F(z) — P(X = x) = F(x)

Now, consider the measure space (€2, Bo, 1) with p countably additive. If f : Q—[0,00) is
integrable with respect to p, it is clear that v(A4) = [ 4 fdu for A€Bgq is also a non-negative countably
additive set function. More generally, we have:

o Radon-Nikodym Theorem (Radon(1913), Nikodym(1930)) : If v and 4 are two o-additive measures
on the measurable space (2, Bg) such that v is absolutely continuous with respect to u (v << p; that
is, for every set AcBq for which u(A) = 0itis ¥(A) = 0), then there exists a p-integrable function
p(z) such that

= v\w) = dy(w) w) = w w
o) = [ vty = [ B autw) = [ ptw)int (69)

and, conversely, if such a function exists then v << p (see appendix 1.3 for the main properties).

The function p(w) = dv(w)/du(w) is called Radon density and is unique up to at most a set of measure
zero; that is, if

MM=AMWMM=AﬂWMM (70)

then then u{x|p(z) # f(x)} = 0. Furthermore, if v and p are equivalent (v~p; pn << v and v << )
then dv/du > 0 almost everywhere. In consequence, if we have a probability space (R, B, P) with
P equivalent to the Lebesgue measure, there exists a non-negative Lebesgue integrable function (see
Appendix 2) p : R — [0, 00), unique a.e., such that

P(A) = P(Xe€A) = / p(z)dr VAeB (71)
A
The function p(z) is called probability density function and satisfies:
i) p(z) > 0Vr € R;

ii) at any bounded interval of R, p(x) is bounded and is Riemann-integrable;
iii) [T p(a)de = 1.

Thus, for an absolutely continuous random quantity X, the Distribution Function F'(z) can be ex-
pressed as

F(z) = P(X<x) = /33 p(w) dw (72)

—0o0
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Usually we shall be interested in random quantities that take values in a subset D C R. It will then be
understood that p(x) is p(x)1p(x) so it is defined for all x € R. Thus, for instance, if supp{p(x)} =
[a, b] then

[T rwar= [ o e = [ e =1 @3

—0o0 — 00

and therefore
F([E) = P(XSJJ) - 1(a,oo)<x)1[b,oo)(x> + 1[a,b)(x)/ p(“’) du (74)

Note that from the previous considerations, the value of the integral will not be affected if we
modify the integrand on a countable set of points. In fact, what we actually integrate is an equivalence
class of functions that differ only in a set of measure zero. Therefore, a probability density function p(x)
has to be continuous for all z€R but, at most, on a countable set of points. If F'(z) is not differentiable
at a particular point, p(x) is not defined on it but the set of those points is of zero measure. However, if
p(x) is continuous in R then F’(z) = p(z) and the value of p(z) is univocally determined by F'(z). We
also have that

x “+00
P(X<z)=F(z)= / pwdw — PX>z)=1-F(x)= / p(w)dw (75)
and therefore:

P(z1 < X<z3) = F(xg) — F(x1) = /502 p(w) dw (76)

1

Thus, since F'(x) is continuous at all x€R:
P(xl < XSQ?Q) = P(xl < X< xg) = P(l'lSX < xQ) = P($1§X§Z’2) a7

and therefore P(X = z) = 0Vz € R (A([z]) = 0) even though X = x is a possible outcome of
the experiment so, in this sense, unlike discrete random quantities “probability” 0 does not correspond
necessarily to impossible events. Well known examples absolutely continuous Distribution Functions are
the Normal, Gamma, Beta, Student, Dirichlet, Pareto, ...

Last, if the continuous probability measure P is not absolutely continuous with respect to the
Lebesgue measure A in R, then the probability density function does not exist. Those are called singular
random quantities for which F'(z) is continuous but F’(z) = 0 almost everywhere. A well known
example is the Dirac’s singular measure d,,,(A) = 1 4(zo) that assigns a measure 1 to a set AcB if zp€ A
and O otherwise. As we shall see in the examples 1.9 and 1.20, dealing with these cases is no problem
because the Distribution Function always exists. The Lebesgue’s General Decomposition Theorem
establishes that any Distribution Function can be expressed as a convex combination:

Nac

Ng Ny
F(z) =) aiFa(@) + > bjFac(®) + > cx Fu(x) (78)
i=1 j=1 k=1

of a discrete Distribution Functions (F;(x)), absolutely continuous ones (Fy.(x) with derivative at every
point so F'(z) = p(x)) and singular ones (Fs(x)). For the cases we shall deal with, ¢ = 0.

Example 2.7: Consider a real parameter ¢ > 0 and a discrete random quantity X that can take values {0,1,2,...}
with a Poisson probability law:

P(X = klp) = ™"

R k=0,1,2,... (79)
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The Distribution Function will be

m=|z] k

Fzlp) = P(X<alu) = ¢ Y ﬁ (80)
k=0

where m = [z] is the largest integer less or equal to x. Clearly, for ¢ — 07:
Flz+elp) = F(le +dlp) = F([z]lp) = F(z(u) (81)

so it is continuous on the right and for £ = 0,1,2, ...

k
F(klp) — F(k—1|p) = P(X =klp) = e ﬁ

Therefore, for reals 5 > 1 > 0 such that o — 1 < 1, P(z1 < X<xs) = F(23) — F(x1) = 0.

(82)

Example 2.8: Consider the function g(z) = e~ %" with @ > 0 real and support in (0, c0). It is non-negative and
Riemann integrable in R+ so we can define a probability density

efaa:

p(x|a) = Wl(o)o@)(ﬂf) =ae 1(0700)(33) (83)
and the Distribution Function
* 0 <0
Fo) = pOxsa) = [ plaan={ ] 750 54

Clearly, F'(—oo) = 0 and F'(+o00) = 1. Thus, for an absolutely continuous random quantity X ~p(z|a) we have
that for reals zo > x1 > 0:

P(X<xy) = F(x) =1-—e (85)
P(X>z4) = 1—-F(x;) =e (86)
P(x; < X<wxg) = F(xg) — F(z1) = €91 — 7% (87)

Example 2.9: The ternary Cantor Set C's(0, 1) is constructed iteratively. Starting with the interval C'sq = [0, 1],
at each step one removes the open middle third of each of the remaining segments. That is; at step one the interval
(1/3,2/3) is removed so C's; = [0,1/3]U[2/3, 1] and so on. If we denote by D,, the union of the 2"~! disjoint
open intervals removed at step n, each of length 1/3", the Cantor set is defined as C's(0,1) = [0, 1]\ USZ, D,,. It
is easy to check that any element X of the Cantor Set can be expressed as

o
X
X=2 % (88)
n=1

with supp{X, } = {0,2} * and that C's(0, 1) is a closed set, uncountable, nowhere dense in [0, 1] and with zero
measure. The Cantor Distribution, whose support is the Cantor Set, is defined assigning a probability P(X,, =
0) = P(X,, = 2) = 1/2. Thus, X is a continuous random quantity with support on a non-denumerable set
of measure zero and can not be described by a probability density function. The Distribution Function F(z) =
P(X <x) (Cantor Function; Figure ??) is an example of singular Distribution.

2.3.2 Distributions in more dimensions

The previous considerations can be extended to random quantities in more dimensions but with some
care. Let’s consider the the two-dimensional case: X = (X7, X3). The Distribution Function will be
defined as:

F(z1,72) = P(X1<21, X2<22) ; V(v1,72) € R? (89)

and satisfies:

°Note that the representation of a real number r€[0, 1] as (a1, az,...) 1 > oo, an3~" with a; = {0, 1,2} is not unique. In

fact z = 1/3€C’s(0, 1) and can be represented by (1,0,0,0,..) or (0,2,2,2,...).
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Fig. 1: Empiric Distribution Functions (ordinate) form a Monte Carlo sampling (10 events) of the Poisson
Po(x|5) (discrete; upper left), Exponential Fx(z|1) (absolute continuous; upper right) and Cantor (singular; bot-
tom) Distributions.

i) monotonous no-decreasing in both variables; that is, if (z1, z2), (2}, 75) € R*:
11<2] — F(x1,29)<F(2}],22) and 29<w), — F(x1,22)<F(x1,25) (90)
ii) continuous on the right at (x1, z2) € R?:
F(x1+e€,m9) = F(x1,20+€) = F(x1,22) ((2))
iii) F(—o0,z2) = F(x1,—00) =0 and F(4o00,+00) = 1.
Now, if (z1, z2), (2], 75) € R? with 21 < 2} and x5 < 2, we have that:
P(ry < Xq <o, 10 < Xo<zh) = F(2, 7)) — F(xy,25) — F(2),22) + F(x1,72) >0 92)
and

P(r1<X1<2), 2o<Xo<a) = F(2),2%) — F(x1 — €,05) — F (2,19 — €) + F(x1 — €, 22 — €) > 0(93)
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so, for discrete random quantities, if 1 = x’l and x9 = 3:’2:
P(Xy =1, Xo = 19) = F(x1,29) — F(x1 —€1,22) — F(x1,20 —€) + F(x1 —€,29 —€) >0 (94)

will give the amplitude of the jump of the Distribution Function at the points of discontinuity.
As for the one-dimensional case, for absolutely continuous random quantities we can introduce a
two-dimensional probability density function p(x) : R? — R:
i) p(x) >0; vxeR%

ii) Atevery bounded interval of R?, p(x) is bounded and Riemann integrable;

iil) [rop(x)dx =1
such that:
62

mF([El,[EQ) (95)

x1 x9

F(x1,19) = / duy / dugp(ui,uz) = p(r1,12) =

—0o0 — 0o
2.3.2.1 Marginal and Conditional Distributions
It may happen that we are interested only in one of the two random quantities say, for instance, X;. Then
we ignore all aspects concerning X9 and obtain the one-dimensional Distribution Function
Fi(z1) = P(X1<11) = P(Xi<z1, X<+ 00) = F(z1,+00) (96)

that is called the Marginal Distribution Function of the random quantity X;. In the same manner, we
have F5(x9) = F (400, x2) for the random quantity X5. For absolutely continuous random quantities,

1

1 o0
Fi(x1) = F(x1,+00) = / du1/ p(ut, uz) dug = / p(u1) duy 97)

—00

with p(z1) the marginal probability density function '° of the random quantity X;:

0 oo
P1 (:Bl) = 87 F1 (%1) = / p(l‘l, UQ) dUQ (98)
ZT1 —c0
In the same manner, we have for Xo
0 Foo
pa(x2) = . Fy(z2) = / p(u1, x2) duy 99
i) —00

As we have seen, given a probability space (2, Bq, P), for any two sets A, B€ B, the conditional
probability for A given B was defined as
def. P(A N B) P(A,B)

P(A|B) 2 B = P (100)

provided P(B) # 0. Intimately related to this definition is the Bayes’ rule:

P(A,B) = P(A|B) P(B) = P(B|A) P(A) (101)

Consider now the discrete random quantity X = (X7, X) with values on QCR?2. It is then natural
to define
def. P(X1 = z1, X9 = x9)

P(X1 =z1|Xo =29) = P(Xy = 12) (102)

"It is habitual to avoid the indices and write p(z) meaning “the probability density function of the variable x” since the
distinctive features are clear within the context.
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and therefore

P(X1<z1, X2 = x2)
P(Xy = x9)

F(zi|z2) =

whenever P(Xy = x9)7#0. For absolutely continuous random quantities we can express the probability
density as

p(z1,22) = p(z1|z2) p(z2) = p(22|21) P(21) (103)
and define the conditional probability density function as

ef. , B,
pla|zs) def W = a—xlF(azﬂxg) (104)

provided again that py(z2) # 0. This is certainly is an admissible density '' since p(x1|w2)>0
V(x1,22)€R? and [, p(a1|ag)da; = 1.
As stated already, two events A, B € Bq are statistically independent iff:

P(A,B) = P(ANB) = P(A) P(B) (105)

Then, we shall say that two discrete random quantities X; and Xo are statistically independent if
F(xl, 332) =R (:L‘l)FQ(:L'Q); that is, if

P(Xl :.Z'I,XQ :1‘2) :P(Xl :xl) P(X2 :£B2) (106)
for discrete random quantities and

2
p(x1,72) = ax?mF(wl)F(iﬁz) = p(z1) p(z2) <«—  p(x1|z2) = p(21) (107)

and for absolutely continuous random quantities.

Example 2.10: Consider the probability space (2, Bo, A) with Q = [0, 1] and A the Lebesgue measure. If F' is
an arbitrary Distribution Function, X : we[0,1]—F~1(w)€R is a random quantity and is distributed as F'(w).
Take the Borel set I = (—oo, r] with 7€R. Since F is a Distribution Function is monotonous and non-decreasing
we have that:

X7 = {weQ| X (w)<ry = {wel0, ]| F~H (w)<r} = {weQ|w<F(r)} ==[0,F(r)]eBa  (108)

and therefore X (w) = F~!(w) is measurable over B and is distributed as

F(x)
P(X(w)<z} = P(F~'(w)<z} = P(w<F(z)} = / i\ = F(z) (109)

Example 2.11: Consider the probability space (R, BB, ;1) with p the probability measure

j(A) = / dF (110)
AeB

"Recall that for continuous random quantities P(X2 = x2) = P(X1 = 1) = 0). One can justify this expression with
kind of heuristic arguments; essentially considering X1 €A1 = (—o0, z1], X2€A(x2) = [r2, 72 + €] and taking the limit
e — 0% of
P(Xlgxl, XQGAg(.’L'Q)) _ F(ml,mg + 6) — F(:El,wz)

P(XQEAe(xz)) FQ(.TQ + 6) — FQ(LEQ)

P(X1§5€1 ‘XQEAe(IQ)) =

See however [?]; Vol 2; Chap. 10. for the Radon-Nikodym density with conditional measures.
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The function X : weR— F(w)€(0, 1] is measurable on B. Take I = [a, b)€Bj 1). Then
X HI) = {weR|a<F(w) < b} = {weR|F ' (a)<w < F7*(b)} = [wa,ws)EBR (111)
It is distributed as X ~Un(z|0, 1):

F~ (@)

P(X(w)<z} = P(F(w)<z} = P(w<F~'(z)} = / dF =z (112)
This is the basis of the Inverse Transform sampling method that we shall see in Lecture 3 on Monte Carlo tech-
niques.

Example 2.12: Suppose that the number of eggs a particular insect may lay (X;) follows a Poisson distribution
X1 ~ Po(z1|p):

G

P(X; = =e

21 =0,1,2, ... (113)

Now, if the probability for an egg to hatch is 6 and X5 represent the number of off springs, given z; eggs the
probability to have x5 descendants follows a Binomial law Xo~Bi(z2|x1,0):

P(Xy = ao|z1,0) = ( ;”; > 672 (1—0)" " ; 0<my<axy (114)
In consequence
P(Xy = x1, X5 = z2|p,0) = P(Xy = x2|X1 =21,0) P(X1 = 21|p) =
- ( 2 ) 672 (1 — §)"r %2 e_#r(xulitl) C 0<zy<z (115

Suppose that we have not observed the number of eggs that were laid. What is the distribution of the number
of off springs? This is given by the marginal probability

0o 92
P(Xy =x5l0,u) = Z P(Xy=21,X0=29) = 6“01% = Po(x2|uf) (116)

X1=I2
Now, suppose that we have found =2 new insects. What is the distribution of the number of eggs laid? This will be
the conditional probability P(X; = x1|X2 = 2,0, 1) and, since P(X1 = 21, X2 = 22) = P(X; = 21|X3 =
29)P(X5 = x2) we have that:
P(Xlle,XQZZ‘Q) 1

P(X1 = 71| X2 = m2,p,0) = P(Xs = 22) i F— (u(1 = )" %2 e=#(1=0  (117)

with 0 <9 <xq; that is, again a Poisson with parameter (1 — 9).

Example 2.13: Let X; and X, two independent Poisson distributed random quantities with parameters p; and
pe. Howis Y = X7 + X, distributed? Since they are independent:

Ty )
P(Xy = a1, Xo = @olpy, pio) = e~ (mtna) 11 P 118
( 1 1,42 2|u1 #2) I‘(gc1—|—1) I‘(gc2—|—1) ( )

Then, since X =Y — X7:
(y—=)

P(Xy =2,V —y) = P(Xs =2, X5 =y — a) = e—mtna) 11 s o
e Vo my ) = D(z+1) T(y —z+1) (19)

Being X5 = y — >0 we have the condition y>x so the marginal probability for Y will be

P(Y () N~ M g~ (ratpz) (1 + p12)"
_ ) = ol — (it 120
¥=v DB P R YOy Ty + 1) (120
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that is, Po(y|p1 + p2)-

Example 2.14: Consider a two-dimensional random quantity X = (X7, X») that takes values in R? with the

probability density function N(x1, 22| = 0,0 =1, p):

11 *ﬁ (&} = 2p1s + 23)
p(z1, 22|p) = by 17—,02 €
with p € (=1, 1). The marginal densities are:
+oo
1 1,2
Xi~p(xy) = [m p(x1,u0) dus = Ee 2 11
+oo
1 1,2
Xorpler) = [ plunan)duy = o= bed

and since

1 *ﬂi’;ﬂ (z1p — 2w122 + 23p)

p(5517332|[)) = p($1)p(l’2) \/ﬁ e

both quantities will be independent iff p = 0. The conditional densities are

1 2
. _ p(xlaxZ) _ 1 1 —W(xl—xgp)
P(11|x270) p(xg) \/ﬁ = e
flzy,z2) 1 1 —W (w2 — x1p)?

Zo|x1, = = e
p( 2| 1 p) fl(xl) /7271_ /71 — ,02
and when p = 0 (thus independent) p(x1|x2) = p(x1) and p(x2|x1) = p(xs). Last, it is clear that

p(x1,22|p) = p(x2lz1, p) p(z1) = p(z1]22,p) P(T2)

2.4 Stochastic Characteristics
2.4.1 Mathematical Expectation
Consider a random quantity X (w) : Q — R that can be either discrete

;

X(w) = Z x4, (W)
k=1

X(w) = B L P(X = 23) = P(Ay) = /R 14, (w) dP(w)

X(w) =Y w4la, (w)
k=1

\

or absolutely continuous for which

P(X(w)eA) = /

R

La(w)dP(w) = [

A

dP(w) = /Ap(w)dw

(121)

(122)

(123)

(124)

(125)

(126)

(127)

(128)

The mathematical expectation of a n-dimensional random quantity Y = ¢(X) is defined as '*:

BIY) = ElgX) [ g0dre) = [ g ix

(129)

12 In what follows we consider the Stieltjes-Lebesgue integral so J — " for discrete random quantities and in consequence:

[ swar@ = [ g@p@de — gl P =)

—o0

Vap
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In general, the function g(z) will be unbounded on supp{X} so both the sum and the integral have to
be absolutely convergent for the mathematical expectation to exist.

In a similar way, we define the conditional expectation. If X = (X1,..., X ..., Xp), W =
(X1...,Xm)and Z = (Xy41 ..., X)) we have for Y = g(W) that
W, Z
EYiza] = [ atwypwlan)iw = [ gw) PO g (130)

2.4.2 Moments of a Distribution
Given a random quantity X ~p(z), we define the moment or order n («ay,) as:

de f e
an = E[X"] / " p(x) dx (131)

—0o0
Obviously, they exist if " p(z)€L1(R) so it may happen that a particular probability distribution has
only a finite number of moments. It is also clear that if the moment of order n exists, so do the moments
of lower order and, if it does not, neither those of higher order. In particular, the moment of order 0
always exists (that, due to the normalization condition, is ag = 1) and those of even order, if exist, are
non-negative. A specially important moment is that order 1: the mean ( mean value) ;n = E[X] that has

two important properties:

e Itisa linear operator since X =co+ > ", ¢;X; — E[X]| =co+ > ¢ E[X]
o If X =[], ¢;X; with {X;}" | independent random quantities, then E[X] = [[, ¢; E[X;].

We can define as well the moments (3,,) with respect to any point c€R as:

o0

Bn = E[(X —¢)"] del / (x — )" p(z) dx (132)
—0oQ

S0 a, are also called central moments or moments with respect to the origin. It is easy to see that the

non-central moment of second order, 32 = E[(X —¢)?], is minimal for ¢ = y = E[X]. Thus, of special

relevance are the moments or order n with respect to the mean

oo

pn=E[(X —p)"] = / (x — )" p(x) dx (133)

—00

and, among them, the moment of order 2: the variance ji» = V[X] = o2. Itis clear that ;o = 1 and, if
exists, 1 = 0. Note that:

o VIX] = 0% = E[(X - Y] >0
e Itis not a linear operator since X = co + 1 X1 — V[X] = 0% = G V[X1] = cfog,
o If X =3""  ¢X;and {X;}? are independent random quantities, V[X] = > | ¢? V[X;].

Usually, is less tedious to calculate the moments with respect to the origin and evidently they are
related so, from the binomial expansion

n

(X —p"=> ( L ) XE (=) F — e = En: ( . ) ay, (—p)" " (134)

k=0 k=0

The previous definitions are trivially extended to n-dimensional random quantities. In particular,
for 2 dimensions, X = (X7, X3), we have the moments of order (n, m) with respect to the origin:

anm = BIXT X3"] = / xf xy' p(a1, x2) dry deo (135)
Rz
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so that ag; = p1 and g2 = p2, and the moments order (72, m) with respect to the mean:

Pnm = E[(X1 — )" (Xo — p2)™] = /722 (x1 — p1)" (w2 — p2)™ p(x1, x2) do dzo (136)

for which
poo = E[(X1—m)’] = V[X1] = of and  pop = E[(X2 — p2)?] = V[Xa] = 05 (137)
The moment
pin = E[(X1 —m) (X2 —p)] = a1 — argag = VX1, Xo] = V[Xo, Xi] (138)

is called covariance between the random quantities X; and X5 and, if they are independent, p17 = 0.
The second order moments with respect to the mean can be condensed in matrix form, the covariance

matrix defined as:
V[X] _ < H20 HM11 > _ < V[XlaXl] V[leXQ} > (139)

p1 - po2 V[X1, Xa] VI[Xa, Xo]
Similarly, for X = (X1, X, ..., X;,) we have the moments with respect to the origin
aklyk27"'7kn = E[X:]fl X§2. : -Xﬁ”] ) (140)

the moments with respect to the mean

koo, kn = BI(X1 = p)* (X = p2) "2+ (X — )] (141)
and the covariance matrix:
[20..0 H11..0 *** f10..1 VX1, Xa] VI[Xy,Xo] - VIXy, Xy
VIX] = M11‘...0 ,u02“..0 ,U01‘...1 _ V[X1‘,X2} V[X2‘7X2] o V[X2.7Xn] (142)
H10..1 H01..1 tc H00..2 VX1, Xn] VI[Xo, Xp] --- V[Xy, X

The covariance matrix V[X] = E[(X — u)(X — u)T] has the following properties that are easy
to prove from basic matrix algebra relations:

1) Itis a symmetric matrix (V = V) with positive diagonal elements (V;;>0);

2) Itis positive defined xTVx>0; VxeR™ with the equality when Vi x; = 0);

3) Being V symmetric, all the eigenvalues are real and the corresponding eigenvectors orthogonal.
Furthermore, since it is positive defined all eigenvalues are positive;

4) If J is a diagonal matrix whose elements are the eigenvalues of V and H a matrix whose columns
are the corresponding eigenvectors, then V. = HIH ! (Jordan dixit);

5) Since V is symmetric, there is an orthogonal matrix C (CT = C~1) such that CVC” = D with
D a diagonal matrix whose elements are the eigenvalues of V;

6) Since V is symmetric and positive defined, there is a non-singular matrix C such that V. = CC7;

7) Since V is symmetric and positive defined, the inverse V~! is also symmetric and positive defined;

8) (Cholesky Factorization) Since V is symmetric and positive defined, there exists a unique lower
triangular matrix C (C;; = 0; Vi < j) with positive diagonal elements such that V. = CCT
(more about this in section 3).

Among other things to be discussed later, the moments of the distribution are interesting because
they give an idea of the shape and location of the probability distribution and, in many cases, the distri-
bution parameters are expressed in terms of the moments.
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2.4.2.1 Position parameters

Let X ~p(z) with support in QCR. The position parameters choose a characteristic value of X and
indicate more or less where the distribution is located. Among them we have the mean value

oo
p=a = EX| = / xp(x)dx (143)
— 0o

The mean is bounded by the minimum and maximum values the random quantity can take but, clearly,
if QCR it may happen that p¢(2. If, for instance, 2 = ;U5 is the union of two disconnected regions,
w1 may lay in between and therefore ;1¢€2. On the other hand, as has been mentioned the integral has
to be absolute convergent and there are some probability distributions for which there is no mean value.
There are however other interesting location quantities. The mode is the value zo of X for which the
distribution is maximum,; that is,

o = sup,eqp() (144)

Nevertheless, it may happen that there are several relative maximums so we talk about uni-modal, bi-
modal,... distributions. The median is the value x,, such that

F(zy) = P(X<zy) = 1/2 — /xmp(a:)da: = /Oop(a:)dx = P(X >z, = 1/2 (145)

For discrete random quantities, the distribution function is either a finite or countable combination of
indicator functions 14, (x) with {4}, a partition of € so it may happen that F(z) = 1/2 Va€Ay.
Then, any value of the interval Ay can be considered the median. Last, we may consider the quantiles
« defined as the value g, of the random quantity such that F'(¢,) = P(X <¢,) = « so the median is

the quantile gy /.

2.4.2.2 Dispersion parameters

There are many ways to give an idea of how dispersed are the values the random quantity may take.
Usually they are based on the mathematical expectation of a function that depends on the difference
between X and some characteristic value it may take; for instance F[|X — u|]. By far, the most usual
and important one is the already defined variance

VIX] = o = BI(X — BIXIP) = [ (o= p)p(o)is (146)

R
provided it exists. Note that if the random quantity X has dimension D[X]| = dx, the variance has
dimension D[o?] = d?x so to have a quantity that gives an idea of the dispersion and has the same

dimension one defines the standard deviation o = +./V[X] = +V/0? and, if both the mean value (1)
and the variance exist, the standardized random quantity

X —p
g

Yy =

(147)

for which E[Y] =0and VY] = 0% = 1.

2.4.2.3 Asymmetry and Peakiness parameters

Related to higher order non-central moments, there are two dimensionless quantities of interest: the
skewness and the kurtosis. The first non-trivial odd moment with respect to the mean is that of order 3:
ws3. Since it has dimension D[u3] = d% we define the skewness (1) as the dimensionless quantity
def 13 3 E[(X —u)3
’Ylél;i/gz%zw (148)
Ha g g
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The skewness is y; = 0 for distributions that are symmetric with respect to the mean, v; > 0 if the
probability content is more concentrated on the right of the mean and vy; < 0 if it is to the left of the
mean. Note however that there are many asymmetric distributions for which us = 0 and therefore
v1 = 0. For unimodal distributions, it is easy to see that

v =0 mode = median = mean
1 >0 mode < median < mean
71 <0 mode > median > mean

The Kkurtosis is defined, again for dimensional considerations, as

N4
:&_%:E[(X4u)] (149)

72 ,U/%_O' .

and gives an idea of how peaked is the distribution. For the Normal distribution 45 = 3 so in order to
have a reference one defines the extended kurtosis as y5° = 5 — 3. Thus, 75** > 0 (< 0) indicates
that the distribution is more (less) peaked than the Normal. Again, v5%* = 0 for the Normal density and
for any other distribution for which py = 3 . Last you can check that Va,be R E[(X — p — a)*(X —

i — b)?] > 0 so, for instance, defining u = a + b, w = ab and taking derivatives, y2>1 + 3.

Example 2.15: Consider the discrete random quantity X ~Pn(k|\) with
)\k

P(X =k)=Pn(k|\) = e oD NeRT; k=0,1,2, ... (150)
The moments with respect to the origin are
00 \K
an(\)=E[X"] = e Y k" Tl (151)
k=0
If a;, denotes the k" term of the sum, then
Qg1 = %H <1 + i)n an —  limpoe |2 S0

so being the series absolute convergent all order moments exist. Taking the derivative of a,(\) with respect to A
one gets the recurrence relation

2t = A (@) + ) g = 15)

so we can easily get
a=1; a=X; a=MA+1); a3 =AN+32+1); ag = AN +6M2+7A+1) (153)
and from them
po=1; p1=0; pz =X p3=X; = A3A+1) (154)
Thus, for the Poisson distribution Po(n|\) we have that:

E[X]=X\ VIX]=X =AY yo =3+ A1 (155)

Example 2.16: Consider X ~Ga(z|a, b) with:

p(r) = ——e xb_ll(oyoo)(;v))\ ; a,beR™ (156)
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The moments with respect to the origin are
a® [ I'(b+n)
an = B[X"] = —— / e Tt tr Tl dy = g7 (157)
() Jo I'(b)
being the integral absolute convergent. Thus we have:

n

[n = an;(b) 3 ( Z ) (=b)" R T(b+ k) (158)

k=0

and in consequence

b b 2 6
FlX] = — . X = — . - . ext. __ ~ 1

[ ] a ) V[ ] CL2 ) 71 \/B ) 72 b ( 59)

Example 2.17: For the Cauchy distribution X ~Ca(x|1,1),

1 1
p(x) Tl + 2 (70000)(x) (160)
we have that
_BxM = L Ty (161)
Gn = o oo 1+ x? o

and clearly the integral diverges for n > 1 so there are no moments but the trivial one «y. Even for n = 1, the
integral

e @ =2, e = im0+ e
— 00

is not absolute convergent so, in strict sense, there is no mean value. However, the mode and the median are
To = Zm = 0, the distribution is symmetric about 2 = 0 and for n = 1 there exists the Cauchy’s Principal Value
and is equal to 0. Had we introduced the Probability Distributions as a subset of Generalized Distributions, the
Principal Value is an admissible distribution. It is left as an exercise to show that for:

e Pareto: X~Pa(x|v,x,,) with p(x|z,, V) x zf(l’*l)l[mm,w)(x) i Ty, VERT

e Student: X ~St(z|v) with p(z|v) o (1+ .:E2/l/)_(y+1)/2 1—wo0)(z) 5 VERT

the moments o, = E[X "] existiff n < v.

Another distribution of interest in physics is the Landau Distribution that describes the energy lost by a particle
when traversing a material under certain conditions. The probability density, given as the inverse Laplace Trans-
form, is:

1 c+ioo

T 2mi

p(z) eslogstas g (163)

c—100

with ¢ € R* and closing the contour on the left along a counterclockwise semicircle with a branch-cut along the
negative real axis it has a real representation

p(x) = —/ e~ (rlogr+er) gin(nr) dr (164)
™ Jo

The actual expression of the distribution of the energy loss is quite involved and some simplifying assumptions have
been made; among other things, that the energy transfer in the collisions is unbounded (no kinematic constraint).
But nothing is for free and the price to pay is that the Landau Distribution has no moments other than the trivial
of order zero. This is why instead of mean and variance one talks about the most probable energy loss and the
full-width-half-maximum.
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2.4.2.4 Correlation Coefficient

The covariance between the random quantities X; and X; was defined as:
VX, X;] = VIX;, X] = E[(Xi — 1) (Xi — )] = E[XiX;] — E[Xi]E[X}] (165)

If X; and X are independent, then F[X;X;| = E[X;]E[X;] and V[X,;, X;] = 0. Conversely, if
V[Xi, X;] # 0 then E[X;X;]#F[X;|E[X;] and in consequence X; and X; are not statistically inde-
pendent. Thus, the covariance V[X;, X;| serves to quantify, to some extent, the degree of statistical
dependence between the random quantities X; and X;. Again, for dimensional considerations one de-
fines the correlation coefficient

VIXi, Xj] E[Xi Xj] — E[X]E[X]

i = — 1
Pi = VIXIVIX) 710, (160

Since p(x;, x;) is a non-negative function we can write

VX, X;] = /2 {(-Ti — i) p(fﬂzﬁj)} {(l’j — ) p(iﬁz‘a%)} dridr; (167)
R
and from the Cauchy-Schwarz inequality:
—1<p; <1 (168)

The extreme values (41, —1) will be taken when E[X;X;] = E[X;|E[X;|£0,0; and p;; = 0 when
E[X;X;] = E[X;]E[X;]. In particular, it is immediate to see that if here is a linear relation between
both random quantities; that is, X; = aX; + b, then p;; = £1. Therefore, it is a linear correlation
coefficient. Note however that:

e If X; and X are linearly related, p;; = &1, but p;; = £1 does not imply necessarily a linear
relation;

e If X; and X are statistically independent, then p;; = 0 but p;; = 0 does not imply necessarily
statistical independence as the following example shows.

Example 2.18: Let X; ~ p(z1) and define a random quantity X5 as
X, = g(X1) = a + bX; + ¢X;? (169)
Obviously, X; and X5 are not statistically independent for there is a clear parabolic relation. However
VX1, Xo] = E[X1Xs] — E[X1] E[X3] = bo? + c(az — p® — po?) (170)

with p, 02 and a3 respectively the mean, variance and moment of order 3 with respect to the origin of X and, if
we take b = co~2(u® + po? — az) then V[Y, X| = 0 and so is the (linear) correlation coefficient.

NOTE 3: Information as a measure of independence. The Mutual Information (see [?]) serves also to quantify
the degree of statistical dependence between random quantities. Consider for instance the two-dimensional random
quantity X = (X1, Xo)~p(z1, z2). Then:

I(X):X,) = /X da1 dzap(zy1, z2) In <m> (171)

and I(X; : X2)>0 with equality iff p(x1,22) = p(z1)p(z2). Let’s look as an example to the bi-variate normal
distribution: N (x|u, X):

(x=—p'="t (Xu))} (172)

N |

p(x|6) = (2m)""| det[SH| 2 exp {
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with covariance matrix

2
> = ( ,0001102 po;%@ ) and det[S] = 0202(1 — p)? (173)

Since X;~N (x;|ui,04); i = 1,2 we have that:

p(X|/,L,E) ) 1 2
I(X1:X5) = | daid 3 1 =—-In(1- 174
() /x #1402 (x|, 5) n(P(l'1|M1701)p($2ﬂ2,02) p =) (7

Thus, if X; and X are independent (p = 0), I(X; : X2) = 0 and when p—+1, I(X; : X2)—00.

2.4.3 The "Error Propagation Expression'

Consider a n-dimensional random quantity X = (X7, ..., X,,) with E[X;] = y; and the random quantity
Y = ¢(X) with g(x) an infinitely differentiable function. If we make a Taylor expansion of g(X) around
E[X] = p we have

dg(x)

Y = g(X) = ()+Zn: Z-+lzn:zn: 99 47 R (175)
—9 - 9w — 8z u ! 2!, — 8:}016% " v

ElY] = E[g(X)] = g(p) + +5; . <829(X)‘> Vij + .. (176)
= I

n x n n 2 x
oS () 2 () v o

Neglecting all but the first term

v = iy £ = 30 (0) (P8 visix) . am

i=1 j=1

This is the first order approximation to V[Y] and usually is reasonable but has to be used with care. On
the one hand, we have assumed that higher order terms are negligible and this is not always the case so
further terms in the expansion may have to be considered. Take for instance the simple case Y = X7 X
with X; and X» independent random quantities. The first order expansion gives V[Y]~pu203 + udo?
and including second order terms (there are no more) V|[Y| = pufo3 + p3o? + 0202; the correct result.
On the other hand, all this is obviously meaningless if the random quantity Y has no variance. This is
for instance the case for Y = X1 X, ! when X 1,2 are Normal distributed.

2.5 Integral Transforms

The Integral Transforms of Fourier, Laplace and Mellin are a very useful tool to study the properties
of the random quantities and their distribution functions. In particular, they will allow us to obtain the
distribution of the sum, product and ratio of random quantities, the moments of the distributions and to
study the convergence of a sequence { Fj, ()} ; of distribution functions to F'(z).
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2.5.1 The Fourier Transform

Let f : R—C be a complex and integrable function (f€L;(R)). The Fourier Transform F(t) with teR
of f(x) is defined as:

F(t) = / h f(z) e dx (179)

The class of functions for which the Fourier Transform exists is certainly much wider than the probabil-
ity density functions p(x)€L1(R) (normalized real functions of real argument) we are interested in for
which the transform always exists. If X ~p(x), the Fourier Transform is nothing else but the mathemat-
ical expectation

Ft) = El®X]; teRr (180)

and it is called Characteristic Function ®(t). Thus, depending on the character of the random quantity
X, we shall have:

o if X is discrete: ®(t) = > ek P(X = xy)
T

+oo +oo
e if X is continuous: ®(t) = / T qp(z) = / e p(z) d
—o0 —o0

Attending to its definition, the Characteristic Function ®(¢), with ¢ € R, is a complex function
and has the following properties:

1) ®(0) = 1;

2) ®(t) is bounded: |®(t)| <1;

3) ®(t) has schwarzian symmetry: ®(—t) = ®(t);
4) ®(t) is uniformly continuous in R.

The first three properties are obvious. For the fourth one, observe that for any € > 0 there exists a
d > O such that |®(t1) — ®(t2)| < e when |¢t; — ta] < § with £; and ¢5 arbitrary in R because

—+o00 “+o00

11— e 90%)gp(z) = 2/ |sin 0z /2| dP(x) (181)

—0o0

Dt +5) — @(t)\g/

—00

and this integral can be made arbitrarily small taking a sufficiently small §. These properties, that clearly
hold also for a discrete random quantity, are necessary but not sufficient for a function ®(¢) to be
the Characteristic Function of a distribution P(x) (see example 2.19). Generalizing for a n-dimensional
random quantity X = (Xq,..., X,):

O(th,...,t,) = B[t tX] = pletiXi+... + X)) (182)

so, for the discrete case:

Oty .. ) = Y ...Zei(tm ot tntn) pxX) =y, Xy = 1) (183)
x1 Tn
and for the continuous case:
+o0 +oo .
D(ty,...,ty) = / dry ... / dxnez(tlxl+"'+t"x")p(x1,...,wn) (184)
—0o0 — 00

The n-dimensional Characteristic Function is such that:
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NOTE 4: Laplace Transform. For a function f(x) : R*—C defined as f(z) = 0 for x < 0, we may consider
also the Laplace Transform defined as

L(s) = /000 e % f(x) dx (185)

with s€C provided it exists. For a non-negative random quantity X ~p(x) this is just the mathematical expectation
Ele~**] and is named Moment Generating Function since the derivatives give the moments of the distribution (see
5.1.4). While the Fourier Transform exists for f(z)€Li(R), the Laplace Transform exists if e =% f(x)e L1 (R™)
and thus, for a wider class of functions and although it is formally defined for functions with non-negative support,
it may be possible to extend the limits of integration to the whole real line ( Bilateral Laplace Transform). However,
for the functions we shall be interested in (probability density functions), both Fourier and Laplace Transforms
exist and usually there is no major advantage in using one or the other.

Example 2.19: There are several criteria (Bochner, Kintchine, Cramer,...) specifying sufficient and necessary
conditions for a function ®(t), that satisfies the four aforementioned conditions, to be the Characteristic Function
of a random quantity X ~F'(x). However, it is easy to find simple functions like

() =t d (t) = — (186)
=e an = —
g1 g2 1+ t4
that satisfy the four stated conditions and that can not be Characteristic Functions associated to any distribution.
Let’s calculate the moments of order one with respect to the origin and the central one of order two. In both cases
(see section 5.1.4) we have that:

ar =pu=FEX] =0 and po = 0* = E[(X —p)? =0 (187)

that is, the mean value and the variance are zero so the distribution function is zero almost everywhere but for
X = 0 where P(X = 0) = 1... but this is the Singular Distribution Sn(z|0) that takes the value 1 if X = 0 and
0 otherwise whose Characteristic Function is ®(¢) = 1. In general, any function ®(¢) that in a boundary of ¢ = 0
behaves as ®(t) = 1+ O(>7) with € > 0 can not be the Characteristic Function associated to a distribution F'(z)
unless ®(t) = 1 for all teR.

Example 2.20: The elements of the Cantor Set C's(0, 1) can be represented in base 3 as:
oo Xn
x=y

n=1

with X,,€{0,2}. This set is non-denumerable and has zero Lebesgue measure so any distribution with support
on it is singular and, in consequence, has no pdf. The Uniform Distribution on Cs(0, 1) is defined assigning a
probability P(X,, = 0) = P(X,, = 2) = 1/2 (Geometric Distribution). Then, for the random quantity X,, we
have that

(188)

Oy (1) = EltX] = (1 + e%t) (189)

1
2
and for Y,, = X, /3™

(1 + o2t/ 3") (190)
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Being all X, statistically independent, we have that
Ox(t) = ﬁ 1 (1 + €2it/3”) = ﬁ leit/S” cos(t/3") = eit/2 ﬁ cos(t/3") (191)
2 2
n=1 n=1 n=1
and, from the derivatives (section 2.5.1.4) it is straight forward to calculate the moments of the distribution. In
particular:
1) _ 1 _ 2) _ 3 21 _
oy(0)=- — EX] == and o (0) = -3 — FE[X7] = -
(192)
so V[X]=1/8.

2.5.1.1 Inversion Theorem (Lévy, 1925)

The Inverse Fourier Transform allows us to obtain the distribution function of a random quantity from
the Characteristic Function. If X is a continuous random quantity and ®(¢) its Characteristic Function,
then the pdf p(x) will be given by

1 +o0 i+
p(r) = / e " o(t)dt (193)
2m J_
provided that p(x) is continuous at  and, if X is discrete:
1 +o0 i+
P(X = 1)) = / e MTk B(1) dt (194)
2 J_ o

In particular, if the discrete distribution is reticular (that is, all the possible values that the random
quantity X may take can be expressed as a + bn with a, b € R; b#0 and n integer) we have that:

/b .
P(X =x3) = 21;/ /be—mk ®(t) dt (195)

From this expressions, we can obtain also the relation between the Characteristic Function and the Dis-
tribution Function. For discrete random quantities we shall have:

F(zp) = Z P(X =x) = ;ﬂ/_ﬁo Z e T (1) dt (196)

<y, <z

and, in the continuous case, for x1 < x9 € R we have that:

2 1 e L _itx —itr
F(xq) — F(z1) = / p(x)de = D(t) - (e I —¢ 2)dt (197)

omi ¢
so taking z; = 0 we have that (Lévy, 1925):

1 e 1 —1itx
F(z) = F(0) + — (1) Z(l —e ) dt (198)

21 J_

The Inversion Theorem states that there is a one-to-one correspondence between a distribution
function and its Characteristic Function so to each Characteristic Function corresponds one and only
one distribution function that can be either discrete or continuous but not a combination of both. There-
fore, two distribution functions with the same Characteristic Function may differ, at most, on their points
of discontinuity that, as we have seen, are a set of zero measure. In consequence, if we have two random
quantities X and X5 with distribution functions P (x) and P»(z), a necessary and sufficient condition
for Pj(x) = Pa(x) a.e. is that @;(t) = o(¢) forall t € R.
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2.5.1.2 Changes of variable

Let X ~P(z) be a random quantity with Characteristic Function ® x (¢) and g(X) a one-to-one finite real
function defined for all real values of X . The Characteristic Function of the random quantity Y = g(X)
will be given by:

By (t) = By[e?Y] = Bx[et9(X) (199)

that is:

—0o0

Oy (1) = / T itg(®) 4p () or  By(t) = > M) p(X = zy) (200)

depending on whether X is continuous or discrete. In the particular case of a linear transformation
Y = aX + b with a and b real constants, we have that:

y(t) = Bx[eH0X +0)) = (i g (at) (201)

2.5.1.3 Sum of random quantities

The Characteristic Function is particularly useful to obtain the Distribution Function of a random quantity
defined as the sum of independent random quantities. If X1, ..., X, are n independent random quantities
with Characteristic Functions ®1 (1), . .., ®,(¢5), then the Characteristic Function of X = X;+...+X,
will be:

by (t) = Bl!X] = B+ + X)) = 6,1 - @,(0) (202)

that is, the product of the Characteristic Functions of each one, a necessary but not sufficient condition
for the random quantities X1, ..., X, to be independent. In a similar way, we have thatif X = X; — X
with X; and X5 independent random quantities, then

Bx(t) = B[ X1 = X2)] = &,(6) Dy(—t) = &1(1) s (t) (203)
Form these considerations, it is left as an exercise to show that:

e Poisson: The sum of n independent random quantities, each distributed as Po(xy|ux) with k =
1,...,nis Poisson distributed with parameter s = 1 + - - - + fn.

e Normal: The sum of n independent random quantities, each distributed as N (z|ug, o) with
k =1,...,nis Normal distributed with mean y15 = ji1 +- - -+ 1, and variance 02 = o2 +- - -+02.

e Cauchy: The sum of n independent random quantities, each Cauchy distributed C'a(xy|ak, B)
with £k = 1,...,n is is Cauchy distributed with parameters s = a1 + -+ + a,, and Bs =
Bi+ -+ Bn.

e Gamma: The sum of n independent random quantities, each distributed as Ga(zx|a, B) with
k =1,...,nis Gamma distributed with parameters («, 51 + - - - + ().

Example 2.21: Difference of Poisson distributed random quantities.
Consider two independent random quantities X1 ~Po(X1|p1) and Xo~Po(Xs|u2) and let us find the distribution

of X = X; — X5. Since for the Poisson distribution:
it
XimPo(p) —s ®(t) = e Hi(l =€) (204)

we have that

By (t) = Oy (1) Dy(t) = e (M1 + pz) (e + poe i)

(205)
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Obviously, X is a discrete random quantity with integer support Qx = {...,—2,—1,0,1,2,...}; that is, a retic-
ular random quantity with ¢ = 0 and b = 1. Then
1 _ T it —it
P(X =n) = e ﬂS/ e itn (e + pae™ ") gy (206)
™ —Tr

being ps = pq + po. If we take:

2= et (207)
M2
we have
n/2 1 w
P(X=n) = <N1> eHhSs — @z le2 (z+1/2) g, (208)
p2 2mi Jo

with w = 2,/u1 iz and C the circle |z| = /1 /o around the origin. From the definition of the Modified Bessel
Function of first kind

L(2) = ——h 163 EH1/0) g (209)
2mi Jo

with C a circle enclosing the origin anticlockwise and considering that I_,,(z) = I,,(z) we have finally:

n/2
P(X =n) = (Z;) et 1) 1o /i) (210)

2.5.1.4 Moments of a distribution

Consider a continuous random quantity X ~P(z) and Characteristic Function
. +oo
o(t) = EleX] = / et 4p(z) @11)
—0o0

and let us assume that there exists the moment of order k. Then, upon derivation of the Characteristic
Function k times with respect to ¢ we have:
o . +oo .
500 = Bl X etX) - / (i)t T 4P () 212)
—0o0

and taking ¢t = 0 we get the moments with respect to the origin:

1 [0k
E[X*] = = <8kt <I>(t)>t0 (213)

Consider now the Characteristic Function referred to an arbitrary point a € R; that is:

®(t,a) = BltX —a)] = /

—0o0

+oo . .
T —a) gp(r) = et g(y) (214)

In a similar way, upon k times derivation with respect to ¢t we get the moments with respect to an arbitrary
point a:

k
E[(X — a)t] = Zlk (gkt a(t, a)>t0 215)
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and the central moments if a = E(X) = p. The extension to n dimensions immediate: for a n
dimensional random quantity X we shall have the for the moment oy, . 5, with respect to the origin that

Qhyotoy = BIXT - X0n] =

ikt +kn <8k1t1 . ,8kntn

D(ty,. .. ,tn)> (216)
ti=...=tp=0

Example 2.22: For the difference of Poisson distributed random quantities analyzed in the previous example, one
can easily derive the moments from the derivatives of the Characteristic Function. Since

log®x (t) = —(m + p2) + (e’ + pae™) (217)

we have that
Py (0) = i(u1—p2) —  EX|=p—pe (218)
P(0) = (P%(0)* — (1 +p2) —  VIX]=p+pe (219)

Problem 2.3: The Moyal Distribution, with density

1 1
p(x) = N exp {—2 (z+ em)} 1(—o0,00) () (220)

is sometimes used as an approximation to the Landau Distribution. Obtain the Characteristic Function ®(t) =
7w~ 1/22711(1/2 — it) and show that E[z] = v + In2and V[X] = 72/2.

2.5.2 The Mellin Transform

Let f : R™—C be a complex and integrable function with support on the real positive axis. The Mellin
Transform is defined as:

Mifis) = My(s) = [ fa)etda (221)

with s€C, provided that the integral exists. In general, we shall be interested in continuous probability
density functions f(z) such that

limg 04 f(x) = O(z) and limg o0 f(z) = O(2P) (222)

and therefore

|M(f;s)]

IN

') 1 ')
| 1@l = [ @) [ @)t <
0 0 1
1 [e%)
< O / plels)=1+e g0 4 / o) =148 g (223)
0 1

The first integral converges for —a < Re(s) and the second for Re(s) < —/3 so the Mellin Transform
exists and is holomorphic on the band —a < Re(s) < —f, parallel to the imaginary axis (s) and
determined by the conditions of convergence of the integral. We shall denote the holomorphy band
(that can be a half of the complex plane or the whole complex plane) by Sy =< —a, -3 >. Last, to
simplify the notation when dealing with several random quantities, we shall write for X,,~p, () M,(s)
of Mx(s) instead of M (py; s).
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2.5.2.1 Inversion

For a given function f(¢) we have that

/f tsldt—/ ft)els=tap = /f e du (224)

assuming that the integral exists. Since s€C, we can write s = = + iy so: the Mellin Transform of f(¢)
is the Fourier Transform of g(u) = f(e")e™™. Setting now ¢t = e we have that

1 o-+ioco

f(t) = / M(f;s = +iy)t~@FW) gy = M(f;s)t™*ds (225)

27” T—100

where, due to Chauchy’s Theorem, o lies anywhere within the holomorphy band. The uniqueness of the
result holds with respect to this strip so, in fact, the Mellin Transform consists on the pair M (s) together
with the band < a,b >.

Example 2.23: It is clear that to determine the function f(x) from the transform F'(s) we have to specify the
strip of analyticity for, otherwise, we do not know which poles should be included. Let’s see as an example
fi(x) = e~®. We have that

Mi(z) = /00 e P r* lde = T'(2) (226)
0

holomorphic in the band < 0,00 > so, for the inverse transform, we shall include the poles z = 0, —1, —2
For fo(xz) = e7* — 1 we get M>(s) = I'(s), the same function, but

g e

lim, 04 f(2)~O0(z")—a =1 and lim, oo f(2)~ O(z%)—B =0 (227)

Thus, the holomorphy strip is < —1, 0 > and for the inverse transform we shall include the poles z = —1, -2, .. ..
For f3(z) = e™ — 1 + = we get M3(s) = I'(s), again the same function, but

lim, o4 f(2)~O(z?)—a = 2 and lim, o0 f(2)~O(z')—B =1 (228)

Thus, the holomorphy strip is< —2, —1 > and for the inverse transform we include the poles z = —2, —3, .. ..

2.5.2.2  Useful properties

Consider a positive random quantity X with continuous density p(z) and x€0, c0), the Mellin Trans-
form My (s) (defined only for x>0)

o
M(p;s) = / 25 p(x)de = E[X*1 (229)
0
and the Inverse Transform
1 c+1i00
= — S M(p;s)d 230
p(a) = 5 T (p;s) ds (230)

defined for all = where p(x) is continuous with the line of integration contained in the strip of analyticity
of M(p;s). Then:

e Moments: E[X"] = Mx(n+1);

e For the positive random quantity Z = a X b (a,b€R and a > 0) we have that

My(s) = / 27 f(2)dz = / a* 1 2C ) p(a)de = a®F Mx(bs —b+1) (231)
0 0
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c+ioco
2rip(z) = / 27" Mx(bs —b+1)ds (232)

In particular, for Z = 1/X (a = 1 and b = —1) we have that

My_y/x(s) = Mx(2—s) (233)

o If Z = X1 Xy --X,, with {X;}? | n independent positive defined random quantities, each distributed
as p;(x;), we have that

n

Mz(s) = /000 2)dz = H/ x pZ x;)dx; = HE[Xf_I] = HMz(s) (234)
i=1 i=1
c+i00

2rip(z) = / 27° My(s)---My(s)ds (235)
In particular, for n = 2, X = X X it is easy to check that

00 1 c+1i00
p(z) = / p1(w) pa(z/w) dw/w = — x % My (s)Ma(s) ds (236)
0

27i c—100

Obviously, the strip of holomorphy is S1NS5.

e For X = X; /X5, with both X; and X5 positive defined and independent, we have that

Mx(s) = Mi(s) M2(2 — s) (237)
and therefore
00 1 c+1i00
p(z) = / p1(wzx) po(w) wdw = 5 x” % My(s) Ma(2 — s)ds (238)
0 c—100
e Consider the distribution function F'(z fo u)du of the random quantity X. Since dF(z) =
p(z)dz we have that
M(p(x);s) = / ¥ VdF () = [2* ' F(2)]; — (s—1) / 2572 F(z) dx (239)
0 0

and therefore, if lim,_,o+ [z "1 F(z)] = 0 and lim,_, o [2* "1 F(x)] = 0 we have, shifting s—s — 1, that
£ 1
M(F()is) = M( [ p(w)duis) =~ Mp(o)is + 1) (240)
0
2.5.2.3 Some useful examples

e Ratio and product of two independent Exponential distributed random quantities
Consider X1~Fx(z1]a1) and Xo~FEz(x2|az). The Mellin transform of X ~FEx(x|a) is

Mx(s) = / 5 p(x)a) de = a/ e dy = — (241)
0 0
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and therefore, for Z = 1/X:

I'2-—s
My(s) = Mx(2-s) = Do)
In consequence, we have that
I(z)?
o X :X1X2 — MX(Z) = Ml(Z)MQ(Z) = W

c+ioo
p(z) = 122 / (a1092)~* T(2) dz

271"&. —i00
The poles of the integrand are at z,, = —n and the residuals 13 are

(aragx)”

Res(f(2),zn) = (n1)?

(2¢(n+1) — In(arazx))

and therefore
p(z) = a1 as Z W (2¥(n+1) — In(ajagx))
n=0 '

If we define w = 2/a1asx
p(z) = 2a1 az Ko(2y/a1a27)1( o0\ ()

from the Neumann Series expansion the Modified Bessel Function Ko (w).

oY =X1Xy' — My(z) = Mi(2)Ma(2 - 2) = (%)2_1 U

—1 c+ioo 1—
p(z) = ala?/ (aray tx) ™ = ® dz
20 Joioo sin(zm)

Considering again the poles of My (z) at z,, = —n we get the residuals

Res(f(2),2zn) = (1+n)(=1)" (“)W "

a2

and therefore:

p(a) = 03 (14 n) ()" () - )

a (a2 + a1z

n=0

To summarize, if Xj~Fx(r1|a;) and Xo~FEx(x2|as) are independent random quantities:

X = X1X2 ~ 2@1 a9 KO(QVCHCLQ-%)]-(LOO)(-T)
al a9
Y=X1/Xs ~ ———F—1
1/ 2 (GQ T alx)z (0,00) (l’)

e Ratio and product of two independent Gamma distributed random quantities

In the following examples, —nm<arg(z) < .
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Consider Y ~Ga(z|a,b). Then X = aY ~Ga(x|1,b) with Mellin Transform

Mx(s) = W @s1)

The, if X1NGG($1|1, bl) and XQNGCL(Z‘QH, bg); bl#bzi

bi—1+2)T(by+1—2)
L'(by1) L'(b2)

X = XiX;' — My(2) = Mi(2)Ma(z) = L

c+1i00
2wi (b)) T'(bo)p(x) = / x (b1 —14+2)T(ba+1—2)dz (252)
c—100
Closing the contour on the left of the line Re(z) = ¢ contained in the strip of holomorphy < 0,00 > we
have poles of order one at b; — 1 + z,, = —n withn = 0,1,2, ..., thatis, at z, = 1 — b; — n. Expansion
around z = z, + € gives the residuals

Res(f(2),2n) = (_nl,)n T(by + by +n) a0t (253)

and therefore the quantity X = X /X, is distributed as

oaht & (n n_ Dlbi+by)  ah!
P) = ) T ) n;) - Vet = G R,) (1 ey 0 () 259

Dby —14+2)0(bg — 14 2)

I'(b1) I'(b2)
Without loss of generality, we may assume that by > by so the strip of holomorphy is < 1 — by, 00 >.
Then, with ¢ > 1 — by real

e X = X1X» — MX(Z) = MI(Z)M2(Z) -

c+i00
(b)) T(bo)p(z) = — 22 0(by — 1+ 2)D(by — 1 + 2) dz (255)

2mi c—100

Considering the definition of the Modified Bessel Functions

B > 1 X\ 2ntv ol (z) — I,(x)
L(@) = 7;) n!T(1+n+v) (5) and - K (z) = 2 sin(vm) (256)
we get that
2
_ (b1+b2)/271

withv = by — by > 0.

To summarize, if X1~Ga(z1|ai,br) and Xo~Ga(z2|agz, ba) are two independent random quanti-
ties and v = by — by > 0 we have that

X = X)X M a2 v/ (br+b2)/2-1 p (2y/arazz)1 ()
T by b2, b1—1
X = X,/X, (b +bs) _ay'ay’ (z) (258)

1
F(bl)r(bQ) (a2 + ala;)b1+b2 (0,00)
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e Ratio and product of two independent Uniform distributed random quantities

Consider X~Un/(x|0,1). Then Mx(z) = 1/z with with S =< 0,00 >. For X = X;--

have

p(gj) = L et e—zlnx Z_” dz = (_L
2mi c—100 F(n)

)nfl
1¢,1)(2)

being z = 0 the only pole or order n.

For X = X /X, one has to be careful when defining the contours. In principle,

Mx(s) = Mi(s)M2(2 —s) = égis

X, we

(259)

(260)

so the strip of holomorphy is S =< 0,2 > and there are two poles, at s = 0 and s = 2. If Inx < 0—z <
1 we shall close the Bromwich the contour on the left enclosing the pole at s = 0 and if Inz > 0—x > 1
we shall close the contour on the right enclosing the pole at s = 2 so the integrals converge. Then it is

easy to get that

1 _
p(r) = 5 [1o(x) + = 21(1,00)(5'3)} = Un(z[0,1) + Pa(z[1,1)
Note that
EX"] = Mx(n+1) = — !
- X C n4+l1l-—n

and therefore there are no moments for n>1.

Example 2.24: Show that if X;~Be(x;|a;, b;) with a;, b; > 0, then

F(ai + bl) F(S “+ a; — ].)

Mis) = I'(a;) T(s4a;+b—1)

with S =< 1 — a;, 00 > and therefore:

o X =X 1 X,

p(z) = Nyz™ ' (1 - )27 Pay — ag 4 by, ba, by + b, 1 — x)1(0,1)(x)

with
N — I‘(a1 + bl)I‘(aQ + bg)
P F(al)F(ag)F(bl + bg)
[ ] X = Xl/XQ
p(z) = N1 o=@tV F(1—by,a1 +az,bi +ar + az, ") 1(1,00) () +
+ No gt F(l—bl,al + ag, by 4+ aq +a27x)1(071)(x)
with

B(a1 + az, bk)

N, —
* 7 Blay +b1)B(as + bo)

Example 2.25: Consider a random quantity

9aB+/2
XNp((E|a7b) = T a ax {,Cb

b/2+1/2) ¢
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with a, b > 0 and 2€[0, o). Show that

L(b/2+5/2) —(s—1)/2

M(s)~plzla.b) = 55737 72)

(270)

with § =< —b,00 > and, from this, derive that the probability density function of X = X;X5, with
Xi1~p(z1]a, br) and Xo~p(x2|as, ba) independent, is given by:

4\/0/1042

_ (b1+b2)/2
p(x) = T2+ 172 T2 +1/2) (Vaiasz) K, (2y/aiaz7) (271)
with v = (by — b1)/2 and for X = X; /X5 by
23\b1 /2
p(z) = 2T'(b+1) RV (ax?) 272)

(/2 +1/2)T(b2/2 +1/2) (1 + ax?)P*!

Witha:al/ag and b = (b1 +b2)/2

Problem 2.4: Show that if X; o~Un(z|0, 1), then for X = X;** we have that p(z) = —z ' Ei(In z), with Ei(2)
the exponential integral, and E[X™] = m~!In(1 + m).

Hint: Consider Z = log X = X; log Xo = —X; W5 and the Mellin Transform for the Uniform and Exponential
densities.

2.5.2.4 Distributions with support in R

The Mellin Transform is defined for integrable functions with non-negative support. To deal with the
more general case X ~p(z) with supp{X} = Q>0 + Q2z<0CR we have to

1) Express the density as p(z) = p(z) 1z>0(z) + p(z) 1a<o(2);
pt(z) p~(z)
2) Define Y7 = X when >0 and Y2 = —X when z < 0 so supp{Y2} is positive and find My, (s)
and My, (s);
3) Get from the inverse transform the corresponding densities p; (z) for the quantity of interest Z; =
Z(Y1, X2, ...) with My, (s) and pa(z) for Zy = Z(Ya, Xo,...) with My, (s) and at the end for
p2(2z) make the corresponding change for X — — X.

This is usually quite messy and for most cases of interest it is far easier to find the distribution for
the product and ratio of random quantities with a simple change of variables.

e Ratio of Normal and y? distributed random quantities Let’s study the random quantity X =
X1(Xo/n)~Y? where X;~N(z1]0,1) with sup{X;} = R and Xo~x?(x2|n) with sup{Xy} = R*.
Then, for X7 we have

p(x1) = p(z1) 10,00) (1) + P(71) L (—c0,0)(21) (273)
pT(z1) p~(21)
and therefore for X
Xeop(x) = p(x) Loy (2) + p(2) L—oo0)() = p™(z) +p~ () (274)

Since

27T (n/2+s—1)
Ma(s) = T(n/2)

(275)
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we have for Z = (Xo/n)~/? that
(=12 T'((n+1—15)/2)

My(s) = 0 D/2 03 — 5)/2) = (2) D) (276)
for 0 < R(s) < n+ 1. For X;€(0, 00) we have that
Lo 29T (s/2)
M (s) = oor 0 < R(s) (277)
and therefore
s/2 _
ME(s) = My (s) My(s) = n%“T(s/2)T((n+1—s)/2) 278)

2y/nm
with holomorphy stripe 0 < R(s) < n + 1. There are poles at s,,, = —2m with m = 0,1,2,... on the

negative real axis and sy = n+ 1+ 2k with k = 0, 1,2, ... on the positive real axis. Closing the contour
on the left we include only s,,, so

[e.e] m 2 m
+ B x n+1\
G n/2 mZ::OF m+1 <n> F<m+ 2 > B 279)
1 2 —(n+1)/2

For X;€(—00,0) we should in principle define Y = — X with support in (0, c0), find My (s),
obtain the density for X’ = Y/Z and then obtain the corresponding one for X = —X’. However, in this
case it is clear by symmetry that p™ (x) = p~ (z) and therefore

. 2~ D)2
Xeop(z) = W <1+ n) 1 so00)(z) = St(z|n) (281)

e Ratio and product of Normal distributed random quantities Consider X;~N(x1|u1,01) and
Xo~N (z2|p2,02). The Mellin Transform is
oK /40?
V2m
with D, (z) the Whittaker Parabolic Cylinder Functions. The upper sign (—) of the argument corre-

sponds to X €[0,00) and the lower one (+) to the quantity Y = —X&(0,00). Again, the problem is
considerably simplified if ;3 = ps = 0 because

My (s) = 0" T(s) D_s(Fp/o) (282)

9%/2 )
My(z) = —=0*""T(2/2 283
with S =< 0, 00 > and, due to symmetry, all contributions are the same Thus, summing over the poles
atz, = —2nforn =0,1,2,... we have that for X = X; Xo anda™" = 40102

Q\fz W (2¥(1+n) — In(valz)) = 2;/5}(0(2\/&\3:0 (284)

Dealing with the general case of ;70 it is much more messy to get compact expressions and life
is easier with a simple change of variables. Thus, for instance for X = X;/Xs we have that

p(r) = Y% /Oo e~ {an(@w — ) + az(w = 12)°} 1 gy (285)
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where a; = 1/(20?) and if we define:

wo = ay + a1x?;  wi = ajag (zpo — py)?  and  wy = (a1 + agpe)//wo (286)

one has:

\/ 1 _ a2

pla) = Y2 2 —wi/wo (e W3 4 /7 ws erf(wg)) 1 (o000 () (287)
™ wo

2.6 Ordered Samples

Let X ~p(x|f) be a one-dimensional random quantity and the experiment e(n) that consists on n in-
dependent observations and results in the exchangeable sequence {x1, x2, ..., z,} are equivalent to an
observation of the n-dimensional random quantity X~p(x|0) where

n

=1

Consider now a monotonic non-decreasing ordering of the observations

T3 <x2< . . Tp1 ST S T <. STpo1 STy

k—1 n—k

and the Statistic of Order k; that is, the random quantity X, associated with the k" observation
(1<k<n) of the ordered sample such that there are k — 1 observations smaller than x;, and n — k above
. Since

Tk
P(X<zxl|0) = / p(x|0)dx = F(x1|0) and P(X > xrl0) = 1 — F(z|0) (289)
we have that
Xioy~p(zil0,n k) = Cppplaxlf) [Flael0)]* ! 1 — Fa0)]" " (290)
Tk k-1 00 n—k
= Curtald) | [ stapras] | [ ptelo)ac]
—0oQ Tk ,
[P(X <))t [P(X>ap)]"F
The normalization factor
Co = k ( Z ) (291)

is is given by combinatorial analysis although in general it is easier to get by normalization of the final
density. With a similar reasoning we have that the density function of the two dimensional random
quantity X ;;) = (X;, X;); j > 4, associated to the observations z; and x; ( Statistic of Order i, j;i < j)
14

will be:

T T

p<w|9>dx]i_1 o) | [

i

j—i—1
Xajy~p(wi, 410,14, 5,n) = Chaj [/ p($|9)d4

—0o0

[P(X <zt [P(z;<X<<az;)[i—i-1

1If the random quantities X; are not identically distributed the idea is the same but one hast to deal with permutations and
the expressions are more involved
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) n=j
p(;10) [ / p(xrmdx] (292)

J

[P(a; < X)]n—d

where (z;, zj)€(—00, 2] x(—00,00) or (z;, xj)€(—00, 00) X [z, 00). Again by combinatorial analysis
or integration we have that

n!
Onid = GoDIG =i = Dl(n—j)! (293)
The main Order Statistics we are usually interested in are
e Maximum X,y = max{X1, Xo,..., Xy }:
Tn n—1
plaal) = nptanlt) | [ talt)ds e
e Minimum X ) = min{Xy, Xo,..., X, }:
o0 n—1
part) = no(rl6) | [ ptelo)as] 295)
z1
o Range R = X(n) — X(l)
Tn n—2
p(z1,xn|) = n(n — 1) p(x1]0) p(x,|0) {/ p(z0) dw} (296)
Z1
If supp(X) = [a, b], then R€(0,b — a) and
b—r
p(r) = n(n—1) {/ p(w +7) p(w) [F(w +7) = F(w)]"~ dw} (297)

There is no explicit form unless we specify the Distribution Function F'(x|6).
e Difference S = X(; ) — X(;). If supp(X) = [a, ], then S€(0,b — a) and

n b—s ) )
p(s) = -2 “>){ [ v+ sy p(w) (P [1—F<w+s>]"“dw} (208)

Ir'@)r'n—i

In the case of discrete random quantities, the idea is the same but a bit more messy because one
has to watch for the discontinuities of the Distribution Function. Thus, for instance:

e Maximum X,y = max{X1, Xo,..., X, }:
X(ny<wz iff all z; are less or equal z and this happens with probability

P(xp<z) = [F(x)]" (299)
X(n) < xiff all z; are less than z and this happens with probability
Pz, <z) = [F(z —1)]" (300)
Therefore

P(zp, =2) = P(xn<z) — Pz, < x) = [F(2)]" — [F(z — 1)]" (301)
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e Minimum X(l) = min{Xl, XQ, <oy Xn}i
Xz iff all z; are grater or equal x and this happens with probability

P(r1>z) =1— Py <z) =[1-F(z-1)" (302)

X(1) > x iff all z; are greater than x and this happens with probability

P(xy >z) = 1= P(1<z) = [1 - F(2)]" (303)
Therefore
Pxy=2) = P@m<z)—Plri1<z)=[1—-P(r1>z)—[1—-Plx;>x)] =
= [=Fl-D"-[1-F@)" (304)

Example 2.26: Let X ~Un(z|a, b) and an iid sample of size n. Then, if L = b — a:

_ n—1
e Maximum: p(z,) = n%l(a,b)(l’n)

o b — n—1
e Minimum: p(z1) = n%l(a,b)(xl)

n(n— r\n—2 r
o Range: R =Xy~ Xoy: p(r) = "5 (£)" (1= §) Loy ()
. n \n—1
e Difference: S = X(11) — Xy : p(s) = 2 (1= 2)"" 1(o1)(s)
Example 2.27: Let’s look at the Uniform distribution in more detail. Consider a random quantity X ~Un(z|a, b),
the experiment e(n) that provides a sample of n independent events and the ordered sample
Xn:{371§$2< SIL‘kSSkarpSSZL‘n,len} (305)

Then, for the ordered statistics Xy, Xy, and Xy 1 with k,peN, 1<k<n — 1 and p<n — k — 1 we have that

k-1 p—1 n—(k+p+1)

a Tk .. Thip Thoptl b

n—(k+p+1)
1 (306)

T k—1 Tl+p p—1 b
P(Tk, Tripla,b,n,p) o [/ d81] [/ dsz} / dss3
a Tk Tk+p+1

Let’s think for instance that those are the arrival times of n events collected with a detector in a time window
[a=0,b=T]. If we define w1 = x4, — Tx and Wy = Ty4p+1 — Tx We have that

p(@p, wi, wo| Ty, p) = af (T — 2y, — w2)" P g 1 (1) L10,05] (w1) L0, 7 (w32) (307)

and, after integration of xy:

p(w, we|T,n,p) = ( n )p(”_p) p

o ) Tl (T = we)" T g (wi) Loy (w2) (308)

Observe that the support can be expressed also as 1o 7j(w1 )1y, 77(w2) and that the distribution of (17, W3)
does not depend on k. The marginal densities are given by:

st = (0] B @ - ) Lo(w) 309)
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n — —p—
st = () "R )t () 610)

and if we take the limit T—o0 and n— o0 keeping the the rate A = n/T constant we have

\pt+1

Tlrlgloo p(wl,w2|T,n,p) = p(wlaw2|)‘ap) = F(p) e_AwQ w{)_l 1[O,w2)(w1) 1[0,00) (’11)2) (31 1)
and
AP —Aw; ,,p—1
plnhp) = g e ud ™ Ty ) (312)

In consequence, under the stated conditions the time difference between two consecutive events (p = 1) tends to
an exponential distribution. Let’s consider for simplicity this limiting behaviour in what follows and leave as an
exercise the more involved case of finite time window 7.

Suppose now that after having observed one event, say zj, we have a dead-time of size a in the detector
during which we can not process any data. All the events that fall in (x, 2 + a) are lost (unless we play with
buffers). If the next observed event is at time x,41, we have lost p events and the probability for this to happen
is

(Aa)?

< > = et 2
P(wl_a7w2_a|)‘7p) € F(p+ 1)

(313)

that is, N~ Po(p|Aa) regardless the position of the last recorded time (xj) in the ordered sequence. As one
could easily have intuited, the expected number of events lost for each observed one is F[N 5] = Aa. Last, it is
clear that the density for the time difference between two consecutive observed events when p are lost due to the
dead-time is

pwalwi<a, A, p) = Xe 2270 1, o (ws) (314)
Note that it depends on the dead-time window a and not on the number of events lost.
Example 2.28: Let X ~Fxz(x|\) and an iid sample of size n. Then:
o Maximum: p(z,,) = nXe (1 — e )" 11 ) (2)
e Minimum: p(z1) = nXe "1 o) (x1)
e Range: R = X(,) — X(1) : p(r) = (n — 1)A" " Le " [1 — e ] n2 1(0,00)(7)

e Difference: S = X(j11) — Xy 1 p(s) = (n— k) Ae™22=R)1 5 1(s)

2.7 Limit Theorems and Convergence

In Probability, the Limit Theorems are statements that, under the conditions of applicability, describe the
behavior of a sequence of random quantities or of Distribution Functions. In principle, whenever we can
define a distance (or at least a positive defined set function) we can establish a convergence criteria and,
obviously, some will be stronger than others so, for instance, a sequence of random quantities {X;}7°,
may converge according to one criteria and not to other. The most usual types of convergence, their
relation and the Theorems derived from them are:
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Distribution —> Central Limit Theorem
T = Glivenko-Cantelly Theorem (weak form)
T
Probability = Weak Law of Large Numbers
o
f  Almost Sure —> Strong Law of Large Numbers
f
L,(R) Norm = Convergence in Quadratic Mean
Uniform — Glivenko-Cantelly Theorem

so Convergence in Distribution is the weakest of all since does not imply any of the others. In principle,
there will be no explicit mention to statistical independence of the random quantities of the sequence nor
to an specific Distribution Function. In most cases we shall just state the different criteria for convergence
and refer to the literature, for instance [?], for further details and demonstrations. Let’s start with the very
useful Chebyshev’s Theorem.

2.7.1 Chebyshev’s Theorem

Let X be a random quantity that takes values in QCR with Distribution Function F'(z) and consider the
random quantity Y = ¢(X) with g(X) a non-negative single valued function for all X €. Then, for
a€RT

(315)

In fact, given a measure space (€2, Bq, i), for any pu-integrable function f(x) and ¢ > 0 we have for
A ={x:|f(x)|>c} that ¢1 4 (x)<|f(z)| for all z and therefore

n(d) = [ eta@ns [ 1#@)ldn (316)

Let’s see two particular cases. First, consider g(X) = (X — )" where p = E[X] and n a
positive integer such that g(X) > 0 VX € Q. Applying Chebishev’s Theorem:

< E[(X —)*"] _ pan

P(X —p)® > a) = P(|X —pu| > a'/?) = = (317)
@ o
For n = 1, if we take o = k%0 we get the Bienaymé-Chebishev’s inequality
P(IX — p| > ko) < 1/k? (318)

that is, whatever the Distribution Function of the random quantity X is, the probability that X differs
from its expected value y more than k times its standard deviation is less or equal than 1/k2. As a second
case, assume X takes only positive real values and has a first order moment E[X| = p. Then (Markov’s

inequality):
PXza)<® T P(X>kp) < 1k (319)

o

The Markov and Bienaymé-Chebishev’s inequalities provide upper bounds for the probability
knowing just mean value and the variance although they are usually very conservative. They can be

considerably improved if we have more information about the Distribution Function but, as we shall see,
the main interest of Chebishev’s inequality lies on its importance to prove Limit Theorems.
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2.7.2 Convergence in Probability

The sequence of random quantities { X, (w)}22; converges in probability to X (w) iff:

le P(|Xp(w) = X(w)| > € =0 ; Ve>0; (320)
or, equivalently, iff:
li_>m P(|X,(w) — X(w)| <€) =1 Ve>0; (321

Note that P(|X,,(w) — X(w)| > ¢€) is a a real number so this is is the usual limit for a sequence of
real numbers and, in consequence, for all ¢ > 0 and 6 > 0 Ing(e, d) such that for all n > ng(e, ) it
holds that P(|X,,(w) — X (w)|>¢) < 4. For a sequence of n-dimensional random quantities, this can
be generalized to lim,_,~ P(|| X, (w), X (w)||) and, as said earlier, Convergence in Probability implies
Convergence in Distribution but the converse is not true. An important consequence of the Convergence
in Probability is the

e Weak Law of Large Numbers: Consider a sequence of independent random quantities { X; (w) }22;,
all with the same Distribution Function and first order moment E[X;(w)] = p, and define a new random
quantity

1 n
Zn(w) =~ Xi(w) (322)

The, the sequence {Z,, (w)}22; converges in probability to x; that is:

lim P(|Zp(w)—p| > €) =0 ; Ve>0; (323)
n—oo
The Law of Large Numbers was stated first by J. Bernoulli in 1713 for the Binomial Distribution, gen-
eralized (and named Law of Large Numbers) by S.D. Poisson and shown in the general case by A.
Khinchin in 1929. In the case X;(w) have variance V (X;) = o2 it is straight forward from Chebishev’s
inequality:

El(Z,—p)?  o?
P2~ pl20) = P (2o~ wize) <A 2tV 0 (324)

Intuitively, Convergence in Probability means that when n is very large, the probability that Z,, (w)
differs from 4 by a small amount is very small; that is, Z,(w) gets more concentrated around . But
“very small” is not zero and it may happen that for some k > n Zj, differs from p by more than e. An

stronger criteria of convergence is the Almost Sure Convergence.

2.7.3 Almost Sure Convergence

A sequence { X, (w)}>2; of random quantities converges almost sure to X (w) if, and only if:

lim X, (w) = X(w) (325)

n—oo

for all wef) except at most on a set W€ of zero measure (P(W) = 0 so it is also referred to as
convergence almost everywhere). This means that for all ¢ > 0 and all weW ¢ = Q — W, Ing(e,w) > 0
such that | X, (w) — X (w)| < e for all n > ng(e, w). Thus, we have the equivalent forms:

P[nm X, (w) — X(w)|>e] =0 or Plim [Xn(w)— X(w)| < e} -1 (326

n—00 n—0o0
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for all ¢ > 0. Needed less to say that the random quantities X7, X9 ... and X are defined on the same
probability space. Again, Almost Sure Convergence implies Convergence in Probability but the converse
is not true. An important consequence of the Almost Sure Convergence is the:

e Strong Law of Large Numbers (E. Borel 1909, A.N. Kolmogorov,...) : Let {X;(w)}°, be a se-
quence of independent random quantities all with the same Distribution Function and first order moment
E[X;(w)] = p. Then the sequence {Z,,(w)}>° ; with

1 n
Zn(w) = ~ ZXi(w) (327)
1=1
converges almost sure to w; that is:
P [ lim | Zn(w) — 4 ze] ~0 Ve >0 (328)
n—oo

Intuitively, Almost Sure Convergence means that the probability that for some k& > n, Z;, differs
from p by more than e becomes smaller as n grows.

2.7.4 Convergence in Distribution

Consider the sequence of random quantities {X,,(w)}"2; and of their corresponding Distribution
Functions {F},(z)}5° ;. In the limit n—oo, the random quantity X, (w) tends to be distributed as
X(w)~F(x) iff

li_>m F.(z) = F(z) < li_>m P(X,<z) = P(X<z) ; VzxeC(F) (329)

with C(F) the set of points of continuity of F'(x). Expressed in a different manner, the sequence
{ X5 (w)}>2; Converges in Distribution to X (w) if, and only if, for all ¢ > 0 and z€C(F), Ing(e, x)
such that |F,,(z) — F(x)| < €, Vn > ng(e, ). Note that, in general, ng depends on x so it is possible
that, given an € > 0, the value of ng for which the condition | F},(x) — F(z)| < € is satisfied for certain
values of z may not be valid for others. It is important to note also that we have not made any statement
about the statistical independence of the random quantities and that the Convergence in Distribution is
determined only by the Distribution Functions so the corresponding random quantities do not have to be
defined on the same probability space. To study the Convergence in Distribution, the following theorem
it is very useful:

e Theorem (Lévy 1937; Cramer 1937) : Consider a sequence of Distribution Functions {F,(x)}2° ;
and of the corresponding Characteristic Functions {®,,(¢)}°° ;. Then

> if limy—yo0 Fro(x) = F(x), then lim,,_o ®,(t) = ®(¢) for all teR with ®(t) the Characteristic
Function of F'(z).
> Conversely, if ®,,(t) =3 ®(t) VteR and ®(t) is continuous at ¢ = 0, then Fy,(z) =3 F(z)

This criteria of convergence is weak in the sense that if there is convergence if probability or almost
sure or in quadratic mean then there is convergence in distribution but the converse is not necessarily true.
However, there is a very important consequence of the Convergence in Distribution:

e Central Limit Theorem (Lindberg-Levy) : Let {X;(w)}$°, be a sequence of independent random
quantities all with the same Distribution Function and with second order moments so F[X;(w)] = p and
V[X;(w)] = o?. Then the sequence {Z,,(w)}>; of random quantities

1 n
Zn(w) = EZXi(w) (330)
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with

1« 1 <& 2
ElZ,] = S EIXi] = p and V[Z] = 5> V[X] = (331)

tends, in the limit n—o0, to be distributed as N(z|u,o/y/n) or, what is the same, the standardized
random quantity

(332)

tends to be distributed as N (z|0,1).

Consider, without loss of generality, the random quantity W; = X; — u so that E[W;] = E[X;] —
p = 0and V[W;] = V[X;] = 0% Then,

Dy (t) = 1 — %t%—? + O(th) (333)

Since we require that the random quantities X; have at least moments of order two, the remaining terms
O(t*) are either zero or powers of ¢ larger than 2. Then,

1 @& 1 @ o?
Zn=-Y Xi=—-> W, . ElZ,) = o VZy] =03 = — 334
n; n;ﬂt [Zn] = (23] = 0%, = — (334)
SO
by (1) = ™ [dw(t/n)]" — lim @z, (t) = eltr lim [y (t/n)]" (335)
Now, since:
. Lto I ko k
Oy (t/n) =1 5 (n) o“+ Ot /n") =1 57 0z, + O(t"/n") (336)
we have that:
. n - 12, N Lo o
ll)m [P (t/n)]" = limy_o |1 — 35 02, + O@t"/n")| = exp{— §t oz } (337)
n—oo n
and therefore:
lim ®z,(t) = ¢™e gt?o?/n (338)

80, limy, o0 Zp~N (2|, 0 /4/n).

The first indications about the Central Limit Theorem are due to A. De Moivre (1733). Later, C.F.
Gauss and P.S. Laplace enunciated the behavior in a general way and, in 1901, A. Lyapunov gave the first
rigorous demonstration under more restrictive conditions. The theorem in the form we have presented
here is due to Lindeberg and Lévy and requires that the random quantities X; are:

i) Statistically Independent;
ii) have the same Distribution Function;
iii) First and Second order moments exist (i.e. they have mean value and variance).
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In general, there is a set of Central Limit Theorems depending on which of the previous conditions are
satisfied and justify the empirical fact that many natural phenomena are adequately described by the
Normal Distribution. To quote E. T. Whittaker and G. Robinson (Calculus of Observations):

"Everybody believes in the exponential law of errors;
The experimenters because they think that it can be proved by mathematics;
and the mathematicians because they believe it has been established by observation"

Example 2.29: From the limiting behavior of the Characteristic Function, show that:

o If X~Bi(r|n,p), in the limit p — 0 with np constant tends to a Poisson Distribution Po(r|u = np);
o If X~Bi(r|n,p), in the limit n — oo the standardized random quantity

_X—,LLX_X—TLP n—oo

zZ = N(z|0,1 (339)
ox i (el0- 1
o If X~Po(r|u), then
X — X — o
7 — kX _ peoe N(z]0,1) (340)
ox VH
e X~x?(x|n), then n— oo the standardized random quantity
X — X — n—oco
7 — Bx _ oo N()0,1) (341)

ox V2

e The Student’s Distribution St(z|0, 1, v) converges to N (|0, 1) in the limit v—o0;
e The Snedecor’s Distribution Sn(x|vy,v2) converges to x2(z|v1) in the limit vo—o0, to St(z]0,1,v2) in
the limit 7 —o0 and to N (x]0, 1) in the limit v;, vo—c0.

Example 2.30: It is interesting to see the Central Limit Theorem at work. For this, we have done a Monte Carlo
sampling of the random quantity X ~Un(x|0,1). The sampling distribution is shown in the figure ?? (1) and the
following ones (2-6) show the sample mean of n = 2 (2), 5 (3), 10 (4), 20 (5) y 50 (6) consecutive values. Each
histogram has 500000 events and, as you can see, as n grows the distribution “looks” more Normal. For n = 20
and n = 50 the Normal distribution is superimposed.

The same behavior is observed in figure ?? where we have generated a sequence of values from a parabolic
distribution with minimum at x = 1 and support on 2 = [0, 2].

Last, figure ?? shows the results for a sampling from the Cauchy Distribution X ~Ca(z]0,1). As you can
see, the sampling averages follow a Cauchy Distribution regardless the value of n. For n = 20 and n = 50 a
Cauchy and a Normal distributions have been superimposed. In this case, since the Cauchy Distribution has no
moments the Central Limit Theorem does not apply.

Example 2.31: Let {X;(w)}$2, be a sequence of independent random quantities all with the same Distribution
Function, mean value  and variance o2 and consider the random quantity

1 n
Z = - X; 342
(w) = — §:: (w) (342)
What is the value of n such that the probability that Z differs from p more than € is less than § = 0.01?

From the Central Limit Theorem we know that in the limit n—o0, Z~N (z|u, o //n) so we may consider
that, for large n:

P(Z-pl>e) = Plp—€e>2Z2>p+e)~ (343)
H—e —+oo
~ / N(z|p,0)dx + / N(z|p,0)dr =1— erf {\/ﬁe] <46 (344)
—o0 e O—\/i
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For § = 0.01 we have that

2
T S 6'6?;0 (345)
g €
2.7.5 Convergencein L, Norm
A sequence of random quantities { X, (w)}>2; converges to X (w) in L,(R) (p>1) norm iff,
X (w)eLy(R), Xn(w)eLy(R)¥n and  lim E|X,(w) = X(w)P] = 0 (346)
n—oo

that is, iff for any real e > 0 there exists a natural ng(e) > 0 such that for all n>ng(e) it holds that
E[| X, (w) — X (w)|P] < e. In the particular case that p = 2 it is called Convergence in Quadratic Mean.

From Chebyshev’s Theorem

so, taking a = €P, if there is convergence in L,(R) norm:
lim P(Xn(w) — X(w)| > ¢) < lim Ci&nl@) = XDy oy (348)

n—00 n—00 eP

and, in consequence, we have convergence in probability.

2.7.6 Uniform Convergence

In some cases, point-wise convergence of Distribution Functions is not strong enough to guarantee the
desired behavior and we require a stronger type of convergence. To some extent one may think that, more
than a criteria of convergence, Uniform Convergence refers to the way in which it is achieved. Point-
wise convergence requires the existence of an ng that may depend on € and on z so that the condition
|fn(x) — f(z)| < € for n>ng may be satisfied for some values of = and not for others, for which a
different value of ng is needed. The idea behind uniform convergence is that we can find a value of ng
for which the condition is satisfied regardless the value of x. Thus, we say that a sequence { f,,(z)}72,
converges uniformly to f(x) iff:

Ve >0, IngeN suchthat |f,(z)— f(z)|<e Vn>ng and Vz (349)
or, in other words, iff:
sup,, |fu(x) — f(z)] =3 0 (350)

Thus, it is a stronger type of convergence that implies point-wise convergence. Intuitively, one may
visualize the uniform convergence of f,, () to f(x) if one can draw a band f(z)=e that contains all f,,(x)
for any n sufficiently large. Look for instance at the sequence of functions f,,(z) = z(1 + 1/n) with
n=1,2,...and z€R. Itis clear that converges point-wise to f(x) = x because lim, o frn(z) = f(x)
for all z€R; that is, if we take ng(x, €) = x /¢, for all n > ng(z, €) it is true that | f,,(z) — f(z)| < € but
for larger values of © we need larger values of n. Thus, the the convergence is not uniform because

sup, |fn(z) — f(x)] = sup, |z/n] = co VneN (351)

Intuitively, for whatever small a given e is, the band f(x)+e = z+e does not contain f,(z) for all n
sufficiently large. As a second example, take f,(x) = 2™ with x€(0, 1). We have that lim,, . f,(z) = 0
but sup,|gn(z)| = 1 so the convergence is not uniform. For the cases we shall be interested in, if a
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Fig. 2: Generated sample from Un(x|0,1) (1) and sampling distribution of the mean of 2 (2), 5 (3), 10 (4), 20 (5)
y 50 (6) generated values.
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Fig. 3: Generated sample from a parabolic distribution with minimum at = 1 and support on 2 = [0, 2] (1) and
sampling distribution of the mean of 2 (2), 5 (3), 10 (4), 20 (5) y 50 (6) generated values.
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Fig. 4: Generated sample from a Cauchy distribution C'a(x|0,1) (1) and sampling distribution of the mean of 2

(2),5(3), 10 (4), 20 (5) y 50 (6) generated values.
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Distribution Function F'(z) is continuous and the sequence of { F},(z)}72 ; converges in distribution to
F(x) (i.e. point-wise) then it does uniformly too. An important case of uniform convergence is the
(sometimes called Fundamental Theorem of Statistics):

e Glivenko-Cantelli Theorem (V. Glivenko-F.P. Cantelli; 1933) : Consider the random quantity
X~F(z) and a statistically independent (essential point) sampling of size n {x1,x2,...,z,}. The em-
pirical Distribution Function

n

1
Fa(w) = = 1(-ooa](#:) (352)

i=1
converges uniformly to F'(x); that is (Kolmogorov-Smirnov Statistic):

lim,, oo sup, |Fp(x) — F(z)| = 0 (353)

Let’s see the convergence in probability, in quadratic mean and, in consequence, in distribution.
For a fixed value z = z0, Y = 1(_ 4,)(X) is a random quantity that follows a Bernoulli distribution
with probability

p=PY =1) = Pyy@)=1) = P(X<z) = F(xo) (354)
Py =0) = P(l(_oo,xo}(x) =0) = P(X >x9) =1 — F(xo) (355)

and Characteristic Function
Oy (t) = E[e™] = e"p+ (1 — p) = €" F(zo) + (1 — F(x0)) (356)

Then, for a fixed value of « we have for the random quantity

n

Zn(@) =D Vloog(@m) = nFu(x) — Ozt = ("Fx) + (1 - F(2))" (357)
=1

and therefore Z,,(x) ~ Bi(k|n, F(x)) so, if W = n F,(x), then

P(W = kln, F(z)) = ( Z ) F(z)* (1 — F(z))™* (358)
with
E[W] = nF(z) s E[F,(2)] = F(z)
VIW] = nF@) (1~ F@)  — VIR@] = F@)(-F@) 659
From Chebishev’s Theorem
P(|Fae) = F@)|2 ) < Fa) (1 - F(z)) (360)
and therefore
limp_yo0 P[|Fp(z) — F(z)|>€¢] =0 ; Ve>0 (361)

so the empirical Distribution Function F,,(z) converges in probability to F'(z). In fact, since

Fa) (1 - F(x))

lim,, o0 E[|Fu(z) — F(2)]?] = lim, o0 =0 (362)
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Fig. 5: Empirical Distribution Function of example 2.32 for sample sizes 10 (blue), 50 (green) and 100 (red)
together with the Distribution Function (black).

converges also in quadratic mean and therefore in distribution.
Example 2.32: Let X = X /X, with X;~Un(z|0,1); ¢ = 1, 2 and Distribution Function

F(z) = S101@) + (1-3) Lo @) (363)

that you can get (exercise) from the Mellin Transform. This is depicted in black in figure ??. There are no
moments for this distribution; that is E[X "] does not exist for n>1. We have done Monte Carlo samplings of size
n = 10, 50 and 100 and the corresponding empirical Distribution Functions

1 n
Fo(z) = - D 1 Coo(@i) (364)
=1

are shown in blue, read and green respectively.

.. some rule could be found, according to which we ought to estimate the chance that the
probability for the happening of an event perfectly unknown, should lie between any two
named degrees of probability, antecedently to any experiments made about it;..."

An Essay towards solving a Problem in the Doctrine of Chances.
By the late Rev. Mr. Bayes ...

3 Bayesian Inference

The goal of statistical inference is to get information from experimental observations about quantities
(parameters, models,...) on which we want to learn something, be them directly observable or not.
Bayesian inference ° is based on the Bayes rule and considers probability as a measure of the the degree
of knowledge we have on the quantities of interest. Bayesian methods provide a framework with enough
freedom to analyze different models, as complex as needed, using in a natural and conceptually simple
way all the information available from the experimental data within a scheme that allows to understand
the different steps of the learning process:

I5For a gentle reading on the subject see [?]
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1) state the knowledge we have before we do the experiment;

2) how the knowledge is modified after the data is taken;

3) how to incorporate new experimental results.

4) predict what shall we expect in a future experiment from the knowledge acquired.

It was Sir R.A Fisher, one of the greatest statisticians ever, who said that "The Theory of Inverse
Probability (that is how Bayesianism was called at the beginning of the XX** century) is founded upon
an error and must be wholly rejected" although, as time went by, he became a little more acquiescent
with Bayesianism. You will see that that Bayesianism is great, rational, coherent, conceptually simple,...
"even useful",... and worth to, at least, take a look at it and at the more detailed references on the subject
given along the section. At the end, to quote Lindley, "Inside every non-Bayesian there is a Bayesian
struggling to get out". For a more classical approach to Statistical Inference see [?] where most of what
you will need in Experimental Physics is covered in detail.

3.1 Elements of Parametric Inference

Consider an experiment designed to provide information about the set of parameters § = {61, ..., 0}
€O C RF and whose realization results in the random sample x = {z1,22,...,2,}. The inferential
process entails:

1) Specification of the probabilistic model for the random quantities of interest; that is, state the joint
density:

p(0,x) = p(01,09,...,0k, x1,22,...,2); 0 =cO®CRF: xeX (365)
2) Conditioning the observed data (x) to the parameters () of the model:
p(0,x) = p(x|0) p(6) (366)

3) Last, since p(#,x) = p(x|0) p(d) = p(0|x) p(x) and

p(x) = /@ p(x,0) db = / p(x19) p(6) df (367)

S}

we have ( Bayes Rule) that:

) — _2x0)0(6)
/@ p(x19) p(6)do

This is the basic equation for parametric inference. The integral of the denominator does not
depend on the parameters (6) of interest; is just a normalization factor so we can write in a general way;

(368)

p(B]x) o p(x|0) p(0) (369)
Let’s see these elements in detail:
p(f]x):  Thisis the Posterior Distribution that quantifies the knowledge we have on
the parameters of interest § conditioned to the observed data x (that is, after

the experiment has been done) and will allow to perform inferences about
the parameters;
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p(x|0) :  The Likelihood; the sampling distribution considered as a function of the
parameters 6 for the fixed values (already observed) x. Usually, it is writ-
ten as ¢(0; x) to stress the fact that it is a function of the parameters.

The experimental results modify the prior knowledge we have on the pa-
rameters 6 only through the likelihood so, for the inferential process, we
can consider the likelihood function defined up to multiplicative factors
provided they do not depend on the parameters.

p(0) : This is a reference function, independent of the results of the experiment,
that quantifies or expresses, in a sense to be discussed later, the knowledge
we have on the parameters 6 before the experiment is done. It is termed
Prior Density although, in many cases, it is an improper function and there-
fore not a probability density.

3.2 Exchangeable sequences

The inferential process to obtain information about a set of parameters /€ © of a model X ~p(x|6)
with X eQx is based on the realization of an experiment e(1) that provides an observation {z;}. The
n—fold repetition of the experiment under the same conditions, e(n), will provide the random sample
x = {x1,22,...,2,} and this can be considered as a draw of the n-dimensional random quantity X =
(X1, Xo,...,X,,) where each X;~p(z|0).

In Classical Statistics, the inferential process makes extensive use of the idea that the observed
sample is originated from a sequence of independent and identically distributed (iid) random quantities
while Bayesian Inference rests on the less restrictive idea of exchangeability [?]. An infinite sequence

of random quantities {X;}5°, is said to be exchangeable if any finite sub-sequence { X1, Xs,..., X}
is exchangeable; that is, if the joint density p(x1,x9, ..., zy) is invariant under any permutation of the
indices.

The hypothesis of exchangeability assumes a symmetry of the experimental observations {x1, z2,
..., Ty} such that the subscripts which identify a particular observation (for instance the order in which
they appear) are irrelevant for the inferences. Clearly, if {X;, X»,...X,,} are iid then the conditional
joint density can be expressed as:
n
p(T1,22,...,2,) = H p(zi) (370)
i=1
and therefore, since the product is invariant to reordering, is an exchangeable sequence. The converse
is not necessarily true '® so the hypothesis of exchangeability is weaker than the hypothesis of indepen-
dence. Now, if {X;}2°, is an exchangeable sequence of real-valued random quantities it can be shown
that, for any finite subset, there exists a parameter f€©, a parametric model p(x|f) and measure dy(0)
such that '7:

p(x1, e, ..., xpn) = /@H p(x;]0) du(0) 371)
1=1

Thus, any finite sequence of exchangeable observations is described by a model p(x|6) and, if du(0) =
p(6)d0, there is a prior density p(#) that we may consider as describing the available information on the

"It is easy to check for instance that if Xo is a non-trivial random quantity independent of the X;, the sequence {Xo +
X1, X0+ Xo,...X0 + X, } is exchangeable but not iid.

""This is referred as De Finetti’s Theorem after B. de Finetti (1930s) and was generalized by E. Hewitt and L.J. Savage in
the 1950s. See [?].
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parameter 6 before the experiment is done. This justifies and, in fact, leads to the Bayesian approach in
which, by formally applying Bayes Theorem

p(x,0) = p(x|0) p(6) = p(0]x) p(x) (372)

we obtain the posterior density p(6|x) that accounts for the degree of knowledge we have on the pa-
rameter after the experiment has been performed. Note that the random quantities of the exchangeable
sequence { X1, Xo,..., X, } are conditionally independent given  but not iid because

n

p(a;) = /@ p(sl0)du®) | T / p(@i]6) da: (373)

i(#)=1"%
and
p(w1, w2, wn) # [ | (@) (374)
=1

There are situations for which the hypothesis of exchangeability can not be assumed to hold. That
is the case, for instance, when the data collected by an experiment depends on the running conditions
that may be different for different periods of time, for data provided by two different experiments with
different acceptances, selection criteria, efficiencies,... or the same medical treatment when applied to
individuals from different environments, sex, ethnic groups,... In these cases, we shall have different
units of observation and it may be more sound to assume partial exchangeability within each unit (data
taking periods, detectors, hospitals,...) and design a hierarchical structure with parameters that account
for the relevant information from each unit analyzing all the data in a more global framework.

NOTE 5: Suppose that we have a parametric model p; (x|0) and the exchangeable sample x; = {z1, x2,
..., &n} provided by the experiment e;(n). The inferences on the parameters 6 will be drawn from the
posterior density p(f|x1)xpi(x1]0)p(0). Now, we do a second experiment ex(m), statistically indepen-
dent of the first, that provides the exchangeable sample xo = {Zy+1, Tnt2, ..., Tntm } from the model
p2(x|0). Tt is sound to take as prior density for this second experiment the posterior of the first including
therefore the information that we already have about 6 so

P(0x2)ocpa (x2|0)p(0]x1) xpa(x2|0)p1 (x1]0)p(0). (375)

Being the two experiments statistically independent and their sequences exchangeable, if they have the
same sampling distribution p(z|¢) we have that p;(x1]0)p2(x2]|0) = p(x|0) where x = {x1,x2} =
{z1,.. ., Tn, Tpy1, ..., Tnim and therefore p(0|x2) ox p(x|0) p(#). Thus, the knowledge we have on
including the information provided by the experiments e (n) and e2(m) is determined by the likelihood
function p(x|€) and, in consequence, under the aforementioned conditions the realization of e;(n) first
and ey(m) after is equivalent, from the inferential point of view, to the realization of the experiment
e(n+m).

3.3 Predictive Inference

Consider the realization of the experiment e (n) that provides the sample x = {x1,x2, ..., z,} drawn
from the model p(z|@). Inferences about #€© are determined by the posterior density

p(0]x) o p(x|6)w(0) (376)
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Now suppose that, under the same model and the same experimental conditions, we think about
doing a new independent experiment es(m). What will be the distribution of the random sample

y = {v1,92,...,Ym} not yet observed? Consider the experiment e(n + m) and the sampling density
p(0,x,y) = p(x,y|0) (0) 377
Since both experiments are independent and iid, we have the joint density
p(x,yl0) = p(x|0) p(y|0) — p(0,x,y) = p(x[0) p(yl0) =(0) (378)

and integrating the parameter 6 € O:

p(y,%) = p(y|x) plx) = /@ p(y10) p(x[0)7(0)d0 = p(x) /@ p(y10)pBlx) 8 (379)

Thus, we have that
plylx) = /@ p(y19) p(6]%) db (380)

This is the basic expression for the predictive inference and allows us to predict the results y of
a future experiment from the results x observed in a previous experiment within the same parametric
model. Note that p(y|x) is the density of the quantities not yet observed conditioned to the observed
sample. Thus, even though the experiments e(y) and e(x) are statistically independent, the realization
of the first one (e(x)) modifies the knowledge we have on the parameters 6 of the model and therefore
affect the prediction on future experiments for, if we do not consider the results of the first experiment or
just don’t do it, the predictive distribution for e(y) would be

ply) = /@ p(y|0) 7(6) db (381)

It is then clear from the expression of predictive inference that in practice it is equivalent to consider
as prior density for the second experiment the proper density 7(6) = p(6|x). If the first experiment
provides very little information on the parameters, then p(f|x) ~ () and

pylx) =~ /@ p(y10) 7(6)d6 ~ p(y) (382)

On the other hand, if after the first experiment we know the parameters with high accuracy then, in
distributional sense, < p(6|x),- >~< §(fy), - > and

p(ylx) =< d(6o), p(yl0) >= p(ylfh) (383)

3.4 Sufficient Statistics
Consider m random quantities { X1, X», ..., X,,} that take values in € x. ..x€,, and a random vector
T : O x...xQ, — RF™ (384)

whose k(m)<m components are functions of the random quantities {X;}”,. Given the sample
{z1,z9,...,2m}, the vector t = ¢(x1,...,2,,) is a k(m)— dimensional statistic. The practical in-
terest lies in the existence of statistics that contain all the relevant information about the parameters
so we don’t have to work with the whole sample and simplify considerably the expressions. Thus, of
special relevance are the sufficient statistics. Given the model p(z1, 22, . .., x,|0), the set of statistics
t =t(x1,...,2m) is sufficient for € if, and only if, Vm>1 and any prior distribution 7(#) it holds that

p(Blz1, 22, .. 7m) = p(OF) (385)
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Since the data act in the Bayes formula only through the likelihood, it is clear that to specify the posterior
density of § we can consider

p(Blx1,xa,. .., xm) = p(B|t) xp(t|0) 7(0) (386)

and all other aspects of the data but ¢ are irrelevant. It is obvious however that t = {x1,..., 2y} is
sufficient and, in principle, gives no simplification in the modeling. For this we should have k(m) =
dim(t) < m ( minimal sufficient statistics) and, in the ideal case, we would like that k(m) = k does not
depend on m. Except some irregular cases, the only distributions that admit a fixed number of sufficient
statistics independently of the sample size (that is, k(m) = k < m Vm) are those that belong to the
exponential family.

Example 3.1:

1) Consider the exponential model X ~FEx(x|f): and the iid experiment e(m) that provides the sample x =
{z1,...,Zm} The likelihood function is:

p(X|9) — gm 6—9($1+~-+rm) _ 92&1 e—9t2 (387)
and therefore we have the sufficient statistic t = (m, > i ;) : Q1 X...xQy, —RFM=2
2) Consider the Normal model X ~N (x|u, o) and the iid experiment e(m) again with x = {x1,...,z,}. The

likelihood function is:

m

1 1
p(x\,u,a) x o™ exp{_w (x; — M)Q} =gt exp{ % 2(t3 —2pty + p tl)} (388)

i=1

andt = (m, Y00, @i, Doy @2) ¢ QX xQy, — RF™=3 a sufficient statistic. Usually we shall consider
t = {m, T, s*} with

7 = %Zw and = %i (389)
=1 =1

the sample mean and the sample variance. Inferences on the parameters y and o will depend on t and all other
aspects of the data are irrelevant.

3) Consider the Uniform model X ~Un(x|0, 8) and the iid sampling {x1, 22, . . ., Z, }. Then
t = (m, max{z;, i =1,...m}) : Qx...xQ, — RF™M=2 {5 a sufficient statistic for 6.

3.5 Exponential Family

A probability density p(x|0), with 2€Q x and #€© C R” belongs to the k-parameter exponential family
if it has the form:

K
p(xlf) = f(x)g(0) exp{z ¢i ¢i(0) hi(l’)} (390)
=1

with
k
= /Q F@) T exp{ei i(0) hi(z)} dz < oo (391)
z =1

The family is called regular if supp{X} is independent of ; irregular otherwise.

If x = {x1,x9,...,o,} is an exchangeable random sampling from the k-parameter regular expo-
nential family, then

k

p(x]0) = [HZ NG } O] exp{ Y cii(0) Zh z;)) (392)

i=1
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and therefore t(x) = {n,> ., hi(x;), ... Dy hi(x;)} will be a set of sufficient statistics.

Example 3.2: Several distributions of interest, like Poisson and Binomial, belong to the exponential family:

e M e—(/L—n Inp)

T(n+1)  T(n+l)
2) Binomial Bi(n|N,#): P(n|N,0) = < N > (1 —0)N-" = < N > en 6+ (N—n) In (1-6)

1) Poisson Po(n|u): P(n|p) =

n n

However, the Cauchy Ca(x|a, 3) distribution, for instance, does not because

p(iEh .. .,xm|a,ﬁ) X H (1 + ﬁ(ml — a)2)71 = exp {Z log(l + B(.”L’z — 04)2)} (393)

i=1 i=1

can not be expressed as the exponential family form. In consequence, there are no sufficient minimal statistics (in
other words t = {n,x1,...,x,} is the sufficient statistic) and we will have to work with the whole sample.

3.6 Prior functions

In the Bayes rule, p(6|x) o p(x|0) p(0), the prior function p(f) represents the knowledge ( degree of
credibility) that we have about the parameters before the experiment is done and it is a necessary element
to obtain the posterior density p(6]|x) from which we shall make inferences. If we have faithful infor-
mation on them before we do the experiment, it is reasonable to incorporate that in the specification of
the prior density ( informative prior) so the new data will provide additional information that will update
and improve our knowledge. The specific form of the prior can be motivated, for instance, by the results
obtained in previous experiments. However, it is usual that before we do the experiment, either we have
a vague knowledge of the parameters compared to what we expect to get from the experiment or simply
we do not want to include previous results to perform an independent analysis. In this case, all the new
information will be contained in the likelihood function p(x|f) of the experiment and the prior density (
non-informative prior) will be merely a mathematical element needed for the inferential process. Being
this the case, we expect that the whole weight of the inferences rests on the likelihood and the prior
function has the smallest possible influence on them. To learn something from the experiment it is then
desirable to have a situation like the one shown in figure ?? where the posterior distribution p(6|x) is
dominated by the likelihood function. Otherwise, the experiment will provide little information com-
pared to the one we had before and, unless our previous knowledge is based on suspicious observations,
it will be wise to design a better experiment.

A considerable amount of effort has been put to obtain reasonable non-informative priors that can
be used as a standard reference function for the Bayes rule. Clearly, non-informative is somewhat mis-
leading because we are never in a state of absolute ignorance about the parameters and the specification
of a mathematical model for the process assumes some knowledge about them (masses and life-times
take non-negative real values, probabilities have support on [0, 1],...). On the other hand, it doesn’t make
sense to think about a function that represents ignorance in a formal and objective way so knowing little
a priory is relative to what we may expect to learn from the experiment. Whatever prior we use will
certainly have some effect on the posterior inferences and, in some cases, it would be wise to consider a
reasonable set of them to see what is the effect.

The ultimate task of this section is to present the most usual approaches to derive a non-informative
prior function to be used as a standard reference that contains little information about the parameters
compared to what we expect to get from the experiment '®. In many cases, these priors will not be
Lebesgue integrable ( improper functions) and, obviously, can not be considered as probability density
functions that quantify any knowledge on the parameters (although, with little rigor, sometimes we still

8For a comprehensive discussion see [?]

238



PROBABILITY AND STATISTICS FOR PARTICLE PHYSICS

22
posterior——
likelihood

0.8
0.6

rior
0.4 P

0.2

-08 06 -04 -02 0 02 04 06 08 91

[K=J
—

Fig. 6: Prior, likelihood and posterior as function of the the parameter 6. In this case, the prior is a smooth function
and the posterior is dominated by the likelihood.

talk about prior densities). If one is reluctant to use them right the way one can, for instance, define
them on a sufficiently large compact support that contains the region where the likelihood is dominant.
However, since

p(0x) df o< p(x|0) p(0) df = p(x|0) dp(6) (394)

in most cases it will be sufficient to consider them simply as what they really are: a measure. In any case,
what is mandatory is that the posterior is a well defined proper density.

3.6.1 Principle of Insufficient Reason

The Principle of Insufficient Reason '° dates back to J. Bernoulli and P.S. Laplace and, originally, it
states that if we have n exclusive and exhaustive hypothesis and there is no special reason to prefer one
over the other, it is reasonable to consider them equally likely and assign a prior probability 1/n to each
of them. This certainly sounds reasonable and the idea was right the way extended to parameters taking
countable possible values and to those with continuous support that, in case of compact sets, becomes a
uniform density. It was extensively used by P.S. Laplace and T. Bayes, being he the first to use a uniform
prior density for making inferences on the parameter of a Binomial distribution, and is is usually referred
to as the “Bayes-Laplace Postulate”. However, a uniform prior density is obviously not invariant under
reparameterizations. If prior to the experiment we have a very vague knowledge about the parameter
0€|a, b, we certainly have a vague knowledge about ¢ = 1/6 or ( = logf and a uniform distribution
for 0:
1

m(0)do = — df (395)

1 Apparently, “Insufficient Reason” was coined by Laplace in reference to the Leibniz’s Principle of Sufficient Reason
stating essentially that every fact has a sufficient reason for why it is the way it is and not other way.
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implies that:
1
¢

Shouldn’t we take as well a uniform density for ¢ or (?

(@) dp = — do and 7(¢)d¢ = 5 d¢ (396)

Nevertheless, we shall see that a uniform density, that is far from representing ignorance on a
parameter, may be a reasonable choice in many cases even though, if the support of the parameter is
infinite, it is an improper function.

3.6.2 Parameters of position and scale

An important class of parameters we are interested in are those of position and scale. Let’s treat them
separately and leave for a forthcoming section the argument behind that. Start with a random quantity
X ~p(x|p) with pra location parameter. The density has the form p(x|u) = f(x — p) so, taking a prior
function (1) we can write

pla, 1) de dp = [plelp) da] [x(n) dp] = [f(x — p) da] () du] (397)

Now, consider random quantity X’ = X + a with a€R a known value. Defining the new parameter
p' = p+ a we have

p(a’, ) da’ dp' = [p(a|p') da’] [7' (W) dp') = [f(a' — ') da'] [7(p' — @) dp] (398)

In both cases the models have the same structure so making inferences on g from the sam-
ple {z1,z1,...,2,} is formally equivalent to making inferences on p’ from the shifted sample
{2, 2}, ..., 2, }. Since we have the same prior degree of knowledge on y and 4/, it is reasonable to
take the same functional form for 7(-) and 7’(+) so:

w(y —a)dy == m(y')dy VaeR (399)
and, in consequence:

m(p) = constant (400)

If 0 is a scale parameter, the model has the form p(x|0) = 6 f(z0) so taking a prior function 7(0)
we have that

p(z,0)drdd = [p(x|0)dz] [7(0)dO] = [0f(x0)dz] [7(0) db] (401)
For the scaled random quantity X’ = a X with a€ Rt known, we have that:
p(a’,0")da’ d¢' = [p(2'|¢) da'] [x'(¢")d0'] = [0 f(2'6) da’'] [m(ab) adb] (402)

where we have defined the new parameter #’ = 6 /a. Following the same argument as before, it is sound
to assume the same functional form for 7(-) and 7/(+) so:

m(abd')add = w(0")do’ VaeR

and, in consequence:
(0) = ~ (403)
Both prior functions are improper so they may be explicited as

1
m(p,0) o< 5 1e(6) 1ar(u) (404)
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with ©, M an appropriate sequence of compact sets or considered as prior measures provided that the
posterior densities are well defined. Let’s see some examples.

Example 3.3: The Exponential Distribution. Consider the sequence of independent observations
{x1,29,...,2,} of the random quantity X ~ FExz(z|0) drawn under the same conditions. The joint density
is

p(x1, X2,y ..y xy)l) = 0" e~z + 2+ ) (405)
The statistic t =n~'>_""_, z; is sufficient for § and is distributed as

(n6)"
I'(n)

p(to) = t" 1 exp{—nft} (406)

It is clear that 0 is a scale parameter so we shall take the prior function 7w(6) = 1/0. Note that if we make the
change z = logt and ¢ = log 6 we have that

,',LTL
I(n)
In this parameterization, ¢ is a position parameter and therefore w(¢) = const in consistency with 7(6). Then, we
have the proper posterior for inferences:

(nt)"
I'(n)

Consider now the sequence of compact sets Cy, = [1/k, k] covering R as k—o0. Then, with support on Cj, we
have the proper prior density

p(zl¢) = exp{n ((¢ +2) — e?*%)} (407)

p(0|t,n) = exp{—ntf} "1 ; 6>0 (408)

1 1
T (0) = mglck (0) (409)

and the sequence of posteriors:

(nt)"
n,ntk) —y(n,nt/k)

pr(0]t,n) = 7 exp{—ntd} 0" 1 1c,(0) (410)

with v(a, z) the Incomplete Gamma Function. It is clear that

lim pg(6|t,n) = p(0|t,n) 411)
k—o0

Example 3.4: The Uniform Distribution. Consider the random quantity X ~ Un(z|0, #) and the independent
sampling {x1, z2, ..., 2, }. To draw inferences on 6, the statistics 2y = max{xy,z,..., 2, } is sufficient and is
distributed as (show that):

n—1

X
7%1 10,0 () (412)

p(zuml0) = n
As in the previous case, 6 is a scale parameter and with the change ¢, = log x s, ¢ = log 0 is a position parameter.
Then, we shall take 7(6) oc #~1 and get the posterior density (Pareto):

n

X
p(flzar,n) = n 91% Lis0s00)(0) (413)

Example 3.5: The one-dimensional Normal Distribution. Consider the random quantity X ~N (z|u, o) and the
experiment e(n) that provides the independent and exchangeable sequence x = {x1, xa, ..., z, } of observations.
The likelihood function will then be:

n

1 1
p(xl,0) = 1] plwiln o) o= exp{= 55 > (@i =)} (414)

i=1 i=1

n
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There is a three-dimensional sufficient statistic t = {n, T, s>} where

*—12": : and Q—Ei( ,—T)° (415)
x-ni:lxl s-ni:lml T
SO We can write
1 n 9 - 9
pxlus o) oc = exp{—5— (s* + (T —p)°)} (416)

In this case we have both position and scale parameters so we take 7 (1, o) = 7(u)7(0) = o~ ! and get the proper
posterior

1
P, 1) o p(x|p. @) w1, 0) o oy exp{— 55 [* + (@ )’]}) @417)

e Marginal posterior density of o: Integrating the parameter 4R we have that:

+oo n s2
ot = [ tmot duoca™ exp {~ 55 } 1020 an

and therefore, the random quantity

7 = — ~x*(zln—1) (419)

e Marginal posterior density of u: Integrating the parameter o€[0, co) we have that:

+o0 (,u_f)2 —n/2
b = [ ptmodos (14 L20) T (420)
0
so the random quantity
Jn—1(u -7
= YRR ED) g (421)

S

It is clear that p(u, o|x)#p(u|x) p(o|x) and, in consequence, are not independent.

e Distribution of 1 conditioned to o: Since p(u, o|x) = p(p|o, x) p(o|x) we have that

1
p(ulo,x) oc = exp{— ~ (1 — T)%} (422)
o 20

so plo ~N(plT,0/v/n).

Example 3.6: Contrast of parameters of Normal Densities. Consider two independent random quantities
X1~N(z1,|u1,01) and Xo~N(xo,|p2,02) and the random samplings x1 = {x11,Z12,...,Z1p, } and xg =
{x21, %22, ..., Tan, } Of sizes n; and ny under the usual conditions. From the considerations of the previous
example, we can write

1 i )
P(Xi|pi, 05) X — exp {— an (sf + (T — ,U/i)2)} ; i=1,2 (423)
g g;

Clearly, (141, pi2) are position parameters and (o1, o) scale parameters so, in principle, we shall take the improper

prior function

1

0102

w(u1, 01, po,02) = m(p1)m(pue)w(or)m(o2) x (424)

242



PROBABILITY AND STATISTICS FOR PARTICLE PHYSICS

However, if we have know that both distributions have the same variance, then we may set 0 = 0; = 09 and, in
this case, the prior function will be

w(yi i2,0) = () (pa)() ox “25)

Let’s analyze both cases.

e Marginal Distribution of o1 and o5: In this case we assume that 07 # o9 and we shall take the prior
7(p1, 01, 2, 02) x (0109) L. Integrating 111 and o we get:

—ny _—ns 1 (nys? n2s3
p(o1,02]x1,%2) = p(o1, |x1)p(02, |x2)x oy " 0y eXp ) 5 + 2 (426)
07 03
Now, if we define the new random quantities
2 2 2
Z=—% = (01/51)2 and W= e 427)
w* s7 (02/52) o1

both with support in (0, +00), and integrate the last we get we get that Z follows a Snedecor Distribution
Sn(z|na — 1,n; — 1) whose density is

(a/v)™ gy ()T
= =2 W 1+ = 1 428
p(Z|X1’X2) Be(V1/27V2/2) ‘ N %] ? (O’OO)(Z) ( )

e Marginal Distribution of ;1; and po: In this case, it is different whether we assume that, although unknown,
the variances are the same or not. In the first case, we set 01 = 02 = ¢ and take the reference prior 7 (1, 2, 0) =
o~ !, Defining
A= ny [S% —+ (fl — ,LL1)2] “+ no [S% -+ (fg — ILLQ)Z] (429)
we can write
1 1 9
p(p1, p2,0lx,y) o pErEs | exp{— B Alo”} (430)
It is left as an exercise to show that if we make the transformation
w = py — pig € (—00,+0) ; u = pp€(—o00,+o0) and z = o 2€(0,+c0) (431)

and integrate the last two, we get

_ _ —(n14+n2—1)/2
ning [(T1 — T2) — w)?
w|xi,x9)ox | 1 + 432
p(wfxi, x) < n1 + ng nlsf—kngsg (432)
Introducing the more usual terminology
2 = Msitness (433)
ni + ng — 2
we have that
— — —[(n1+n2—2)+1}/2
ning |[w— (T — 2172)]2>
wlx1,x9)oc | 1 + 434
plwlxs, xo) ( n1+ng s2(ng +ng —2) (34)

and therefore the random quantity

(1 —pe) — (@ —T)
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follows a Student’s Distribution St(¢|v) with v = n; 4+ ny — 2 degrees of freedom.

Let’s see now the case where we can not assume that the variances are equal. Taking the prior reference

function (1, 2, 01,02) = (01 02) " we get

( | ) o (math) o (et ) exp L — 1 22 s+ (@ = )" (436)
01,09|X X g g - 95,
P\M1, H2,01,02]X1, X2 1 2 p 2 gt J?/ni

After the appropriate integrations (left as exercise), defining w = p1 — o and u = py we end up with the density

— _ 2 7n1/2 — 2 777,2/2
pwapaxa)x (14 B0 T (1 ) @)
1 2

where integral over u€R can not be expressed in a simple way. The density

+oo
p(w|x1,x2) / p(w, u|x1,x2) du (438)
is called the Behrens-Fisher Distribution. Thus, to make statements on the difference of Normal means, we should
analyze first the sample variances and decide how shall we treat them.

3.6.3 Covariance under reparameterizations

The question of how to establish a reasonable criteria to obtain a prior for a given model p(x|6) that can
be used as a standard reference function was studied by Harold Jeffreys [?] in the mid XX century.
The rationale behind the argument is that if we have the model p(x|f) with §€QyCR" and make a
reparameterizations ¢ = ¢(0) with ¢(-) a one-to-one differentiable function, the statements we make
about # should be consistent with those we make about ¢ and, in consequence, priors should be related
by

m9(0)do = my((0)) ‘ det [ag;(f)” do (439)

Now, assume that the Fisher’s matrix

1,(0) — Px [alogggwa) 310g8§§w|0)] (440)
exists for this model. Under a differentiable one-to-one transformation ¢ = ¢(#) we have that
Lj(¢) = gf;; gz; u(6) (441)
so it behaves as a covariant symmetric tensor of second order (left as exercise). Then, since
det [I(¢)] = ’ det [ 9 ] 2 det [I(6)] (442)
ey
Jeffreys proposed to consider the prior
m(6) o [ det[I(6]]*/2 (443)

In fact, if we consider the parameter space as a Riemannian manifold ( [?]) the Fisher’s matrix is the
metric tensor (Fisher-Rao metric) and this is just the invariant volume element. Intuitively, if we make
a transformation such that at a particular value ¢y = ¢(6p) the Fisher’s tensor is constant and diagonal,
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the metric in a neighborhood of ¢ is Euclidean and we have location parameters for which a constant
prior is appropriate and therefore

m($)de o dp = [ det [1(8)] 2} 6 = 7(8)do (444)

It should be pointed out that there may be other priors that are also invariant under reparameterizations
and that, as usual, we talk loosely about prior densities although they usually are improper functions.

For one-dimensional parameter, the density function expressed in terms of

o~ [ o) as (@45)
may be reasonably well approximated by a Normal density (at least in the parametric region where the
likelihood is dominant) because I(¢) is constant and then, due to translation invariance, a constant prior
for ¢ is justified. Let’ see some examples.
Example 3.7: The Binomial Distribution. Consider the random quantity X ~Bi(x|0,n):

p(z|n,d) = ( Z ) 0F(1—o)nk n, k€Ng; k<n (446)

with 0 < 8 < 1. Since E[X] = nf we have that:

2
1(6) = Ex [(— 0 logge(f "’9))] = (1”_ 5 (447)
so the Jeffreys prior (proper in this case) for the parameter 6 is
() x [0(1—6)] /> (448)
and the posterior density will therefore be
p(0lk,n) oc OF71/2 (1 — g)n—k=1/2 (449)
that is; a Be(x|k + 1/2,n — k 4 1/2) distribution. Since
= / e(df_e) — 2 asin (072) (450)

we have that 0 = sin2¢ /2 and, parameterized in terms of ¢, I(¢) is constant so the distribution “looks” more
Normal (see figure ??).

Example 3.8: The Poisson Distribution. Consider the random quantity X ~Po(x|u):

T

I

p(x|p) = e NCE) ; z€N; neR™ (451)
Then, since E[X] = p we have
so we shall take as prior (improper):
m(p) = [(w)"* = p/? (453)
and make inferences on p from the proper posterior density
pllz) oce ™ =12 (454)
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Fig. 7: Dependence of the likelihood function with the parameter # (upper) and with ¢ = 2 asin(6'/2) (lower) for
a Binomial process withn = 10 and £k = 1, 5 and 9.
that is, a Ga(x|1, z + 1/2) distribution.

Example 3.9: The Pareto Distribution. Consider the random quantity X ~Pa(z|0, o) with zo€ R* known and
density

p(z]0,30) = x% (%)9“ Lagoo) (@) Rt (455)
Then,
0 - (- Clstes0)) L s
so we shall take as prior (improper):
(0) o [I(p)]"? = 07! (457)
and make inferences from the posterior density (proper)
p(0|z, 20) = z 7 %logx (458)
Note that if we make the transformation ¢ = log x, the density becomes
p(t16, w0) = 0.2 €L 105 0,00 (1) (459)

for which 6 is a scale parameter and, from previous considerations, we should take 7(#) oc #~! in consistency with
Jeffreys’s prior.

246



PROBABILITY AND STATISTICS FOR PARTICLE PHYSICS

Example 3.10: The Gamma Distribution. Consider the random quantity X ~Ga(z|«, 8) with o, BER™ and
density

B
(&7 _ _
p(zla, B) = @e o P ' 1(0,00) (@) (460)
Show that the Fisher’s matrix is
a2 —a-1
I(CE,B) = ( é()éil \I//(ﬁ) ) (461)

with U’ (z) the first derivative of the Digamma Function and, following Jeffreys’ rule, we should take the prior

1/2

m(a, B) xa™t [BY(B) — 1] (462)

Note that « is a scale parameter so, from previous considerations, we should take 7 () o~ 1. Furthermore, if we
consider « and (8 independently, we shall get

m(a, ) = m(a)m(B) cca~t [¥'(B)]"? (463)

Example 3.11: The Beta Distribution.
Show that for the Be(x|a, 8) distribution with density

(a+ B)

W (l'ail (1 N x)ﬁil 1[071] ($) ) «, 5€R+ (464)

p(zla, B) =
the Fisher’s matrix is given by

(V@) -V(at8)  w(a+d)
o = (M v vt ) (469

with U’ (z) the first derivative of the Digamma Function.

Example 3.12: The Normal Distribution.

Univariate: The Fisher’s matrix is given by
o2 0
I(p,0) = ( 0 20-2 (466)
o)

1
71 (1, 0) o< [ det[I(p, 0]]1/2 x5 (467)
However, had we treated the two parameters independently, we should have obtained

o, 0) = 7(p) w(o) oc% (468)

The prior mooco ! is the one we had used in example 3.5 where the problem was treated as two one-dimensional
independent problems and, as we saw:

— - 2
7= V'L =T) g 1) and 7 = B~ X3l — 1) (469)
s g

with E[Z] = n—1. Had we used prior 71 <o~ 2, we would have obtained that Z~x?(z|n) and therefore E[Z] = n.
This is not reasonable. On the one hand, we know from the sampling distribution N (x|u, ) that E[ns?c 2] =
n — 1. On the other hand, we have two parameters (u, o) and integrate on one (o) so the number of degrees of
freedom should be n — 1.
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Bivariate: The Fisher’s matrix is given by

—2 -1
(g, p2) = (1—p?) " 7 —rlo192) > 470
(H1,p2) = (1—=p7%) ( _p(c103) o3? (470)

2-p*or?  —p*(o109)7! —poy
L(o1,00,p) = (L=p*)"" | —p?(0102)™"  (2—p?)oy” —poy! 471)
—poy —poyt (1)1 p)!
Wi, oo, 01, 0,p) = ( TH2) 0 (472)
e 0 1(0'170’270)
Form this,

1

77(/’617/’(‘270-170-2ap)0( | detI(MlaM2a017U27p)|l/2 = "2 92/1  _2\2 (473)

while if we consider 7(u1, p2, 01, 02, p) = (@1, p2)w(o1, 02, p) We get

1

) ) ’ ) o8 > 474
(11, p2, 01,02, p) r10a(l— P22 (474)
Problem 3.1: Show that for the density p(xz|0); x€QCR", the Fisher’s matrix (if exists)
Olog p(x|0) Olog p(x|6
1,(0) = Bx |20 p(x|0) Olog p(x|0) (475)

09; 08,
transforms under a differentiable one-to-one transformation ¢ = ¢(6) as a covariant symmetric tensor of second

order; that is

_ 90 @I
 O¢; 0; M

Lij(¢) (0) (476)

Problem 3.2: Show that for X ~Po(z|u + b) with be RT known (Poisson model with known background), we
have that I(x) = (u + b)~! and therefore the posterior (proper) is given by:

p(pla,b) oce™ W (4 by (477)

Problem 3.3: Show that for the one parameter mixture model p(z|\) = Ap1(z) + (1 — A)p2(x) with py (x)#ps(z)
properly normalized and A € (0, 1),

B 1 [ pi(@)p2(2) -
= 3a=y {1 | e d} “®

oo

When p;(z) and pa(x) are "well separated”, the integral is << 1 and therefore I(\) ~ [A\(1 — A)]~!. On the
other hand, when they "get closer" we can write pa(x) = p1(z) + n(x) with ffooo n(x)dx = 0 and, after a Taylor
expansion for |n(x)| << 1 get to first order that

~ > (p1(@) — pa(2))? "
I(\) ~ [m @) dr + ... (479)

independent of A. Thus, for this problem it will be sound to consider the prior 7(A|a,b) = Be(A|a,b) with
parameters between (1/2,1/2) and (1,1).
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3.6.4 Invariance under a Group of Transformations

Some times, we may be interested to provide the prior with invariance under some transformations of the
parameters (or a subset of them) considered of interest for the problem at hand. As we have stated, from a
formal point of view the prior can be treated as an absolute continuous measure with respect to Lebesgue
so p(0]x) df x p(x|0) 7(0) dd = p(x|0)du(f). Now, consider the probability space (€2, B, ) and a
measurable homeomorphism 7" : 2—(). A measure ;1 on the Borel algebra B would be invariant by the
mapping 7T if for any ACB, we have that u(T~1(A)) = u(A). We know, for instance, that there is a
unique measure A\ on R™ that is invariant under translations and such that for the unit cube A([0, 1]") = 1:
the Lebesgue measure (in fact, it could have been defined that way). This is consistent with the constant
prior specified already for position parameters. The Lebesgue measure is also the unique measure in R"
that is invariant under the rotation group SO(n) (see problem 3.5). Thus, when expressed in spherical
polar coordinates, it would be reasonable for the spherical surface S~ the rotation invariant prior

n—1

du(¢) = [](singp) ™D  dgy (480)
k=1
with ¢,—1€[0, 27) and ¢;€(0, 7] for the rest. We shall use this prior function in a later problem.

In other cases, the group of invariance is suggested by the model
M : {p(x]0), xeQx, 0€Qe} (481)

in the sense that we can make a transformation of the random quantity X—X’ and absorb the change
in a redefinition of the parameters #—6’ such that the expression of the probability density remains
unchanged. Consider a group of transformations >’ G that acts

on the Sample Space: x—x' = gox; geG;x, '€y

on the Parametric Space: 6—60" = gofl; g€G;0,0'€Qg

The model M is said to be invariant under G if VgeG and VO€Qg the random quantity X' = goX is
distributed as p(2’|0")=p(gox|goh). Therefore, transformations of data under G will make no difference
on the inferences if we assign consistent “prior beliefs” to the original and transformed parameters. Note
that the action of the group on the sample and parameter spaces will, in general, be different. The
essential point is that, as Alfred Haar showed in 1933, for the action of the group G of transformations
there is an invariant measure p ( Haar measure; [?]) such that

f(gox)du(z) = f(a")dp(x") (482)
Qx Qx

for any Lebesgue integrable function f(x) on 2x. Shortly after, it was shown (Von Neumann (1934);
Weil and Cartan (1940)) that this measure is unique up to a multiplicative constant. In our case, the
function will be p(:|¢)1o(#) and the invariant measure we are looking for is du(6)ocm(0)d6. Further-
more, since the group may be non-abelian, we shall consider the action on the right and on the left of the
parameter space. Thus, we shall have:

/ p(-lgo6) w1 (6) db — / p(10") (6 do! (483)
© (€]

if the group acts on the left and

/ p(:|fog) R (6) 6 = / p(:|0") wR(8") A6’ (484)
C] (€]

21n this context, the use of Transformation Groups arguments was pioneered by E.T. Jaynes [?].
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if the action is on the right. Then, we should start by identifying the group of transformations under
which the model is invariant (if any; in many cases, either there is no invariance or at least not obvious)
work in the parameter space. The most interesting cases for us are:

Affine Transformations: z—x’ = gox = a + bx

Matrix Transformations: z—z' = gor = Rx

Translations and scale transformations are a particular case of the first and rotations of the second. Let’s
start with the location and scale parameters; that is, a density

p(x|p, o) de = %f (‘r — “) dz (485)

g

the Affine group G = {g = (a,b);a€R; bR} s0 2/ = gox = a + bz and the model will be invariant
if

(W', 0") = go(u, o) = (a,b)o(p,0) = (a+ bp,bo) (486)

Now,
/p('lu',a’) T (i, o) dy do’ = /P('IQO(M, o)mr(p,o)dudo =

= /p(‘\u’,g’) {WL[gil(MI,UI)] J(M/7UI;M,U)} d,U,IdU/ _

"—a o'\ 1
= /p('//aa/) {WL <Mb’b) [)2} dy' do’ (487)

and this should hold for all (a,b)€ Rx R so, in consequence:
1
dpr(p,0) = mp(p,0)dpdo < — dpdo (488)
o

However, the group of Affine Transformations is non-abelian so if we study the the action on the left,
there is no reason why we should not consider also the action on the right. Since

(W,0') = (n,0)09 = (,0)0(a,b) = (u+ ao,bo) (489)

the same reasoning leads to (left as exercise):
1
dur(p,0) = mr(p,0)dpdo o< — dpdo (490)
o

The first one (77,) is the one we obtain using Jeffrey’s rule in two dimensions while 7 is the one we get
for position and scale parameters or Jeffrey’s rule treating both parameters independently; that is, as two
one-dimensional problems instead a one two-dimensional problem. Thus, although from the invariance
point of view there is no reason why one should prefer one over the other, the right invariant Haar prior
gives more consistent results. In fact ( [?], [?]), a necessary and sufficient condition for a sequence of
posteriors based on proper priors to converge in probability to an invariant posterior is that the prior is
the right Haar measure.

Problem 3.4: As a remainder, given a measure space (2,5, ) a mapping 7' : Q@ — € is measurable if
T-1(A) € Bforall A € B and the measure p is invariant under 7" if u(T~1(A)) = u(A) for all A € B.

Show that the measure du(6) = [6(1 — 0)]71/2 df is invariant under the mapping 7" : [0, 1]—[0, 1] such that
T:0—6 =T(0) = 46(1 — 0). This is the Jeffrey’s prior for the Binomial model Bi(z|N, 6).
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Problem 3.5: Consider the n-dimensional spherical surface S, of unit radius, x€.5,, and the transformation
x' = Rx€S,, where ReSO(n). Show that the Haar invariant measure is the Lebesgue measure on the sphere.

Hint: Recall that R is an orthogonal matrix so R = R™!; that |detR| = 1 so J(x';x) = |9x/9x')| =
|OR~1x'/0x')| = | detR| = 1 and that x"'x’ = x'x = 1.

Example 3.12: Bivariate Normal Distribution. Let X = (X7, X3)~N(x|0, ¢) with ¢ = {01, 02, p}; that is:
1
p(x|¢) = (2m)7 1| det[X]| /2 exp {— 3 (x' =t x)} (491)
with the covariance matrix

2
> = ( ,000110'2 po;%‘” ) and det[Z] = 0202(1 — p)? (492)

Using the Cholesky decomposition we can express X! as the product of two lower (or upper) triangular matrices:

1
1 2 N = 0
1= I ( B ‘(7720 ”;21"2 > — A'A  with A= 7 1 (493)
€ poro2 ! ai/1—p?  o2/1—p?
For the action on the left:
M=T = <‘Z 2) ca,b>0 — J(AA) = a2e (494)
and, in consequence
1
m(aayy, ady; + bayy, cayy) ac? = m(ayy, ahy, ahy) — m(aly, agy, agy) o 2, (495)
(11 a2
and det[X] = (det[Z71])~! = (det[A])~2. Thus, in the new parameterization § = {ay1,az1, azs}
1
p(x]0) = (27)7" | det[A]| exp {— 3 (x"ATA x)} (496)
Consider now the group of lower triangular 222 matrices
G = {T € LT Ty > 0} 497)
Since T~1€Gy, inserting the identity matrix I = TT~! = T~!T we have: action
On the Left On the Right
Tox—Tx = x’ xoT—-T x =x'
[x! (THT) ") A'A(T'T)x| [x'((T")~'T!) A'A(TT!)x]
M=T M=T"1
Then
1
Mx=x ; x=M"1'x ; x'=x'M' and dx= wdx' (498)
$0
_ det[A]| 1 t _ _
") = (2m)-t L9tANl —7(’AM“AM1 ’) 499
px10) = (2n)7" {50 exp ] = 5 (X (AM) (AM ) (499)
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and the model is invariant under G if the action on the parameter space is

Gl:A—A" =AM ; A =AM ; detf]A] = det[A'] det[M] (500)
o)
1
p(X|6") = (27)1 | det|A’]| exp {— 5 (x’tA’tA’ x’)} (501)
Then, the Haar equation reads
/ p(s|A") w(A') dA" = / p(elgoA) T(A)dA = [ p(s|A’) 7(A'M) J(A'; A) dA
e e e
and, in consequence, VMeG
7(A'M) J(A’; A) da'daby daby, = w(A") da’dabdaby (502)
For the action on the left:
M=T= (Z 2) a,b>0 — J(AA) = a2e (503)
and, in consequence
1
m(aayy, aay; + bayy, cayy) a’c = m(ayy, ayy, ahy) — m(aly, agy, agy) o — 3, (504)
(11 a2
For the action on the right:
M=T"!= - 0 s J(AA) = (ac®)"! (505)
—b(ac)™t ¢! ’
and, in consequence
a/ll Ca/21 _ba/22 a/22 1 / i / I / I 1
1L 722 722y _C — 506
( 0 uc "o )a02 m(aly, ag;, ass) m(aly, g1, ag,) o a’ua’222 (506)
In terms of the parameters of interest {oy, 02, p}, since
1
dandagldagz = dO’ldO'd,O (507)
oto3(1— p?)?
we have finally that for invariance under G;:
1 ) ! and ) ! (508)
n(01,00,p) = —————— mr(01,02,p) = /5~
\01,02,p T10a(1 — p2)32 Rr\01,02,p o2(1— p?)
The same analysis with decomposition in upper triangular matrices leads to
7( ) ! and B ) L (509)
T \01,02, = —————75 Tp(01,09, = —_—
L\01,02,p 0102(1—,02)3/2 r\01,02,p 21— %)

As we see, in both cases the left Haar invariant prior coincides with Jeffrey’s prior when {1, 2} and {01, 02, p}
are decoupled.

At this point, one may be tempted to use a right Haar invariant prior where the two parameters ¢; and o9
are treated on equal footing

1

_ 510
1021 — 17) G0

77(0-1) O-Qap) =

Under this prior, since the sample correlation

;= Y@ — T ) (wos — T2) (511)

(il —71)* Xy (wai — fz)Z)l/Z
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is a sufficient statistics for p, we have that the posterior for inferences on the correlation coefficient will be

p(olx) o< (1= 2" H2 F(n — 1,n— 1,n — 1/2; (1+ 1p)/2) (512)
with F'(a, b, ¢; z) the Hypergeometric Function.
Example 3.13: If €O — gof) = ¢(0) = 0'c©O with ¢(0) is a one-to-one differentiable mapping, then

o0\ _ o0\ (=L (0 M r_
[ ptetrm@an = [ stoioatom 00| %557 a

/ p(]6)du(0)
©

_ /p(o|9/)7r(9/)d9/ _ /p(o‘@l)d,u(@/) (513)
JO €]

and therefore, Jeffreys’ prior defines a Haar invariant measure.

3.6.5 Conjugated Distributions

In as much as possible, we would like to consider reference priors 7(0|a, b, ...) versatile enough such that
by varying some of the parameters a, b, . . . we get diverse forms to analyze the effect on the final results
and, on the other hand, to simplify the evaluation of integrals like:

p(z) = / p(z0)p(0)do  and  plylz) = / p(y10)-p(6]) do (514)

This leads us to consider as reference priors the Conjugated Distributions [?].

Let S be a class of sampling distributions p(z|6) and P the class of prior densities for the parameter
0. If

p(@lz)eP  for all p(x|d)eS and p(f)eP (515)

we say that the class P is conjugated to S. We are mainly interested in the class of priors P that have the
same functional form as the likelihood. In this case, since both the prior density and the posterior belong
to the same family of distributions, we say that they are closed under sampling. It should be stressed
that the criteria for taking conjugated reference priors is eminently practical and, in many cases, they
do not exist. In fact, only the exponential family of distributions has conjugated prior densities. Thus,
if x = {x1,22,...,2,} is an exchangeable random sampling from the k-parameter regular exponential
family, then

k n
p(x10) = f(x)g(0) exp{ > c; ¢,(6) (Z hj<x@->> (516)
j=1 i=1
and the conjugated prior will have the form:
1 k
mO1) = iy O exp ; ¢j ¢(0) 7 (517)
where €0, 7 = {79, 71,..., 7%} the hyperparameters and K (7) < oo the normalization factor so

Jo ™(6|7)df = 1. Then, the general scheme will be *':

1) Choose the class of priors 7(6|7) that reflect the structure of the model;
2) Choose a prior function 7(7) for the hyperparameters;

2'We can go an step upwards and assign a prior to the hyperparameters with hyper-hyperparameters,...

253



C. MANA

3) Express the posterior density as p(6, 7|x)ocp(x|0) 7 (0| 7)7(7);
4) Marginalize for the parameters of interest:

p(01x | pxl6)n(6l)m(r)dr (518)
®
or, if desired, get the conditional density

p(x,0,71) _ p(x]0)7(0|7)
p(x,7) p(x|7)

p(0lx,7) = (519)

The obvious question that arises is how do we choose the prior 7(¢) for the hyperparameters.
Besides reasonableness, we may consider two approaches. Integrating the parameters 6 of interest, we
get

p(1,%x) = (1) /@p(XI9)7T(9|T) df = (1) p(x|7) (520)

so we may use any of the procedures under discussion to take 7(7) as the prior for the model p(x|7) and
then obtain

(6) = /Q w(0]7) (7 dr 521)

The beauty of Bayes rule but not very practical in complicated situations. A second approach, more ugly
and practical, is the so called Empirical Method where we assign numeric values to the hyperparameters
suggested by p(x|7) (for instance, moments, maximum-likelihood estimation,...); that is, setting, in a
distributional sense, 7(7) = 0+ so < (1), p(#,x,7) >= p(#,x,7*). Thus,

p(O1x, 7%) o< p(x|60)m(60]7") (522)

Obviously, fixing the hyperparameters assumes a perfect knowledge of them and does not allow for
variations but the procedure may be useful to guess at least were to go.

Last, it may happen that a single conjugated prior does not represent sufficiently well our beliefs.
In this case, we may consider a k-mixture of conjugated priors

k

(0|11, ..., k) = Z w; w(0|7;) (523)
i=1

In fact [?], any prior density for a model that belongs to the exponential family can be approximated
arbitrarily close by a mixture of conjugated priors.

Example 3.14: Let’s see the conjugated prior distributions for some models:
o Poisson model Po(n|u): Writing

et e—(n—nlog p)

p(nlp) = T(n+1)  T(n+l) (524)

it is clear that the Poisson distribution belongs to the exponential family and the conjugated prior density for the
parameter u is

(|71, T2) o e T8 o G|y, 7o) (525)
If we set a prior 7(7y, 7o) for the hyperparameters we can write

p(n, g, 71, 72) p(nlp) w(pl T, 72) = w(11,72) (526)
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and integrating p:

~[T(n+ 1) ik B
p(n,m1,72) = { Tt Axm)m (71, 72) = p(n|m,72) 7(T1, T2) (527)
e Binomial model Bi(n|N,§): Writing
P(H‘N, 9) _ < ]T\Z ) on (1 _G)N—n _ ( ],r\; ) enlog@—i—(N—n)log;(l—@) (528)

it is clear that it belong to the exponential family and and the conjugated prior density for the parameter 6 will be:
m(0|m1,m2) = Be(r|m1,72) (529)
e Multinomial model Let X = (X7, Xs, ..., Xi)~Mn(x|0); that is:

. ) k 67 X;EN, 2?21 Xi=n 53
~p(x] T(n+1) HF -y . (530)
i=1 HiE[O, 1] R Zi:l 0;=1

The Dirichlet distribution Di(6|«):
a=(a1,qz,...,q5), a; >0, Zleai =

k
m(0la) = D(a) [ 05" » (531)
= D(a) = T(ao) [Ty T(ew)]

is the natural conjugated prior for this model. It is a degenerated distribution in the sense that

k—1 k-1 sl
m(6la) = D(a) [H 0;?”—1] [1— ei] (532)

i=1 i=1

The posterior density will then be §~Di(0|x + «) with

Ul E0;](6:;; — E0;
n+ o ntag+1
The parameters o of the Dirichlet distribution Di(6|c) determine the expected values E[f;] = «;/ap.

In practice, it is more convenient to control also the variances and use the Generalized Dirichlet Distribution
GDi(0|a, B):

Vi

k—1 I'(a
a;—1
m(0]e, B It 9 1- Z 0; (534)
where:
k—1 k—1
0<6; <1, Zei<1, an:1729i (535)
i=1 i=1
A ,  Bi— iy = Bivr; i=1,2,. k=2
a; >0, [;>0, and %{51@_11; ik (536)
When 3; = ;41 + Bi+1 it becomes the Dirichlet distribution. For this prior we have that
o a; + 5
bl = 5 0. = 1] (2527 - £l 37)
where
i—1 3, i—1 B +1
S; = J and T; = 0 (538)
o+ ' 1;[10@'+5j+1

with S7 = 77 = 1 and we can have control over the prior means and variances.
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3.6.6 Probability Matching Priors

A probability matching prior is a prior function such that the one sided credible intervals derived from
the posterior distribution coincide, to a certain level of accuracy, with those derived by the classical
approach. This condition leads to a differential equation for the prior distribution [?], [?]. We shall
illustrate in the following lines the rationale behind for the simple one parameter case assuming that
the needed regularity conditions are satisfied. Consider then a random quantity X ~p(x|f) and an iid
sampling * = {1, z2,...,x,} with 0 the parameter of interest. The classical approach for inferences
is based on the the likelihood

n

p(x|0) = p(x1,z2,...2,]0) = H p(z]0) (539)

i=1
and goes through the following reasoning:

1) Assumes that the parameter 6 has the true but unknown value 6y so the sample is actually drawn
from p(z[6o);
2) Find the estimator 6,,,(x) of 0 as the value of # that maximizes the likelihood; that is:

_ Olp(zl0)  _
O = meax{p(mw)} — < 50 >0m =0 (540)

3) Given the model X ~p(z|6y), after the appropriate change change of variables get the distribution
p(0,,|00) of the random quantity 6,, (X1, Xo,...X,,) and draw inferences from it.

The Bayesian inferential process considers a prior distribution 7v() and draws inferences on € from the
posterior distribution of the quantity of interest

p(0]x) o p(x|0)m(0) (541)

Let’s start with the Bayesian and expand the term on the right around 6,,. On the one hand:

p(x|0) 1 (0?Inp(x|0) 5 1 (33Inp(x|0) 3
1 _ 1 0,0 4 o (L) 0P 4. (542
Yol A\ e ), T e T ), O 6+2)
Now,
1621np (x]0) 1= *(—Inp(z]0)) nooo 0% (—Inp(x|0))
N 002 n; 962 — EX[ 062 ] =10 6

SO we can substitute:

<W> — nl(6,)  and (‘931“”(5”'9)> - (‘9“’)) (544)
Om Om Om

06? 063 00
to get
nl(0m) (n 2
p(a]g) = mPEl0) o o~ 2 (0= 0m) (1 _ <8M)> (0 —0,)° + ) (545)
3! 00 o,
On the other hand:
B 1 on(0) B
m(0) = 7(0m) <1 + <7r(«9) 50 )9m (0 —0m) + ) (546)
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so If we define the random quantity 7" = \/nI(6,,)(6 — 6,,) and consider that

. oI (0 or-1/2
I 3/2(9)8(0) = -2 (547)

we get finally:

_ exp(—t*/2) 1| (1722(0) or(6) 1 (o112
p(t|$>—T <1+\/ﬁ [(7]_(0) 89 )0 t+3< 89 >0 t3

Let’s now find

+ O(i)) (548)

P(T<:|z) = / p(t|z)dt (549)
Defining
1 X
Z(z) = Ee—l’zﬂ and P(z) = /_OO Z(t)dt (550)
and considering that
/ Z(t)tdt = —Z(z) and / ZW) 3 dt = —Z(2) (22 +2) (551)

it is straight forward to get:

Z(2)

P(T<zlx) = P(z) — n

4 0(%) (552)

1712(6) om(6) 2242 (01712
o) o ) T3 00 ),

From this probability distribution, we can infer what the classical approach will get. Since he will
draw inferences from p(x|fp), we can take a sequence of proper priors 7 (0|0y) for k = 1,2, ... that
induce a sequence of distributions such that

limy 00 < 7,(060), p(x|0) >= p(x|6o) (553)
In Distributional sense, the sequence of distributions generated by

k
m(0100) = 5 Ligo-1/k 604178 k=1,2,... (554)

converge to the Delta distribution dg, and, from distributional derivatives, as k— o0,

d —1/2 _ d 1 o IR )
< dgﬂk(e‘(go),f (9) > = < Wk(g‘g(]), d@I (9) > ~ 789 ; (555)
0

But 6y = 0,,, + O(1/+/n) so, for a sequence of priors that shrink to 6y~6,,,

Z(2) |22+ 1 [0oI71/? 1
< = — _
P(T<z|z) = P(z) 7 3 ( 50 9 + O(n) (556)
For terms of order O(1//n) in the equations (1) and (2) to be the same, we need that:
~1/2
11 an®)\ _ (oI 557)
I(6) m(0) 00 , 06 ,
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and therefore
w(0) = I1'2(9) (558)

that is, Jeffrey’s prior. In the case of n-dimensional parameters, the reasoning goes along the same lines
but the expressions and the development become much more lengthy and messy and we refer to the
literature.

The procedure for a first order probability matching prior [?], [?] starts from the likelihood
p(x1, 22, .. .2n(01,02,...6p) (559)
and then:

1) Get the Fisher’s matrix I(01, 62, . . .0,) and the inverse I-1(61, 02, ...0,);

2) Suppose we are interested in the parameter t = (61,62, ...0,) a twice continuous and differen-
tiable function of the parameters. Define the column vector

ot ot ot \"
Vt— <801, 892,,89])> (560)

3) Define the column vector

| Vi

R — so that TIn=1 561
(VI v, n 1In (561)

’]7:

4) The probability matching prior for the parameter ¢ = ¢(0) in terms of 61, 65, . . .0, is given by the
equation:

Z(;Zk [1(0) w(6)] = 0 (562)
k=1

Any solution 7(61, 02, . . .0,) will do the job.

5) Introduce ¢ = (@) in this expression, say, for instance ¢, = 6, (¢, 02, . . .6,), and the corresponding
Jacobian J(t,6s,...6,). Then we get the prior for the parameter ¢ of interest and the nuisance
parameters 0o, . . .0, that, eventually, will be integrated out.

Example 3.15: Consider two independent random quantities X; and X5 such that
P(X; = ny) = Po(ng|pi)- (563)

We are interested in the parameter ¢ = p1 /1o 0 setting pr = po we have the ordered parameterization {¢, u}. The
joint probability is

ny , ne
P(ni,n , = P(n P(n = e_(/“—"/m) o W 564
(n1, n2lpa, p2) (n1|p1) P(na|p2) Tl + Dl + 1) (564)
from which we get the Fisher’s matrix
1/p 0 -1 u1 0
Iz, = d I , = 565
(,LL1 :LLQ) < 0 1//’62 > an (/‘Ll /“LQ) < 0 o ( )

We are interested in the parameter ¢ = 1 /2, a twice continuous and differentiable function of the param-
eters, so

ot ot \" _ T -
Vt(/’tl7/”/2) = (a‘ul7 aHQ) = (u217 — 1o 2) = ( _512M52 ) (566)
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Therefore:
-1
'y, = ( e ) S=vI1'y, = /“(/‘;;W) (567)
v, < (nap2)? (1 + po) =2 )
- = 568
T TV T\ ) s+ ) oy

so that n” Iy = 1. The probability matching prior for the parameter t = j11 /o in terms of p; and ps is given by
the equation:

S ) = 0 (569)

50, if f(p1, p2) = (uap2)?(p1 + p2)~ /2, we have to solve

0 0
o (po1, p2) w(pas p2) = %f(uhuz)ﬂ(m,uz) (570)

Any solution will do so:

V1t 2

(1, p2) o< fH (s p2) = == D (571)
Substituting ;13 = tuo and including the Jacobian J = uo we have finally:
14+t
m(t, p2) o< /2 5 (572)
The posterior density will be:
Plt. ol mz) o plny, mat ua)(t, rg) ox e 2L B =172 (1 g 172 82 (573)

and, integrating the nuisance parameter 1€ [0, 00), we get the posterior density:

tn1—1/2
with N~1 = B(ny +1/2,n2 + 1/2).
Example 3.16: Gamma distribution. Show that for Ga(z|«, 3):
aﬁ —azx ,,f—1
p(a:\a,ﬂ) = F(ﬁ) € T 1(0,00)(x) (575)

the probability matching prior for the ordering
« {Ba}isw(a,B) = 572 [a~t /BU(B) — 1|
o {a,B}is7(0,8) = [a ' VW) BU(H) — 1

to be compared with Jeffrey’s prior 73 (o, 3) = a~'1/BY’(3) — 1 and Jeffrey’s prior when both parameters are
treated individually 7{,; (o, B) = a~ 1/ W’(B)

Example 3.17: Bivariate Normal Distribution.

For the ordered parameterization p, oy, o2: the Fisher’s matrix (see example 3.12) is:

Q+p)A=-p)"" —poit —poy
I(p,01,00) = (1-p)~" —001_1 (2-p*o;? —02(0102);1 (576)
—poy —p(o1o2)” (2 pP)oy

259



C. MANA

and the inverse:

1 20=p)2 o1p(1=p?) o2p(1—p?)
I_l(p, 01,09) = 3 o1p(1 — p?) o? p2o109 (577)
_ 52 2 2
oap(1 — p?) p°o109 o3
Then
20 0 0
2 2 (1 — o2 —_ — =0 578
pap[ﬂ( p)| + 801[7“71] + 802[W02] (578)
for which
(01,02,p) = (579)
w(o1,0 =
1,02, P 0_10_2<1_p2>
is a solution.
Problem 3.6: Consider
sinh[o(b — a)] 1
X~ b = 1._ 580
p(zla;b,0) 2(b—a)  coshlo(z — a)]cosh[o(b — z)] ¢ 0,00) () (580)
where a < beR and 0€(0, 00). Show that
_b+a ~(b—a)? w2
E[X] = 5 and Viz] = 5 T 1202 (581)

and that, for known ¢ >>, the probability matching prior for a and b tends to m,,,(a,b)~(b — a)~'/2. Show
also that, under the same limit, 7, (6)~6~1/2 for (a,b) = (=6, 6) and (a,b) = (0,6). Since p(z|a,b,o) =5

Un(z|a,b) discuss in this last case what is the difference with the example 3.4.

3.6.7 Reference Analysis

The expected amount of information ( Expected Mutual Information) on the parameter # provided by k
independent observations of the model p(x|#) relative to the prior knowledge on € described by 7(#) is

Ie(k), 7(6)] = /@ (6) do /Q (24]6) Tog pf(‘;)’“)dzk (582)

where z;, = {x1,...,X;}. If limg_,o I [e(k), m(0)] exists, it will quantify the maximum amount of
information that we could obtain on 6 from experiments described by this model relative to the prior
knowledge 7(f). The central idea of the reference analysis [?], [?] is to take as reference prior for
the the model p(x|#) that which maximizes the maximum amount of information we may get so it
will be the less informative for this model. From Calculus of Variations, if we introduce the prior
7*(0) = 7(6) + en(f) with () an extremal of the expected information I [e(k), ()] and n(f) such
that

/ ~(0)d0 = / PO =1 — / 0(0)d6 = 0 (583)
S S o
it is it is easy to see (left as exercise) that
w0) o< exp{ [ p(aul6) g pl6lam) | = 46) (584)
X

This is a nice but complicated implicit equation because, on the one hand, fx () depends on 7(6) through
the posterior p(f|zy) and, on the other hand, the limit k—oc is usually divergent (intuitively, the more
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precision we want for 6, the more information is needed and to know the actual value from the experiment
requires an infinite amount of information). This can be circumvented regularizing the expression as

. fx(6)
m(0) o< m(0o) lim =53

with 6y any interior point of © (we are used to that in particle physics!). Let’s see some examples.

(585)

Example 3.18: Consider again the exponential model for whicht = n~" >""" | z; is sufficient for § and distributed
as

p(t|o) = t" 1 exp{—nft} (586)

Taking 7(6) = 1(9,00)(6) we have the proper postetior

(nt)ntl

R YO

exp {—nft} 0" (587)

Then log m*(0|t) = —(n@)t + nlogh + (n+ 1)logt + g1(n) and

fn(0) = exp{/Q p(t|0) log 7 (0]t) dt} = ggén) —  7(0) x 7(6o) nh_}rrgo JZZL((;Q)) x % (588)

Example 3.19: Prior functions depend on the particular model we are treating. To learn about a parameter, we
can do different experimental designs that respond to different models and, even though the parameter is the same,
they may have different priors. For instance, we may be interested in the acceptance; the probability to accept an
event under some conditions. For this, we can generate for instance a sample of N observed events and see how
many (x) pass the conditions. This experimental design corresponds to a Binomial distribution

p(z|N,0) = ( ];f ) 0" (1—0)N " (589)

with z = {0,1,..., N}. For this model, the reference prior (also Jeffrey’s and PM) is 7(0) = 6~ 1/2(1 — §)~1/2
and the posterior ~Be(0|z + 1/2, N — x + 1/2). Conversely, we can generate events until r are accepted and
see how many (x) have we generated. This experimental design corresponds to a Negative Binomial distribution

plalrd) = (1] )0 -op (590)

where 2 = r,r + 1,...and r > 1. For this model, the reference prior (Jeffrey’s and PM too) is w(6) = 0~ (1 —
6)~'/2 and the posterior O~ Be(f|r,z — r + 1/2).

Problem 3.7: Consider

1) X ~ Po(x|0) = CXp{—ﬂ}ﬁ and the experiment e(k) ¢ {1, 25, ... 24} Take 7*(0) = 1(0,50)(0).

and show that

fk(a) o 0—1/2

m(0) x m(fp) lim 591

( ) ( 0) s 00 fk(eo) ( )

2) X ~ Bi(z|N,0) = ( ];] ) 6% (1 — 0)V~=* and the experiment e(k) il {1,22,...2,}. Take
T (0)x0* (1 — 6)°"1(9 1)(6) with a, b > 0 and show that

7(6) x m(6) lim fel0) 9=1/2(1 — )1/ (592)

k—oo fr(60)
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(Hint: For 1) and 2) consider the Taylor expansion of logT'(z, -) around E/[z] and the asymptotic behavior of the
Polygamma Function U™ (2) = a, 2™ 4 ap 12~ "D 4 ).

3) X ~Un(x|0,0) and the iid sample {x1, 2, ...x)}. For inferences on 6, show that f;, = 6~ 'g(k) and in
consequence the posterior is Pareto Pa(0|x s, n) with zp; = max{x1, xs, ...z} the sufficient statistic.

A very useful constructive theorem to obtain the reference prior is given in [?]. First, a permissi-
ble prior for the model p(x|€) is defined as a strictly positive function 7(#) such that it renders a proper
posterior; that is,

VeeQx /p(x\@)ﬂ(ﬁ) df < oo (593)
S}

and that for some approximating sequence O, CO; limy_ .., ©r = O, the sequence of posteriors
pr(0]x)xp(x|0)mL(0) converges logarithmically to p(0|x)ocp(x|6)7(0). Then, the reference prior is
just a permissible prior that maximizes the maximum amount of information the experiment can pro-
vide for the parameter. The constructive procedure for a one-dimensional parameter consists on:

1) Take 7*(6) as a continuous strictly positive function such that the corresponding posterior

0) (0
W*(0|Zk) _ p(zk| )71' ( )
Jo p(zk|0) w(6) do
is proper and asymptotically consistent. 7*(6) is arbitrary so it can be taken for convenience to
simplify the integrals.
2) Obtain

(594)

o) = exp{/ﬂx p(z1|0) log ﬂ*(&\zk)dzk} and  hy(0;6p) = ]‘% (595)

~—

for any interior point fp€0O;
3) If
3.1) each f(0) is continuous;
3.2) for any fixed 0 and large k, is hx(0; 6p) is either monotonic in k or bounded from above by
h(6) that is integrable on any compact set;
3.3) w(0) = limy_,o0 hi(0;6p) is a permissible prior function

then 7(0) is a reference prior for the model p(x|6). It is important to note that there is no requirement
on the existence of the Fisher’s information I(#). If it exists, a simple Taylor expansion of the densities
shows that for a one-dimensional parameter 7(6) = [I(6)]/? in consistency with Jeffrey’s proposal.
Usually, the last is easier to evaluate but not always as we shall see.

In many cases supp(#) is unbounded and the prior () is not a propper density. As we have seen
this is not a problem as long as the posterior p(6|z)xp(zy|0)m(0) is propper although, in any case, one
can proceed "more formally" considering a sequence of proper priors 7, (6) defined on a sequence of
compact sets ©,,CO such that lim,,, ., ©,, = © and taking the limit of the corresponding sequence
of posteriors pp,(0|zx)xp(zk|0)mm(0). Usually simple sequences as for example ©,, = [1/m,m];
limy, 500 O = (0, 00), or O, = [—m, m]; limy, 00 O, = (—00, 00) will suffice.

When the parameter 6 is n-dimensional, the procedure is more laborious. First, one starts [?]
arranging the parameters in decreasing order of importance {01, 6, . . ., 0,,} (as we did for the Probability
Matching Priors) and then follow the previous scheme to obtain the conditional prior functions

7(0n]01, 02, - . 0p1) T(On_1|01, 02, . . ., Ors) - - - (6a]01) 7(61) (596)

For instance in the case of two parameters and the ordered parameterization {6, A}:
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1) Get the conditional 7 (\|) as the reference prior for A keeping 6 fixed;
2) Find the marginal model

p(x10) = [ plxlp, ) w(N6) dx (597)
@
3) Get the reference prior 7(6) from the marginal model p(x|6)

Then 7(0, \)oxm(A|@)7(6). This is fine if 7(A|f) and 7 () are propper functions; seldom the case.
Otherwise one has to define the appropriate sequence of compact sets observing, among other things,
that this has to be done for the full parameter space and usually the limits depend on the parameters.

Suppose that we have the sequence ©; x A; 2% @ x A. Then:

1) Obtain m;(A|0):
(Zk|9 /\) *(/\\9)

F(A10) 1A, (A (A6,
: fk()\\/\zﬁ )
—  mi(A]0 lim f————= 598
IO = B8, 5 ol .. o7
2) Get the marginal density p;(x|0):
plxl6) = [ p(xl6.0) m(N6) i (599)
3) Determine 7;(6):
. (Zk|9) *(9) R i CICT
77 (0)1e,(0) — 7 (0|2 — mi(0) = lim 600
4) The reference prior for the ordered parameterization {6, A} will be:
7(0,)) = lim A9 mi(0) (601)

1—00 7T2()\0|90) 7Tz(00)

In the case of two parameters, if A is independent of € the Fisher’s matrix usually exists and, if
1(0,\) and S(6,\) = I71(6, \) are such that:

Ioo(0,)) = af(0)b3(N)  and  S11(0,\) = ay2(0) by () (602)

then [?] 7(0,\) = 7(A|@)7(0) = ap(f) b1(N) is a permissible prior even if the conditional reference
priors are not proper. The reference priors are usually probability matching priors.

Example 3.20: A simple example is the Multinomial distribution X~Mn(x|0) with dimX = k + 1 and proba-
bility

k
p(x|0) o 017 0572 - 0"k (1 — &) 7+ 0k =0, (603)

Consider the ordered parameterization {61, 02, ..., 0;}. Then
7(01,02,...,0k) = T(Ok|Ok—1,0k—2...02,01) T(Op_1|0k—2...02,01) --- w(02]01) w(61) (604)

In this case, all the conditional densities are proper

T(Om|Omt, . .. 01) <O Y2 (1 = 6,,) /2 (605)
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and therefore
k
w(01,02,... ) o [ 072 (1 —6;)7"/? (606)
1=1

The posterior density will be then

k
p(Ox) oc [T 052 (1= 0) 72| (1= d)™+ (607)
=1

Example 3.21: Consider again the case of two independent Poisson distributed random quantities X; and Xo
with joint density density
Py

P(n1,nali, p2) = P(nalpn) P(nalus) = e~ 1+ 12) (608)

We are interested in the parameter 6 = p /9 so setting = po we have the ordered parameterization {6, u} and:

07’7,1 ,LLn

P 0.) = ¢—1(1+0)
(n17n2| 7.[14) € F(n1+1)F(n2+1)

(609)

where n = ny + ns. Since F[X1] = g1 = 0p and E[X5] = po = p the Fisher’s matrix and its inverse will be

1(“/9 1 >; det(I) = =1 and 51—1(9(1+9)/” _f> 610)

L (1+0)/p —0
Therefore
Si1 = 9(1+9)/M and Foy = (1+9)/M (611)
and, in consequence:
- Vi 1/2 V1446
m(0) fr(p) < S = Y (1) f2(0) o Fi{? = (612)
il st = s (l6) £20) < Faf* = 2
Thus, we have for the ordered parameterization {6, 1} the reference prior:
1
(0, 1) = 7(p|f) 7(0) X — (613)
uh(1+6)
and the posterior density will be:
PO, pna,ng) o exp{—pu(1+6)} 0™ V2 (140)" 12t/ (614)
and, integrating the nuisance parameter u€[0, oo) we get finally
9n1—1/2
0 =N-—— 615
p( |’I’L]_,’I’LQ> (1 +9)n+l ( )
with 6 = i1 /p2, n = ny +ng and N=! = B(ny + 1/2,ny + 1/2). The distribution function will be:
0
P(9|TL1,77,2) = / p(0,|7'l,1,712) d@’ = I(H/(l + 9), ny + 1/2,712 + 1/2) (616)
0
with I(x; a, b) the Incomplete Beta Function and the moments, when they exist;
r 1/2 r 1/2 —

T(ni + 1/2)D(ns + 1/2)
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It is interesting to look at the problem from a different point of view. Consider again the ordered parame-
terization {0, A} with & = 111 /s but now, the nuisance parameter is A = p; + po. The likelihood will be:
1 ) o™

)M+ a+or 618)

P(”17ﬂ2|97>\) =

The domains are © = (0, 00) and A = (0, 00), independent. Thus, no need to specify the prior for A since

p(Oln1, n2) o< (6) (19+9) /A e "M A(A)dA o (19+9) m(6) 619)
In this case we have that
1(0) x _ — 7(f) = __ (620)
0 (1+06)? 0172 (1 +0)
and, in consequence,
gri—1/2
p(fln1,n2) = NW (621)

Problem 3.8: Show that the reference prior for the Pareto distribution Pa(z|0,x¢) (see example 3.9) is
(6, z0)x(0z) " and that for an iid sample x = {z1,...,x,}, if z,, = min{z;}!"; anda = Y., In(z;/z,,)
the posterior

n—1

nf—1
na —ab pn— Zo
p(@,x0|x) = me 0 1 <%> 1(0,00)(9)1(0,30,”)(-730) (622)

is proper for a sample size n > 1. Obtain the marginal densities

an—l

pOx) = me—a@e’@—?l(o,m)(e) and (623)
(wolx) = =D oafy my (Em " (o) (624)
p(To - a 0 a Zo (0,2:) 0

and show that for large n (see section 10.2) E[f]~na~! and E[zo]~x,.

Problem 3.9: Show that for the shifted Pareto distribution (Lomax distribution):

_ 0 ro \"" ) +
P($|9,9€0) - ;0 T+ 7o 1(0,oo)<x) ) 9,1’0€R (625)

the reference prior for the ordered parameterization {6, zo} is 7,.(6,z0) o (2of(6 + 1))~! and for {x¢, 6} is
7(20,0) o< (z90) 1. Show that the first one is a first order probability matching prior while the second is not. In
fact, show that for {z¢, 8}, Tpm (20,60) o< (£00%/%/0 +2)~! is a matching prior and that for both orderings the

Jeffrey’s prior is 77 (6, z0) o< (wo(0 + 1)\/0(0 +2))~L.
Problem 3.10: Show that for the Weibull distribution

p(z|a, B) = af 2’ Lexp {—amﬁ} 1(0,00) () (626)

with a, 8 > 0, the reference prior functions are

(B, ) = (af)™? and m(a, B) = (aﬁ\/§(2) + (¥(2) —In a)2>_1 (627)

for the ordered parameterizations {3, a} and {a, 3} respectively being ((2) = 72 /6 the Riemann Zeta Function
and ¢(2) = 1 — ~ the Digamma Function.
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3.7 Hierarchical Structures

In many circumstances, even though the experimental observations respond to the same phenomena it
is not always possible to consider the full set of observations as an exchangeable sequence but rather
exchangeability within subgroups of observations. As stated earlier, this may be the case when the
results come from different experiments or when, within the same experiment, data taking conditions
(acceptances, efficiencies,...) change from run to run. A similar situation holds, for instance, for the
results of responses under a drug performed at different hospitals when the underlying conditions of the
population vary between zones, countries,... In general, we shall have different groups of observations

x1 = {711,721, ., Tny1}

Xj = {l‘lj,ﬂj‘gj,...,ibn].j}

x; = {1,227, Tn,u}
from J experiments e1(n1), e2(n2), . . ., e;(ns). Within each sample x;, we can consider that exchange-
ability holds and also for the sets of observations {x1,X2,...,xs} In this case, it is appropriate to

consider hierarchical structures.

Let’s suppose that for each experiment e(j) the observations are drawn from the model
p(x;l0;) i=12...,J (628)

Since the experiments are independent we assume that the parameters of the sequence {61, 62, ...,0;}
are exchangeable and that, although different, they can be assumed to have a common origin since they
respond to the same phenomena. Thus,we can set

J

p(01, 02, ..., 0519) = ] p(6il®) (629)

i=1
with ¢ the hyperparameters for which we take a prior 7(¢). Then we have the structure (see figure ??)

J

p(le" 'aXJ7917"'70J7¢) = 7T(¢) H p(xzwz)ﬂ(ez’@ (630)

i=1

This structure can be repeated sequentially if we consider appropriate to assign a prior 7(¢|7) to the
hyperparameters ¢ so that

p(x,0,¢,7) = p(x|0) 7(0]|p) m(¢|) 7(T) (631)

Now, consider the model p(x, 6, ¢). We may be interested in 6, in the hyperparameters ¢ or in
both. In general we shall need the conditional densities:

. p($]z) o p(o) / p(10) p(0]) 6 (632)
. o d) — p(0,x, d) an

p(Olz, ) = @) d (633)
. o) o p(l6)

p0f) = ZEE o) = L2 [ 010)p(0) do (©34)
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0, B, e 0. O
vy vy
) D - Xoq Xm

Fig. 8: Structure of the hierarchical model.

that can be expressed as

_ [p(=z6,9) . -
o) = [PE2 g — [ piole. d)plole) o (635)
and, since
. p(Plz)
0fz) = p(alo) [ piele) 5O s (636)
we can finally write
2 ;‘?;U‘g’) = p(6]9) ZEQ = p(0lg) Eiﬂz; (637)

In general, this conditional densities have complicated expressions and we shall use Monte Carlo
methods to proceed (see Gibbs Sampling, example 4.15, in section 3).

It is important to note that if the prior distributions are not proper we can have improper marginal
and posterior densities that obviously have no meaning in the inferential process. Usually, conditional
densities are better behaved but, in any case, we have to check that this is so. In general, the better
behaved is the likelihood the wildest behavior we can accept for the prior functions. We can also used
prior distributions that are a mixture of proper distributions:

pBlp) = > wipi(6]e) (638)

with w; >0 and > w; = 1 so that the combination is convex and we assure that it is proper density or,
extending this to a continuous mixture:

p(6]) = / w(o) p(8l. o) do (639)

3.8 Priors for discrete parameters

So far we have discussed parameters with continuous support but in some cases it is either finite or
countable. If the parameter of interest can take only a finite set of n possible values, the reasonable
option for an uninformative prior is a Discrete Uniform Probability P(X = z;) = 1/n. In fact,
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maximizing the expected information provided by the experiment with the normalization constraint (i.e.
the probability distribution for which the prior knowledge is minimal) drives to P(X = z;) = 1/nin
accordance with the Principle of Insufficient Reason.

Even though finite discrete parameter spaces are either the most usual case we shall have to deal
with or, at least, a sufficiently good approximation for the real situation, it may happen that a non-
informative prior is not the most appropriate (see example 3.22). On the other hand, if the the parameter
takes values on a countable set the problem is more involved. A possible way out is to devise a hierar-
chical structure in which we assign the discrete parameter 6 a prior 7(6|\) with A a set of continuous
hyperparameters. Then, since

=Y p(xlO)w(91N) w(A) = p(x|A) w(N) (640)

0cO

we get the prior 7w(\) by any of the previous procedures for continuous parameters with the model p(x|\)
and obtain

m(0) / m(OIN) () dA (641)
A
Different procedures are presented and discussed in [?].

Example 3.22: The absolute value of the electric charge (Z) of a particle is to be determined from the number
of photons observed by a Cherenkov Counter. We know from test beam studies and Monte Carlo simulations that
the number of observed photons 7., produced by a particle of charge Z is well described by a Poisson distribution
with parameter 1 = ngZ?; that is

ngz? (M0Z%)™

T(n, +1) (642)

P(nylng, Z) = e
so E[ny|Z = 1] = no. First, by physics considerations Z has a finite support Q0 = {1,2,...,n}. Second, we
know a priory that not all incoming nuclei are equally likely so a non-informative prior may not be the best
choice. In any case, a discrete uniform prior will give the posterior:

e~ "o k2 k’2"’Y

‘ (643)
ZZ:l e~ "0 k2 ‘1€2n,Y

P(Z = k|ny,ng,n) =

3.9 Constrains on parameters and priors

Consider a parametric model p(x|#) and the prior m(6). Now we have some information on the param-
eters that we want to include in the prior. Typically we shall have say & constraints of the form

/gi(G)W(ﬁ) g = a; ; i=1,..,k (644)
©

Then, we have to find the prior 7(6) for which 7 () is the best approximation, in the Kullback-Leibler
sense, including the constraints with the corresponding Lagrange multipliers A;; that is, the extremal of

F = / log d9 + Z Ai < / )m(0)dh — ai) (645)

Again, it is left as an exercise to show that from Calculus of Variations we have the well known solution

k
7(0) o mo(0) exp{d" Ngi(®)}  where A /@ i (0) (0)d0 = a; (646)
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Quite frequently we are forced to include constraints on the support of the parameters: some
are non-negative (masses, energies, momentum, life-times,...), some are bounded in (0,1) (8 = v/e,
efficiencies, acceptances,...),... At least from a formal point of view, to account for constraints on the
support is a trivial problem. Consider the model p(x|6) with €0, and a reference prior 7y(6). Then,
our inferences on 6 shall be based on the posterior
p(x0) m0(0)

PR = 18 mo(6) dB (47

Now, if we require that /c©CO( we define

0n(0) = 16(0) — [ g(0)7(6)do = / 2(0)d) = 1— ¢ (648)
[SH) (€]

w0) = 16:(0) — | g:(0)7(0)d0 = / (0)do = ¢ (649)
SN} e

and in the limit ¢ — 0 we have the restricted reference prior

__ m(0)
Jo mo(6) db

as we have obviously expected. Therefore

p|)7(0) _  p]d) mo(0)
Jo p(|0)m(0)do [ p(x|0)mo(6)d6

that is, the same initial expression but normalized in the domain of interest O.

m(0) 1e(0) (650)

p(0]x,0€0) =

1o(0) (651)

3.10 Decision Problems

Even though all the information we have on the parameters of relevance is contained in the posterior
density it is interesting, as we saw in section 1, to explicit some particular values that characterize the
probability distribution. This certainly entails a considerable and unnecessary reduction of the available
information but in the end, quoting Lord Kelvin, “.. when you cannot express it in numbers, your
knowledge is of a meager and unsatisfactory kind”. In statistics, to specify a particular value of the
parameter is termed Point Estimation and can be formulated in the framework of Decision Theory.

In general, Decision Theory studies how to choose the optimal action among several possible
alternatives based on what has been experimentally observed. Given a particular problem, we have to
explicit the set €y of the possible "states of nature”, the set {2x of the possible experimental outcomes
and the set €2 4 of the possible actions we can take. Imagine, for instance, that we do a test on an individual
suspected to have some disease for which the medical treatment has some potentially dangerous collateral
effects. Then, we have:

Q9 = {healthy, sic}
Qx
Q4 = {apply treatment, do not apply treatment}

{ test positive, test negative}

Or, for instance, a detector that provides within some accuracy the momentum (p) and the velocity (3) of
charged particles. If we want to assign an hypothesis for the mass of the particle we have that Qg = R
is the set of all possible states of nature (all possible values of the mass), {2x the set of experimental
observations (the momentum and the velocity) and {24 the set of all possible actions that we can take
(assign one or other value for the mass). In this case, we shall take a decision based on the probability

density p(m|p, B).
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Obviously, unless we are in a state of absolute certainty we can not take an action without potential
losses. Based on the observed experimental outcomes, we can for instance assign the particle a mass m;
when the true state of nature is ms7#m; or consider that the individual is healthy when is actually sic.
Thus, the first element of Decision Theory is the Loss Function:

I(a,0) : (0,a)€Qyx Qs — RT+{0} (652)

This is a non-negative function, defined for all §€€2y and the set of possible actions a€f2 4, that quantifies
the loss associated to take the action a (decide for a) when the state of nature is 6.

Obviously, we do not have a perfect knowledge of the state of nature; what we know comes from
the observed data x and is contained in the posterior distribution p(#|x). Therefore, we define the Risk
Function ( risk associated to take the action a, or decide for a when we have observed the data x) as the
expected value of the Loss Function:

R(alz) = Egli(a.)] = /Q I(a,0) p(6|z) dO 653)

Sound enough, the Bayesian decision criteria consists on taking the action a(x) ( Bayesian action)
that minimizes the risk R(a|x) ( minimum risk); that is, that minimizes the expected loss under the
posterior density function >*. Then, we shall encounter to kinds of problems:

e inferential problems, where 24 = R y a(x) is a statistic that we shall take as estimator of the
parameter 0;

e decision problems (or hypothesis testing) where 24 = { accept, reject} or choose one among a
set of hypothesis.

Obviously, the actions depend on the loss function (that we have to specify) and on the posterior density
and, therefore, on the data through the model p(x|#) and the prior function 7(#). It is then possible
that, for a particular model, two different loss functions drive to the same decision or that the same loss
function, depending on the prior, take to different actions.

3.10.1 Hypothesis Testing
Consider the case where we have to choose between two exclusive and exhaustive hypothesis H; and
Hy(= H;°). From the data sample and our prior beliefs we have the posterior probabilities

P( data) ’

P(H;| data) = i=1,2 (654)

and the actions to be taken are then:
a1: action to take if we decide upon H;
as: action to take if we decide upon H>

Then, we define the loss function [(a;, H;); i,7 = 1,2 as:

2The problems studied by Decision Theory can be addressed from the point of view of Game Theory. In this case, instead
of Loss Functions one works with Utility Functions u(6, &) that, in essence, are nothing else but u(6,a) = K — [(0,a)>0;
it is just matter of personal optimism to work with "utilities" or "losses". J. Von Neumann and O. Morgenstern introduced in
1944 the idea of expected utility and the criteria to take as optimal action hat which maximizes the expected utility.
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li1=199=0 if we make the correct choice; that is, if we
take action a; when the state of nature is H;
or ag when it is Ho;

Ia;|H;) = li12 >0 if we take action a; (decide upon H;) when
the state of nature is Ho

o1 >0 if we take action ao (decide upon Hs) when
the state of nature is H;

so the risk function will be:

2
R(a;| data) = I(a;| H;) P(H,| data) (655)
7=1
that is:
R(a1| data) = I P(H1| data) + 119 P(HQ‘ data) (656)
R(CLQ’ data) = Iy P(Hl‘ data) + oo P(HQ‘ data) (657)

and, according to the minimum Bayesian risk, we shall choose the hypothesis H; (action ay) if
R(al\ data) < R(CL2| data) — P(Hl‘ data) (l11 — l21) < P(HQ‘ data) (122 — l12) (658)

Since we have chosen 17 = lo2 = 0 in this particular case, we shall take action a; (decide for hypothesis
Hy) if:
P(H1| data) l12

> — 659
P(H2| data) Io1 ( )
or action as (decide in favor of hypothesis H>) if:

P(HQ’ data) lo1
R dat R dat —_— - 660
(ag, data) < R(aj, data) — P | data) > Iy (660)

that is, we take action a; (i = 1, 2) if:

P(H;| data) [ P(data|H;)]| [ P(H;) - lij 661)
P(Hj| data) | P(data|H;)| | P(H;) Lj;
The ratio of likelihoods
P( data| H;)
Bij = ——7—++ 662
J P( data|Hj) ( )

is called Bayes Factor B;; and changes our prior beliefs on the two alternative hypothesis based on the
evidence we have from the data; that is, quantifies how strongly data favors one model over the other.
Thus, we shall decide in favor of hypothesis H; against H; (i, j = 1, 2) if

P(H;| data) _ 1 P(H;) lij

P(Hj|data) o lji - iz P(Hl) lji

(663)

If we consider the same loss if we decide upon the wrong hypothesis whatever it be, we have 19 = l2;
(Zero-One Loss Function). In general, we shall be interested in testing:
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1) Two simple hypothesis, H; vs Ho, for which the models M; = { X ~p;(x|6;)}; i = 1,2 are fully
specified including the values of the parameters (that is, ©; = {6;}). In this case, the Bayes Factor
will be given by the ratio of likelihoods

pl(x‘él) ( p(x|61))
B = — u Ilall 664

The classical Bayes Factor is the ratio of the likelihoods for the two competing models evaluated
at their respective maximumes.

2) A simple (H;) vs a composite hypothesis H, for which the parameters of the model My =
{X ~pa(x|62)} have support on O2. Then we have to average the likelihood under H» and

Biy — p1(x[01)

" Jo, p2(x[0)m2(6)d6 (665)

3) Two composite hypothesis: in which the models M; and M5 have parameters that are not speci-
fied by the hypothesis so

fel p1(x[01)m1(61)d61

Bio =
12 f@2 pg(X‘@g)ﬂ'g(@g)d@g

(666)

and, since P(H| data) + P(H;| data) = 1, we can express the posterior probability P(H;| data) as

By P(Hy)

P(H,| data) = P(H3) + B2 P(Hy)

(667)

Usually, we consider equal prior probabilities for the two hypothesis (P(Hy1) = P(Hs) = 1/2) but be
aware that in some cases this may not be a realistic assumption.

Bayes Factors are independent of the prior beliefs on the hypothesis (P(H;)) but, when we have
composite hypothesis, we average the likelihood with a prior and if it is an improper function they are
not well defined. If we have prior knowledge about the parameters, we may take informative priors
that are proper but this is not always the case. One possible way out is to consider sufficiently general
proper priors (conjugated priors for instance) so the Bayes factors are well defined and then study what
is the sensitivity for different reasonable values of the hyperparameters. A more practical and interesting
approach to avoid the indeterminacy due to improper priors [?], [?] is to take a subset of the observed
sample to render a proper posterior (with, for instance, reference priors) and use that as proper prior
density to compute the Bayes Factor with the remaining sample. Thus, if the sample x = {x1,..., 2}
consists on iid observations, we may consider x = {x1, X2} and, with the reference prior (), obtain
the proper posterior

m(0)x1) = p(xa|0) 7(0) (668)

N f@ p(x1|0) 7(6) db

The remaining subsample (x2) is then used to compute the partial Bayes Factor 2*:

Bia(xa|x1)

Jo, P1(x261) 71 (61]x21) 6y <: BE(x1,%3) ) (669)

- fe2 pg(Xg’Gg) 7T2(92‘X1) d92 BF(Xl)
for the hypothesis testing. Berger and Pericchi propose to use the minimal amount of data needed to

specify a proper prior (usually max{ dim(6;)}) so as to leave most of the sample for the model testing
and dilute the dependence on a particular election of the training sample evaluating the Bayes Factors

B Essentially, the ratio of the predictive inferences for x» after x; has been observed.
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with all possible minimal samples and choosing the truncated mean, the geometric mean or the median,
less sensitive to outliers, as a characteristic value (see example 3.24). A thorough analysis of Bayes
Factors, with its caveats and advantages, is given in [?].

A different alternative to quantify the evidence in favour of a particular model that avoids the need
of the prior specification and is easy to evaluate is the Schwarz criteria [?] (or "Bayes Information Cri-
terion (BIC)"). The rationale is the following. Consider a sample x = {z1, ..., 2, } and two alternative
hypothesis for the models M; = {p;(x|6;); dim(0;) = d;}; i = 1,2. Under the appropriate conditions
we can approximate the likelihood as

d d
Mmmm%m@{;ZEN%ﬁmwm@h%—%& (670)

k=1m=1

so taking a uniform prior for the parameters 6, reasonable in the region where the likelihood is dominant,
we can approximate

ﬂw:3Lmeﬂmw:MM®@meﬂmm@m*” (671)

and, ignoring terms that are bounded as n— o0, define the BIC(M;) for the model M; as
2In J;j(x)~BIC(M;) = 2 1n pl(x@) —d;Inn (672)

SO:

o~

By~ PLXIOD @de AL —9mBL~2n (pl(x@)

— (dy — do)1 673
pQ(x|02)> (di —do)Inn  (673)

and therefore, larger values of A1y = BIC(M;) — BIC(Ms>) indicate a preference for the hypothesis
H (M) against Hy(M>) being commonly accepted that for values grater than 6 the evidence is "strong”
2+ although, in some cases, it is worth to study the behaviour with a Monte Carlo sampling. Note that the
last term penalises models with larger number of parameters and that this quantification is sound when
the sample size n is much larger than the dimensions d; of the parameters.

Example 3.23: Suppose that from the information provided by a detector we estimate the mass of an incoming

particle and we want to decide upon the two exclusive and alternative hypothesis H; (particle of type 1) and
Hy(= H;°) (particle of type 2). We know from calibration data and Monte Carlo simulations that the mass
distributions for both hypothesis are, to a very good approximation, Normal with means m; and my variances o3
and o3 respectively. Then for an observed value of the mass mg we have:

H N — 2 — 2
Buy — p(mo|Hi) _ (mo|ma,o1) _ 92 {(mo 2mg) B (mo 2ml) } 674)
p(mo|Hs) N(mg|ma, o2) o1 203 207
Taking (l12 = la1;111 = la2 = 0), the Bayesian decision criteria in favor of the hypothesis H is:
P(H,) P(H3)
B — InB 1 675
2 = B R T07 (675)
Thus,we have a critical value m, of the mass:
P(HQ) g1
2 2 2 2 2 _ 2
c — — ¢ — =2 1 —_— 676
o1” (m ma) o2” (m my) o1 09° In (P(Hl) . (676)

such that, if mg < m,. we decide in favor of H; and for Hy otherwise. In the case that 01 = 09 and P(H;) =
P(Hy), then m, = (my + mg)/2. This, however, may be a quite unrealistic assumption for if P(H;) > P(Hs),
it may be more likely that the event is of type 1 being B2 < 1.

2If P(H,) = P(H,) = 1/2, then P(H;| data) = 0.95 — Bis = 19 — A;226.
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Example 3.24: Suppose we have an iid sample x = {x1,...,2,} of size n with X~ = N(x|u, 1) and the two
hypothesis H; = {N(z|0,1)} and Hy = {N(z|u, 1); u£0}. Let us take {x;} as the minimum sample and, with
the usual constant prior, consider the proper posterior

1 2
m(pl|z;) = — exp{—(u —x;)°/2 677
(ufr) = = exp{~(n — z?/2) (677
that we use as a prior for the rest of the sample x’ = {x1,...,2;-1,%i41,...,2n}. Then
P(Hy|x',x;) . P(Hy)
— < = 678
P,z 220 B, (678)
where
/
0
Bis(i) = p(x'j0) = n'/? exp{—(nT? — 22)/2} (679)

T P ) () dps

andT =n"' Y }_, ). To avoid the effect that a particular choice of the minimal sample ({z;}) may have, this is
evaluated for all possible minimal samples and the median (or the geometric mean) of all the B;5 (i) is taken. Since
P(H,|x) + P(Hz|x) = 1, if we assign equal prior probabilities to the two hypothesis (P(H;) = P(Hs) = 1/2)
we have that

By
1+ Bia
is the posterior probability that quantifies the evidence in favor of the hypothesis ;. It is left as an exercise to

compare the Bayes Factor obtained from the geometric mean with what you would get if you were to take a proper
prior 7(p|o) = N (0, 0).

P(Hy|x) = = (14 072 {7 — meafa?))/2)) (680)

Problem 3.11: Suppose we have n observations (independent, under the same experimental conditions,...) of en-
ergies or decay time of particles above a certain known threshold and we want to test the evidence of an exponential
fall against a power law. Consider then a sample x = {1, ..., z,} of observations with supp(X) = (1,00) and
the two models

M : pi(2]0) = Oexp{—0(x — 1)}1(1 o0)(T) and My : po(z]|a) = oza:f(aﬂ)l(lm)(x) (681)

that is, Exponential and Pareto with unknown parameters 6 and «. Show that for the minimal sample {x;} and
reference priors, the Bayes Factor By5(%) is given by
0)

vy Inz,\" (2 —1 pi(x x;—1
Bia(i) = | —=—" : = : 682
12(9) ( T—1 ) (xl lnxi> pa(x|@) (xl lnxi) (682)

where (T, z,) are the arithmetic and geometric sample means and (6, @) the values that maximize the likelihoods

and therefore
1 " ,— 1"
med{B12(i)}", = <w> med{ } (683)

T—1 zilnz; ),

8

Problem 3.12: Suppose we have two experiments e;(n;); ¢ = 1,2 in which, out of n; trials, x; successes have
been observed and we are interested in testing whether both treatments are different or not ( contingency tables).
If we assume Binomial models Bi(z;|n;,6;) for both experiments and the two hypothesis Hy : {#; = 62} and
H, : {6,#05}, the Bayes Factor will be

f@ BZ(SCl |’I’L17 9)Bi(x2|n2, 9)77(9)d9

B =
2y, Bilwilng, 00)7(01)d0: [o, Bi(wa|n, 0)m(62)d6s

(684)

We may consider proper Beta prior densities Be(f|a,b). In a specific pharmacological analysis, a sample of
n1 = 52 individuals were administered a placebo and no = 61 were treated with an a priori beneficial drug. After
the essay, positive effects were observed in z; = 22 out of the 52 and x5 = 41 out of the 61 individuals. It is left as
an exercise to obtain the posterior probability P(Hs| data) with Jeffreys’ (a = b = 1/2) and Uniform (a = b = 1)
priors and to determine the BIC difference Aqs.
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3.10.2 Point Estimation

When we have to face the problem to characterize the posterior density by a single number, the most
usual Loss Functions are:

e Quadratic Loss: In the simple one-dimensional case, the Loss Function is
10,a) = (6 —a)? (685)

s0, minimizing the Risk:
min / (0 — a)? p(0|z) db — (0 —a)p(flz)dd = 0 (686)
Qo Q9

and therefore a = E'[f]; that is, the posterior mean.

In the k—dimensional case, if A = y = RF we shall take as Loss Function
1(0,a) = (a—6)"H(a—0) (687)

where H is a positive defined symmetric matrix. It is clear that:
min / (a—6)" H(a—0)p0|lx)dd — Ha = HE[0] (688)
RE

so, if H™! exists, then a = E[f]. Thus, we have that the Bayesian estimate under a quadratic loss
function is the mean of p(0|x) (... if exists!).

e Linear Loss: If A = Qy = R, we shall take the loss function:
1(0,a) = c1(a—0)1p<q + c2(0 —a)lpsq (689)

Then, the estimator will be such that

a

min [ 1(a,0)p(6]z)d0 = min <01 /

Qg —0o0

(a— O)p(6]z)do + o / T a)p(9|m)d9> (690)

After derivative with respect to a we have (¢; + ¢2) P(6<a) — co = 0 and therefore the estimator will
be the value of a such that

P(o<a) = Cj - (691)

In particular, if ¢; = ¢3 then P(6<a) = 1/2 and we shall have the median of the distribution p(6|x). In
this case, the Loss Function can be expressed more simply as ((6,a) = |0 — a].

e Zero-One Loss: Si A = Qy = R*, we shall take the Loss Function
Z(H,a) =1- lBe(a) (692)

where B.(a)&(2y is an open ball of radius € centered at a. The corresponding point estimator will be:

min/ (1 — 15.(a)) p(0]z)d0 = max/ p(0|x) dO (693)
Qg Bg(a)

It is clear than, in the limit e—0, the Bayesian estimator for the Zero-One Loss Function will be the mode
of p(0]x) if exists.
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As explained in section 1, the mode, the median and the mean can be very different if the distri-
bution is not symmetric. Which one should we take then? Quadratic losses, for which large deviations
from the true value are penalized quadratically, are the most common option but, even if for unimodal
symmetric the three statistics coincide, it may be misleading to take this value as a characteristic number
for the information we got about the parameters or even be nonsense. In the hypothetical case that the
posterior is essentially the same as the likelihood (that is the case for a sufficiently smooth prior), the
Zero-One Loss points to the classical estimate of the Maximum Likelihood Method. Other consider-
ations of interest in Classical Statistics (like bias, consistency, minimum variance,...) have no special
relevance in Bayesian inference.

Problem 3.13: The Uniform Distribution. Show that for the posterior density (see example 3.4)

xn

p(Blzar,n) = n 07% Las.00)(0) (694)

the point estimates under quadratic, linear and 0-1 loss functions are

" ; Orr = za 2" and Ooir = zm (695)

0 =
QL an—l

and discuss which one you consider more reasonable.

3.11 Credible Regions

Let p(0|x), with 6€QCR"™ be a posterior density function. A credible region with probability content
1 — «is a region of V,,CO of the parametric space such that

P(BeV,) = / pOx)do = 1 —«a (696)

Va

Obviously, for a given probability content credible regions are not unique and a sound criteria is to
specify the one that the smallest possible volume. A region C' of the parametric space 2 is called
Highest Probability Region (HPD) with probability content 1 — « if:

1) P(AeC) = 1—a; CCOy
2) p(61]-) > p(62]-) for all f1€C and H2¢C' except, at most, for a subset of {2 with zero probability
measure.

It is left as an exercise to show that condition 2) implies that the HPD region so defined is of minimum
volume so both definitions are equivalent. Further properties that are easy to demonstrate are:

1) If p(@|-) is not uniform, the HPD region with probability content 1 — «v is unique;
2) If p(01]-) = p(H2]-), then 6, and 2 are both either included or excluded of the HPD region;

3) If p(61]-)#p(02-), there is an HPD region for some value of 1 — « that contains one value of 6 and
not the other;

4) C = {0cO|p(0|x)>ks} where k,, is the largest constant for which P(feC') >«

5) If ¢ = f(0) is a one-to-one transformation, then
a) any region with probability content 1 — « for 6 will have probability content 1 — « for ¢ but...
b) an HPD region for § will not, in general, be an HPD region for ¢ unless the transformation

is linear.
In general, evaluation of credible regions is a bit messy task. A simple way through is to do a

Monte Carlo sampling of the posterior density and use the 4 ™ property. For a one-dimensional parameter,

276



PROBABILITY AND STATISTICS FOR PARTICLE PHYSICS

the condition that the HPD region with probability content 1 — « has the minimum length allows to write
a relation that may be useful to obtain those regions in an easier manner. Let [0, f2] be an interval such
that

02
/ p(0])dd =1 — « (697)
0

1

For this to be an HPD region we have to find the extremal of the function

02
¢(91,02,>\) = (02 —91) + A (/ p(0|) df — (1 — Oé)) (698)
01
Taking derivatives we get:
0¢p(01, 62, A
0001 02.2) =0 — p(01]) = p(6) (699)
90 i=1,2
02
8¢(Ggf 2 _ — / p(@)do =1 - a (700)
01

Thus, from the first two conditions we have that p(61]-) = p(62|-) and, from the third, we know that
01 #05. In the special case that the distribution is unimodal and symmetric the only possible solution is
0y = 2E1[0] — 6;.

The HPD regions are useful to summarize the information on the parameters contained in the
posterior density p(f|x) but it should be clear that there is no justification to reject a particular value
Ao just because is not included in the HPD region (or, in fact, in whatever confidence region) and that
in some circumstances (distributions with more than one mode for instance) it may be the union of
disconnected regions.

3.12 Bayesian (B) vs Classical (F) Philosophy

The Bayesian philosophy aims at the right questions in a very intuitive and, at least conceptually, simple
manner. However the "classical”" (frequentist) approach to statistics, that has been very useful in sci-
entific reasoning over the last century, is at present more widespread in the Particle Physics community
and most of the stirred up controversies are originated by misinterpretations. It is worth to take a look
for instance at [?]. Let’s see how a simple problem is attacked by the two schools. "We" are B, "they"
are F.

Suppose we want to estimate the life-time of a particle. We both "assume" an exponential model
X~FEx(x|1/7) and do an experiment e(n) that provides an iid sample x = {1, x9,...,z,}. In this
case there is a sufficient statistic t = (n,T) with Z the sample mean so let’s define the random quantity

1< n\" 1 _ n—
X=X~ plain) = (0) gy e {omer 1y o™ M@ 0D

What can we say about the parameter of interest 77

F will start by finding the estimator (statistic) 7 that maximizes the likelihood (MLE). In this case
itis clear that 7 = 7, the sample mean. We may ask about the rationale behind because, apparently, there
is no serious mathematical reasoning that justifies this procedure. F will respond that, in a certain sense,
even for us this should be a reasonable way because if we have a smooth prior function, the posterior
is dominated by the likelihood and one possible point estimator is the mode of the posterior. Beside
that, he will argue that maximizing the likelihood renders an estimator that often has “good” properties
like unbiasedness, invariance under monotonous one-to-one transformations, consistency (convergence
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Fig. 9: (1): 68% confidence level bands in the (7, X) plane. (2): 68% confidence intervals intervals obtained for
100 repetitions of the experiment.

in probability), smallest variance within the class of unbiased estimators (Cramer-Rao bound), approxi-
mately well known distribution,... We may question some of them (unbiased estimators are not always
the best option and invariance... well, if the transformation is not linear usually the MLE is biased), argue
that the others hold in the asymptotic limit,... Anyway; for this particular case one has that:

E[f]=r and V[F] = — (702)

and F will claim that “if you repeat the experiment” many times under the same conditions, you will get
a sequence of estimators {77, 72, ... } that eventually will cluster around the life-time 7. Fine but we shall
point out that, first, although desirable we usually do not repeat the experiments (and under the same
conditions is even more rare) so we have just one observed sample (x — T = 7) from e(n). Second, “if
you repeat the experiment you will get” is a free and unnecessary hypothesis. You do not know what you
will get, among other things, because the model we are considering may not be the way nature behaves.
Besides that, it is quite unpleasant that inferences on the life-time depend upon what you think you will
get if you do what you know you are not going to do. And third, that this is in any case a nice sampling
property of the estimator 7 but eventually we are interested in 7 so, What can we say about it?

For us, the answer is clear. Being 7 a scale parameter we write the posterior density function

(nz)"

p(1n,T) = () exp {—nﬁ'*l} P 1(0,00) (1) (703)
for the degree of belief we have on the parameter and easily get for instance:
_wD(n—k) . n B n?
E[f*) = (nz)f ———= — E|= ; Virl=7° ;... (704

Cleaner and simpler impossible.

To bound the life-time, F proceeds with the determination of the Confidence Intervals. The
classical procedure was introduced by J. Neyman in 1933 and rests on establishing, for an specified
probability content, the domain of the random quantity (usually a statistic) as function of the possible
values the parameters may take. Consider a one dimensional parameter 6 and the model X ~p(z|0).
Given a desired probability content S€[0, 1], he determines the interval [z, 22]CQx such that

P(X ¢y, 20]) = / " pal0) dz = B (705)

1
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for a particular fixed value of §. Thus, for each possible value of 6 he has one interval [x; =
f1(0; 8),x1 = f2(0; 8)]Cx and the sequence of those intervals gives a band in the QyxQx region
of the real plane. As for the Credible Regions, these intervals are not uniquely determined so one
usually adds the condition:

1) / p(@]6) do = /Oop(xye) do — % or (706)
N 5

2) / p(z]0) dx :/ p(z|0) dx = 5 (707)
1 0

or, less often, (3) chooses the interval with smallest size. Now, for an invertible mapping x;— f;(6) one
can write

B = P(fi(0)<X<fa(0)) = P(fy {(X)<6<fi (X)) (708)

and get the random interval [f, '(X), f; '(X)] that contains the given value of § with probability 3.
Thus, for each possible value that X may take he will get an interval [f, (X)), f{ }(X)] on the 6 axis
and a particular experimental observation {x} will single out one of them. This is the Confidence
Interval that the frequentist analyst will quote. Let’s continue with the life-time example and take, for
illustration, n = 50 and 5 = 0.68. The bands [x; = fi(7),22 = f2(7)] in the (7, X) plane, in this
case obtained with the third prescription, are shown in figure ?? (1). They are essentially straight lines
so P[X€(0.8477,1.1267)] = 0.68. This is a correct statement, but doesn’t say anything about 7 so he
inverts that and gets 0.89 X < 7 < 1.18 X in such a way that an observed value {x} singles out an
interval in the vertical 7 axis. We, Bayesians, will argue this does not mean that 7 has a 0.68 chance
to lie in this interval and the frequentist will certainly agree on that. In fact, this is not an admissible
question for him because in the classical philosophy 7 is a number, unknown but a fixed number. If he
repeats the experiment 7 will not change; it is the interval that will be different because x will change.
They are random intervals and what the 68% means is just that if he repeats the experiment a large
number N of times, he will end up with N intervals of which ~68% will contain the true value 7
whatever it is. But the experiment is done only once so: Does the interval derived from this observation
contain 7 or not? We don’t know, we have no idea if it does contain 7, if it does not and how far is the
unknown true value. Figure ?? (2) shows the 68% confidence intervals obtained after 100 repetitions of
the experiment for 7 = 2 and 67 of them did contain the true value. But when the experiment is done
once, he picks up one of those intervals and has a 68% chance that the one chosen contains the true
value. WeB shall proceed in a different manner. After integration of the posterior density we get the
HPD interval P [7€(0.85x,1.13x)] = 0.68; almost the same but with a direct interpretation in terms
of what we are interested in. Thus, both have an absolutely different philosophy:

JF : "Given a particular value of the parameters of interest, How likely is the observed data?"
B : "Having observed this data, What can we say about the parameters of interest?"

. and the probability if the causes, as Poincare said, is the most important from the point of view of
scientific applications.

In many circumstances we are also interested in one-sided intervals. That is for instance the case
when the data is consistent with the hypothesis H : {# = 6y} and we want to give an upper bound on
6 so that P(fe(—o0, 03] = /5. The frequentist rationale is the same: obtain the interval [—oo, 2] CQx
such that

P(X <) = / ¥ @0y dz = B (709)

—00

where 3 = fo(6); in this case without ambiguity. For the the random interval (—oo, f; *(X)) F has
that

PO<f'(X)=1-PO>f'(X) =1-58 (710)
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Fig. 10: 95% upper bounds on the parameter § following the Bayesian approach (red), the Neyman approach
(broken blue) and Feldman and Cousins (solid blue line).

so, for a probability content « (say 0.95), one should set 3 = 1 — « (=0.05). Now, consider for instance
the example of the anisotropy is cosmic rays discussed in the last section 13.3. For a dipole moment
(details are unimportant now) we have a statistic

exp{—62/2}
V2r0

where the parameter 6 is the dipole coefficient multiplied by a factor that is irrelevant for the example.
It is argued in section 13.3 that the reasonable prior for this model is w(f) = constant so we have the
posterior

X~p(x]0,1/2) = exp{—z/2} sinh(6v/x) 1 o0) () (711)

V2
0z,1/2) = —6%/2} 67" sinh(6v/z) 1 0 712
with M (a, b, z) the Kummer’s Confluent Hypergeometric Function. In fact, 6 has a compact support
but since the observed values of X are consistent with Hy : {# = 0} and the sample size is very large
[AMS13] %, p(0|z,1/2) is concentrated in a small interval (0, €) and it is easier for the evaluations
to extend the domain to R™ without any effect on the results. Then we, Bayesians, shall derive the

one-sided upper credible region [0, 0 95 (x)] with a« = 95% probability content as simply as:

00.95
/ p(0]z,1/2)df = a = 0.95 (713)
0

This upper bound shown as function of x in figure ?? under "Bayes" (red line). Neyman’s construction
is also straight forward. From

z2
/ p(z]0,1/2)dr = 1 — a = 0.05 (714)
0

(essentially a x? probability for v = 3), F will get the upper bound shown in the same figure under
"Neyman" (blue broken line). As you can see, they get closer as x grows but, first, there is no solution

B[AMS13]: Aguilar M. et al. (2013); Phys. Rev. Lett. 110, 141102.
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Fig. 11: (1) Dependence of 6,, with z. (2) Probability density ratio R(x|6) for § = 2.

for z<z. = 0.352. In fact, E[X] = 02 + 3 so if the dipole moment is § = 0 (§ = 0), E[X] = 3 and
observed values below z. will be an unlikely fluctuation downwards (assuming of course that the model
is correct) but certainly a possible experimental outcome. In fact, you can see that for values of = less
than 2, even though there is a solution Neyman’s upper bound is underestimated. To avoid this "little"
problem, a different prescription has to be taken.

The most interesting solution is the one proposed by Feldman and Cousins [?] in which the region
A x CQx that is considered for the specified probability content is determined by the ratio of probability
densities. Thus, for a given value 6, the interval A x is such that

p(x|6o)
p(x|0p)

and where 6, is the best estimation of 6 for a given {z}; usually the one that maximizes the likelihood
(01,). In our case, it is given by:

g -4V if <v/3
" O + 0, — / coth(f,4/7) = 0 if z >+/3

/ p(z|0o) dx = with R(z|0y) = > kg ;VrelAx (715)
Ax

(716)

and the dependence with z is shown in figure ?? (1) (6,,~x for x >>). As illustration, function R(z|0)
is shown in figure ?? (2) for the particular value #y = 2. Following this procedure *°, the 0.95 probability
content band is shown in figure ?? under "Feldman-Cousins" (blue line). Note that for large values of «,
the confidence region becomes an interval. It is true that if we observe a large value of X, the hypothesis
Hj : {6 = 0} will not be favoured by the data and a different analysis will be more relevant although, by
a simple modification of the ordering rule, we still can get an upper bound if desired or use the standard
Neyman’s procedure.

The Feldman and Cousins prescription allows to consider constrains on the parameters in a simpler
way than Neyman’s procedure and, as opposed to it, will always provide a region with the specified
probability content. However, on the one hand, they are frequentist intervals and as such have to be
interpreted. On the other hand, for discrete random quantities with image in {x1,...,xg,...} it may
not be possible to satisfy exactly the probability content equation since for the Distribution Function one
has that F'(xgy1) = F(xg) + P(X = z,11). And last, it is not straight forward to deal with nuisance
parameters. Therefore, the best advice: "Be Bayesian!".

In most cases,a Monte Carlo simulation will simplify life.
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3.13 Some worked examples
3.13.1 Regression

Consider the exchangeable sequence z = {(x1,v1), (z2,Y2), - - -, (Tn, Yn) } of n samplings from the two-
dimensional model N (z;, yi|-) = N (2i|pta;, 02, )N (il sy, 0 i ) Then

p(z]") exp{_;z [(yi ;2/@‘)2 N (zi ;2;@)2]} o

i=1 yi i

We shall assume that the precisions o,; and o,; are known and that there is a functional relation j,, =
f (ug; 0) with unknown parameters 6. Then, in terms of the new parameters of interest:

"y N2 (e — )2
plyl) o CXP{_;Z [(yl f;’;”“’e)) | 2/%) }} (718)

i=1 Yi 0%,

Consider a linear relation f(u,;a,b) = a + bu, with a, b the unknown parameters so:

n

; — a — by, )? T — g, )?
p(z]) exp{—;z [(yz b ) (@i ) ]} (719)

i=1 in Jl‘z‘

and assume, in first place, that p,,, = x; without uncertainty. Then,

(v]a,b) o exp{ —= Zn: (i —a—bui)® (720)

p(yla,b) o expy =5 2
i=1 Yi

There is a set of sufficient statistics for (a, b):

n 9 n n n
T YiZ;
= tnnn = {SLY S SE Sl o

9 —1 ¢ i i i

and, after a simple algebra, it is easy to write

a—ag)? — bp)? a—-a -
p(yla,b) o exp{—z(lipz) {( . 0) 4 (b UgbO) _ Qp( - 0) (b Ubbo)}} (722)

where the new statistics {ag, by, 04, 0p, p} are defined as:

toty — t3ts t1ts — t3ty

= =2 phg= — 723
a0 trty — 12 07 Tty — 12 (723)
t t t
2 2 2 1 3
= — = —7 = — 724
Ta -2 T w2 P T an (724)
Both (a, b) are position parameters so we shall take a uniform prior and in consequence
—ap)? b—b )2 (a—ag) (b—bo)

1 { - 1 |: ((1 aO) + ( 0 -2 :| }

pla,b]) = el 20707 L od % P o (725)

2woqopr/1 — p?

This was obviously expected.

When fi,;; are n unknown parameters, if we take 7(itzi) = 19 o0) (H2:) and marginalize for (a, b)
we have

1 (y —a—b:cz 2,423
| -5 E R I s || ;4 2
p(a,b|]-)oxm(a,b) exp{ > i P o2 } {z 1 U b°o (726)
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In general, the expressions one gets for non-linear regression problems are complicated and setting up
priors is a non-trivial task but fairly vague priors easy to deal with are usually a reasonable choice. In
this case, for instance, one may consider uniform priors or normal densities N(-|0,0 >>) for both
parameters (a, b) and and sample the proper posterior with a Monte Carlo algorithm (Gibbs sampling
will be appropriate).

The same reasoning applies if we want to consider other models or more involved relations with
several explanatory variables like 6; = Z?Zl o J:ZJ In counting experiments, for example, y;EN so we
may be interested in a Poisson model Po(y;|u;) where p; is parameterized as a simple log-linear form
In(p;) = ag + a1x; (so p; > 0 for whatever g, a1 €R). Suppose for instance that we have the sample

{(yi, z4) i ;. Then:

n n
p(ylon, g, x) o« Hexp{—,ui}uiyi = exp {a131 + sy —e™ Zea”i} (727)
i=1 i=1

where s1 = > ; y;and so = > | y;x;. In this case, the Normal distribution N (c;|a;, 0;) with o; >>
is a reasonable smooth and easy to handle proper prior density for both parameters. Thus, we get the
posterior conditional densities

2 i n
plailag,y,x) o« exp{—;é + o <a2 + 81') — e Ze‘%} Li=12  (729)
ag; g

i i =1
that are perfectly suited for the Gibbs sampling to be discussed in section 3.

Example 3.25: Proton Flux in Primary Cosmic Rays. For energies between ~20 and ~200 GeV, the flux
of protons of the primary cosmic radiation is reasonably well described by a power law ¢(r) = c¢r? where r is
the rigidity *’ and v = dlng/ds, with s = Inr, is the spectral index. At lower energies, this dependence is
significantly modified by the geomagnetic cut-off and the solar wind but at higher energies, where these effects
are negligible, the observations are not consistent with a single power law (figure ?? (1)). One may characterize
this behaviour with a simple phenomenological model where the spectral index is no longer constant but has
a dependence v(s) = « + ( tanhla(s — so)] such that lim,_, o y(s) = 71 (r—0) and lim,_, o ¥(s) = 72
(r— 4+ 00). After integration, the flux can be expressed in terms of 5 parameters 6 = {¢9, 71,0 = v2 —71,70,0}
as:

oq96/0
o(r;0) = gor™ [1 + <r> ] (729)

To
For this example, I have used the data above 45 GeV published by the AMS experiment *® and considered only
the quoted statistical errors. Last, for a better description of the flux the previous expression has been modified to
account for the effect of the solar wind with the force-field approximation in consistency with [AMS15]. This is just
a technical detail, irrelevant for the purpose of the example. Then, assuming a Normal model for the observations
we can write the posterior density

p(0] data) = 7(60) | exp{ ! (¢i — (;5(7“1-;9))2} (730)

202
i=1 v

I have taken Normal priors with large variances (o; >>) for the parameters +; and § and restricted the support to
R for {¢o, ro, 0 }. The posterior densities for the parameters y; and § are shown in figure ?? (2,3) together with
the projection ?? (4) that gives an idea of correlation between them. For a visual inspection, the phenomenological
form of the flux is shown in figure ?? (1) (blue line) overimposed to the data when the parameters are set to their
expected posterior values.

Y'The rigidity (r) is defined as the momentum (p) divided by the electric charge (Z) so r = p for protons.
*[AMS15]: Aguilar M. et al. (2015); PRL 114, 171103 and references therein.
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Fig. 12: (1): Observed flux multiplied by 727 in m~2sr~'sec 'GV'" as given in [AMS15]; (2): Posterior
density of the parameter ~y; (arbitrary vertical scale); (3): Posterior density of the parameter § = ~5 — 7y, (arbitrary
vertical scale); (4): Projection of the posterior density p(71,d).

3.13.2 Characterization of a Possible Source of Events

Suppose that we observe a particular region ) of the sky during a time ¢ and denote by A the rate
at which events from this region are produced. We take a Poisson model to describe the number of
produced events: k~Po(k|\t). Now, denote by e the probability to detect one event (detection area,
efficiency of the detector,...). The number of observed events n from the region {2 after an exposure time
t and detection probability € will follow:

n~ Y Bi(kln,¢) Po(k|At) = Po(n|Ate) (731)

k=n

The approach to the problem will be the same for other counting process like, for instance, events
collected from a detector for a given integrated luminosity. We suspect that the events observed in a
particular region €2, of the sky are background events together with those from an emitting source. To
determine the significance of the potential source we analyze a nearby region, 2, to infer about the
expected background. If after a time ¢, we observe n; events from this region with detection probability
ep then, defining 8 = €,t;, we have that

o Pl ) = exp (~BM} [ (732)
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At ), we observe n, events during a time ¢, with a detection probability ¢,. Since n, = n1 + ng with
ni~Po(ni|\sa) signal events (a = €,t,) and no~Po(na|\par) background events (assume reasonably
that e; = e = e, in the same region), we have that

Ny ~ Z Po(ni|Asa)Po(ne, — ni| ) = Po(ne|(As + Ap)) (733)

n1=0

Now, we can do several things. We can assume for instance that the overall rate form the region
Q, is A, write n,~Po(n,|a)) and study the fraction A/ )\, of the rates from the information provided by
the observations in the two different regions. Then, reparameterizing the model in terms of 6 = \/\,
and ¢ = A\, we have

p(no,mp]-) = Po(no|aX)Po(ng|BAy) ~ e Bo0F10)gro gnotme (734)
where v = a/5 =(ests)/(€ptp). For the ordering {6, ¢} we have that the Fisher’s matrix and its inverse
are

189 e ) 0(1+10) o
10.0) = | 75 st and  T'(um) = | 0] (735)
i ¢ 8 B
Then
¢—1/2
w(0,¢) = w(¢|0) 7(0) X —— (736)
6.9) = 760 0) x e
and integrating the nuisance parameter ¢ we get finally:
’}/n0+1/2 6n0—1/2
Olno, np, ) = 737
P0Ino,m0,7) = B T 172) (1 5 20) (737
From this:
1 T'(no+1/2 T 1/2 — 1 n,+1/2
Elpm] = - (no +1/2+m)T(ny +1/2 —m) Bl = 1n,+1/ (738)
v L(no +1/2)T(ny +1/2) v np—1/2
and
)
P(0<0y) = / p(O1)d0 = 1 — IB(ny+1/2,m0 +1/2; (14 100)"Y) (739)
0

with I B(z, y; z) the Incomplete Beta Function. Had we interest in § = Ag/ ), the corresponding refer-
ence prior will be

~1/2
¢ with s=1t7 (740)

(14+0)(0+6) Y

m(0,¢)

A different analysis can be performed to make inferences on A;. In this case, we may consider
as an informative prior for the nuisance parameter the posterior what we had from the study of the
background in the region 2;; that is:

p(No|np, B) o< exp {—BAp} A1/ (741)

and therefore:

p(As]) o m(\s) / P(nola(Xs + X)) p(Ap|ne, B) dXpocm(As) e A2 Y " ap A TF (742)
0 k=0
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Fig. 13: 90% Confidence Belt derived with Feldman and Cousins (filled band) and the Bayesian HPD region (red
lines) for a background parameter p;, = 3.

where

o ne \ T(k+mny+1/2)
= ( k ) (@t B 7%)

A reasonable choice for the prior will be a conjugated prior m(\s) = Ga(As|a,b) that simplifies the
calculations and provides enough freedom analyze the effect of different shapes on the inferences. The
same reasoning is valid if the knowledge on )\, is represented by a different p(\,|-) from, say, a Monte
Carlo simulation. Usual distributions in this case are the Gamma and the Normal with non-negative
support. Last, it is clear that if the rate of background events is known with high accuracy then, with
i = a; and (g )oc(us + p1p) /2 we have

1 z—1/2

V= — 1 744
p(us|*) T 172 ) exp{—(ps + 1) } (s + 1) (0,00) (1s) (744)
As an example, we show in figure ?? the 90% HPD region obtained from the previous expression (red
lines) as function of z for pu; = 3 (conditions as given in the example of [?]) and the Confidence Belt
derived with the Feldman and Cousins approach (filled band). In this case, fi5,, = max{0,z — yu} and
therefore, for a given :

T2 x
S Polzlus+m) = B with  R(zlps) = elbom—r) (‘“L’“’> > kg (745)
1 Hs,m + Ly

for all z€[z1, x2).

Problem 3.14: In the search for a new particle, assume that the number of observed events follows a Poisson
distribution with p;, = 0.7 known with enough precision from extensive Monte Carlo simulations. Consider the
hypothesis Hy : {us = 0} and Hy : {us7#0}. It is left as an exercise to obtain the Bayes Factor BFy; with the
proper prior 7(us|s) = (s + pp) "2 proposed in [?], P(Hy|n) and the BIC difference Ag; as function of
n =1,...7 and decide when, based on this results, will you consider that there is evidence for a signal.
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3.13.3 Anisotropies of Cosmic Rays

The angular distribution of cosmic rays in galactic coordinates is analyzed searching for possible
anisotropies. A well-behaved real function f(6,¢)eLo(2), with (0,¢)eQ = [0,7]x[0,27], can be
expressed in the real harmonics basis as:

9] l
f(0> d)) = Z Z aleZm(Qa ¢) where Apm = /Qf(ev ¢))/lm(07 ¢) dlu’ ; (746)

=0 m=—I

a;m€R and dp = sin 8dfd¢. The convention adopted for the spherical harmonic functions is such that (
orthonormal basis):

/ Yion (60, 0) Yirw (6, 0) djt = 0 Oy~ and / Yi(6,0) dp = Virsy  (747)
Q Q

In consequence, a probability density function p(6, ¢) with support in €2 can be expanded as

00 l
p(0,8) = o0 Yoo(0:0) + D Y cim Yim(6,¢) (748)

=1 m=—I

The normalization imposes that cog = 1/+v/47 so we can write

1
p(9,¢’a) = E (1 + aim Yzm(gvgb)) (749)
where [>1,
Q= 4meyy, = 47T/Qp(9,¢) Yim(0,¢) du = 4w Ep;u[yimw» ¢)] (750)

and summation over repeated indices understood. Obviously, for any (6, ¢)€€) we have that p(, ¢|a)>0
so the set of parameters a are constrained on a compact support.

Even though we shall study the general case, we are particularly interested in the expansion up to
[ = 1 (dipole terms) so, to simplify the notation, we redefine the indices (I, m) = {(1,—1),(1,0),(1,1)}
as i = {1, 2,3} and, accordingly, the coefficients a = (a1_1, a10,a11) as @ = (a1, az, az). Thus:

1
p(0, dla) = I (1 + a1Y7 + a2Ys + a3Y3) (751)

In this case, the condition p(6, ¢|a)>0 implies that the coefficients are bounded by the sphere a3 + a3 +
ag <4 /3 and therefore, the coefficient of anisotropy

5 ,/43 (a2 + a2 + a2)"* <1 (752)
T

There are no sufficient statistics for this model but the Central Limit Theorem applies and, given
the large amount of data, the experimental observations can be cast in the statistic a = (a1, ag, as) such
that

3

p(alp) = T N(ailui,0?) (753)
i=1

with V' (a;) = 47 /n known and with negligible correlations (p;;~~0).

*Essentially, aim = 2Z 3" | Yim (0, ¢:) for a sample of size n.
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Consider then a k-dimensional random quantity Z = {Z1, .. ., Zi} and the distribution
k
p(z|u, o) H (zil1j,07) (754)

The interest is centered on the euclidean norm ||x||, with dim{u} = k, and its square; in particular, in

2 _ _
d= l|u]|  for k=3 and Cr = (755)
a7 k

First, let us define X; = Z;/0; and p; = /0 so Xj~N(x;|p;,1) and make a transformation
of the parameters p; to spherical coordinates:

pL = pcosg;
p2 = psing;cosgy
ps = p singisin gz cos g3
Pk—1 = psing;sings...sin¢g_ocos dp_1
Pr = psing;sings...sin¢g_osin¢r_1 (756)

The Fisher’s matrix is the Riemann metric tensor so the square root of the determinant is the k-
dimensional volume element:

dvF = pFldpask—1 (757)
with
k—1 .
dSFH = sin"? ¢y sin*F ¢y - sin Gp_g dpy dpo -y = [ [ sin* "V dg; (758)
j=1

the k£ — 1 dimensional spherical surface element, ¢_; € [0,27) and ¢1,_p—2 € [0,7]. The interest
we have is on the parameter p so we should consider the ordered parameterization {p; ¢} with ¢ =
{1, P2, ..., dr_1} nuisance parameters. Being p and ¢; independent for all i, we shall consider the
surface element (that is, the determinant of the submatrix obtained for the angular part) as prior density
(proper) for the nuisance parameters. As we have commented in section 1, this is just the Lebesgue
measure on the k — 1 dimensional sphere (the Haar invariant measure under rotations) and therefore the
natural choice for the prior; in other words, a uniform distribution on the k¥ — 1 dimensional sphere. Thus,
we start integrating the the angular parameters. Under the assumption that the variances 0'1-2 are all the

same and considering that

/07r etPeosfgin?v0dn = /x (;)V (v + %)Lj(ﬁ) for Re(v) > —% (759)
one gets p(¢| data) oc p(¢n|¢)(¢) where
P(pmlé,v) = be HOTom) (i”)u/z L,(2b7/ém /) (760)
is properly normalized,
v=k2=1i o=llPs dm=lalls b= =t (761)
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and dim{u} = dim{a} = k. This is nothing else but a non-central x? distribution.

From the series expansion of the Bessel functions it is easy to prove that this process is just a
compound Poisson-Gamma process

p(émld,v) = D Po(k|bd) Ga(¢m|b,v+k +1) (762)
k=0

and therefore the sampling distribution is a Gamma-weighted Poisson distribution with the parameter of
interest that of the Poisson. From the Mellin Transform:

be " T(s+v)

—v,00> — M y 1,
M(8)<—v00> T+ 1) E (s+v,v+1,b0) (763)
with M (a,b, z) the Kummer’s function one can easily get the moments (E[¢},] = M(n + 1)); in
particular

Elpm] = ¢ + b (v +1) and Vigm] = 2¢b~" + b 2(v + 1) (764)

Now that we have the model p(¢,,|¢), let’s go for the prior function 7 (¢) or 7w(d). One may guess
already what shall we get. The first element of the Fisher’s matrix (diagonal) corresponds to the norm
and is constant so it would not be surprising to get the Lebesgue measure for the norm dA(J) = 7(d)do =
cdd. As a second argument, for large sample sizes (n >>) we have b >> 50 ¢p~N (¢ |0, 02 = 2¢/b)
and, to first order, Jeffreys’ prior is W((]ﬁ)w(ﬁ*l/ 2. From the reference analysis, if we take for instance

m™(¢) = ¢~/ (765)

we end up, after some algebra, with

i JEO) (0N L 3606 — 00)/2 + [1(9,5) — I(60,b)]
(@) o 7(¢po) kl;ngo Fe(d0) x < ) lim e 0 0 (766)

10} b—s00
where
o L, (2bv/pm)
10.0) = [ ploulo) g T L (167)

and ¢ any interior point of A(¢) = [0, 00). From the asymptotic behavior of the Bessel functions one
gets

() xp~1/? (768)

and therefore, 7(9) = c. Itis left as an exercise to get the same result with other priors like 7*(¢) = ¢
orm*(¢) = ¢~ /2.

For this problem, it is easier to derive the prior from the reference analysis. Nevertheless, the
Fisher’s information that can be expressed as:

—bo [e%s) _ IQ (2b Z‘b)
) = p2d L bz v/2+11v+1\£PV 2P)
F(p;v) = b { 1+ b(z)u/2+1 /0 e z L,(20v/70) dz} (769)

and, for large b (large sample size), F'(\;v) — ¢~ ! regardless the number of degrees of freedom v.
Thus, Jeffrey’s prior is consistent with the result from reference analysis. In fact, from the asymptotic
behavior of the Bessel Function in the corresponding expressions of the pdf, one can already see that
F(¢;v) ~¢~1. A cross check from a numeric integration is shown in figure ?? where, for k = 3,5,7
(v =1/2,3/2,5/2), F(¢;v) is depicted as function of ¢ compared to 1/¢ in black for a sufficiently
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Fig. 14: Fisher’s information (numeric integration) as function of ¢ for £k = 3,5,7 (discontinuous lines) and
f(¢) = ¢! (continuous line). All are scaled so that F'(¢ = 0.005,v) = 1.

large value of b. Therefore we shall use 7(¢) = ¢~ /2 for the cases of interest (dipole, quadrupole, ...
any-pole).

The posterior densities are

eFor ¢ = |[u]|?: p(¢|dm,v) = Ne 0 p=WHtD/2[,(203/b, /@) with

D(v+1) b2 ¢,

= VR M2, % 1, bo) o
The Mellin Transform is
B I(s—1/2) M(s—1/2,v+1,b¢y,)
My (8)<1/2,005 = b M(L2.0 £ T bon) (771)
and therefore the moments
_— _ T(n+1/2) M(n+1/2,v+1,boy,)
E[¢"] = M(n+1) = b M(1/2,0 + 1, bon) (772)
In the limit |b¢,, | —o0, E[¢"] = o7,.
o Forp=|lull - p(pldm,v) = 2N e p= I,(2by/¢np) and
r 24+1/2) M 2+1/2 1 m
M, (s) = My(s/2+1/2) — E[p"] = L/2HLD Mn/24 12,0 £ 1,bdn) 77

VEVEM(1/2,0 +1,b)
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In the particular case that £ = 3 (dipole; ¥ = 1/2), we have for § = /3 /4mp that the first two
moments are:

1
21
Bl = aM(1,3/2,—22) 77

B erf (2)
P = admM(1,3/2, —22)

with z = 20,,1/b7 /3 and, when §,,—0 we get

2 1.38 1 1.04
B[] = /=~ —= E[6%] = = o5 —— (775)
Ta Vn a vn
and a one sided 95% upper credible region (see section 12 for more details) of dg.95 = 3—\/3%8

So far, the analysis has been done assuming that the variances O’? are of the same size (equal in

fact) and the correlations are small. This is a very reasonable assumption but may not always be the case.
The easiest way to proceed then is to perform a transformation of the parameters of interest (u) to polar
coordinates 1(p, 2) and do a Monte Carlo sampling from the posterior:

p(p, 2z, 27 o [T N(zilui(p, ), =71 | w(p)dpdS™ (776)
j=1

with a constant prior for & or 7(¢)oxc¢ /2 for ¢.

“Anyone who considers arithmetical methods of producing random digits is, of course, in a
state of sin”

J. Von Neumann

4 Monte Carlo Methods

The Monte Carlo Method is a very useful and versatile numerical technique that allows to solve a large
variety of problems difficult to tackle by other procedures. Even though the central idea is to simulate
experiments on a computer and make inferences from the “observed” sample, it is applicable to problems
that do not have an explicit random nature; it is enough if they have an adequate probabilistic approach.
In fact, a frequent use of Monte Carlo techniques is the evaluation of definite integrals that at first sight
have no statistical nature but can be interpreted as expected values under some distribution.

Detractors of the method used to argue that one uses Monte Carlo Methods because a manifest
incapability to solve the problems by other more academic means. Well, consider a “simple” pro-
cess in particle physics: ee—eepup. Just four particles in the final state; the differential cross section in
terms of eight variables that are not independent due to kinematic constraints. To see what we expect
for a particular experiment, it has to be integrated within the acceptance region with dead zones between
subdetectors, different materials and resolutions that distort the momenta and energy, detection efficien-
cies,... Yes. Admittedly we are not able to get nice expressions. Nobody in fact and Monte Carlo comes
to our help. Last, it may be a truism but worth to mention that Monte Carlo is not a magic black box and
will not give the answer to our problem out of nothing. It will simply present the available information
in a different and more suitable manner after more or less complicated calculations are performed but all
the needed information has to be put in to start with in some way or another.

In this lecture we shall present and justify essentially all the procedures that are commonly used in
particle physics and statistics leaving aside subjects like Markov Chains that deserve a whole lecture by
themselves and for which only the relevant properties will be stated without demonstration. A general
introduction to Monte Carlo techniques can be found in [?].
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4.1 Pseudo-Random Sequences

Sequences of random numbers {x1, z2, . .., 2, } are the basis of Monte Carlo simulations and, in princi-
ple, their production is equivalent to perform an experiment e(n) sampling n times the random quantity
X ~p(x|6). Several procedures have been developed for this purpose (real experiments, dedicated ma-
chines, digits of transcendental numbers,...) but, besides the lack of precise knowledge behind the gen-
erated sequences and the need of periodic checks, the complexity of the calculations we are interested
in demands large sequences and fast generation procedures. We are then forced to devise simple and
efficient arithmetical algorithms to be implemented in a computer. Obviously neither the sequences pro-
duced are random nor we can produce truly random sequences by arithmetical algorithms but we really
do not need them. It is enough for them to simulate the relevant properties of truly random sequences
and be such that if I give you one of these sequences and no additional information, you won’t be able
to tell after a bunch of tests [2] whether it is a truly random sequence or not (at least for the needs of the
problem at hand). That’s why they are called pseudo-random although, in what follows we shall call
them random. The most popular (and essentially the best) algorithms are based on congruential relations
(used for this purpose as far as in the 1940s) together with binary and/or shuffling operations with some
free parameters that have to be fixed before the sequence is generated. They are fast, easy to implement
on any computer and, with the adequate initial setting of the parameters, produce very long sequences
with sufficiently good properties. And the easiest and fastest pseudo-random distribution to be generated
on a computer is the Discrete Uniform .

Thus, let’s assume that we have a good Discrete Uniform random number generator ' although,
as Marsaglia said, “A Random Number Generator is like sex: When it is good it is wonderful; when
it is bad... it is still pretty good”. Each call in a computer algorithm will produce an output () that
we shall represent as x<=Un(0, 1) and simulates a sampling of the random quantity X~Un(z|0, 1).
Certainly, we are not very much interested in the Uniform Distribution so the task is to obtain a sampling
of densities p(x|6) other than Uniform from a Pseudo-Uniform Random Number Generator for which
there are several procedures.

Example 4.1: Estimate the value of 7. As a simple first example, let’s see how we may estimate the value of
7. Consider a circle of radius r inscribed in a square with sides of length 2r. Imagine now that we throw random
points evenly distributed inside the square and count how many have fallen inside the circle. It is clear that since
the area of the square is 472 and the area enclosed by the circle is 712, the probability that a throw falls inside the
circle is § = /4.

If we repeat the experiment /N times, the number n of throws falling inside the circle follows a Binomial
law Bi(n|N,p) and therefore, having observed n out of N trials we have that

p(fn, N) oc g7 1/2(1 — g)yN-n—1/2 (777)

Let’s take 7 = 4Ff] as point estimator and o* = 40y as a measure of the precision. The results obtained for
samplings of different size are shown in the following table:

It is interesting to see that the precision decreases with the sampling size as 1/v/N. This dependence is a
general feature of Monte Carlo estimations regardless the number of dimensions of the problem.

A similar problem is that of Buffon’s needle: A needle of length [ is thrown at random on a horizontal
plane with stripes of width d > [. What is the probability that the needle intersects one of the lines between the
stripes?. It is left as an exercise to shown that, as given already by Buffon in 1777, P.,; = 2l/nd. Laplace pointed
out, in what may be the first use of the Monte Carlo method, that doing the experiment one may estimate the value

113

of m “.. although with large error”.

3See [?] and [?] for a detailed review on random and quasi-random number generators.
3IFor the examples in this lecture T have used RANMAR [?] that can be found, for instance, at the CERN Computing
Library.
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Table 1: Estimation of 7 from a Binomial random process.
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Throws (N) | Accepted (n) ™ o*
100 83 | 3.3069 | 0.1500
1000 770 | 3.0789 | 0.0532
10000 7789 | 3.1156 | 0.0166
100000 78408 | 3.1363 | 0.0052
1000000 785241 | 3.1410 | 0.0016

4.2 Basic Algorithms
4.2.1 Inverse Transform
This is, at least formally, the easiest procedure. Suppose we want a sampling of the continuous one-

dimensional random quantity X ~p(z) ** so

(778)

PIXe(—00,2]] = / o)y = /_ " ARG = Fa)

Now, we define the new random quantity U = F'(X) with support in [0, 1]. How is it distributed? Well,

F=1(ul)
/ dF(z") = u

—00

Fy(u) = PlU<u] = P[F(X)<u)] = PIX<F '(u)] = (779)

and therefore U~Un(u|0, 1). The algorithm is then clear; at step i:

i1) u;<=Un(u|0,1)
12) T; = F_l(ui)

After repeating the sequence n times we end up with a sampling {1, x2, ..., z,} of X~p(x).

Example 4.2: Let’ see how we generate a sampling of the Laplace distribution X~ La(z|c, 8) with «€R,
B€(0,00) and density

1
p(ela,f) = 53 el L oy (@) (780)
The distribution function is
N %exp(wg“) if r<a
F(z) = / p(a'lo, B)da’ = (781)
o 1—1exp (—Tga) if u>a
Then, if u<=Un(0,1):
a+FIn(2u) if uw<1/2
T = (782)
a—BFm2(1—w)) if u>1/2

The generalization of the Inverse Transform method to n-dimensional random quantities is trivial. We
just have to consider the marginal and conditional distributions

F(x1,29,. ., Tn) = Fo(Tp|Tn-1,...,21) - Fa(z2|21) - F1(71)

2 Remember that if supp(X) = QCR, it is assumed that the density is p(z)1a(x).

(783)
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or, for absolute continuous quantities, the probability densities

(1,22, .. Tn) = Pp(@Tn|Tn-1,.. . 1) - p2(@2|z1) - p1(21) (784)
and then proceed sequentially; that is:
i2,1) u1<=Un(u|0,1) and 21 = Fl_l(ul);

in2) ug<=Un(ul0,1) and x3 = Fy *(uglz1);
i2,1) uz<=Un(ul|0,1) and z3 = Fgl(U3|x1,x2);

io.n) Un<=Un(ul|0,1) and z,, = F, Y(ug|en_1,...,71)

If the random quantities are independent there is a unique decomposition

n n

p(l’l,xg, . .,a:n) = H pz(.%'z) and F(:L'l,.%'g, .. .,:Cn> = H FZ(JS%) (785)

i=1 i=1

but, if this is not the case, note that there are n! ways to do the decomposition and some may be easier to
handle than others (see example 4.3).

Example 4.3: Consider the probability density

p(2,y) = 27V 1o o) (2) 1011 (y) (786)

We can express the Distribution Function as F'(z,y) = F(z|y)F(y) where:

oy) = /0 play)de =2y  —  Fy) = o (787)
plaly) = p;f’yi’) —ie‘z/y —  Flaly) =1 — e/ (788)

Both F'(y) and F(z|y) are easy to invert so:

i1) u<=Un(0,1) and gety = u'/?
i2) w<Un(0,1)and getz = —y lnw

Repeating the algorithm n times, we get the sequence {(x1,%1), (22,92),...} that simulates a sampling from
p(z,y).
Obviously, we can also write F'(z,y) = F(y|z)F(x) and proceed in an analogous manner. However

1 0
p(x) =/ p(z,y)dy = 2a:/ e u"?du (789)
0 x
is not so easy to sample.

Last, let’s see how to use the Inverse Transform procedure for discrete random quantities. If X
can take the values in Qx = {zo,x1,x2,...} with probabilities P(X = xj) = py, the Distribution
Function will be:

Fy = P(X<xz0) = po
Fy = P(X<z1) = po + ;1
Fy = P(X<x3) = po + p1 + p2 (790)

Graphically, we can represent the sequence {0, Fy, F1, Fy, ..., 1} as:
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Po P1 P2

Then, it is clear that a random quantity u; drawn from U (|0, 1) will determine a point in the interval
[0, 1] and will belong to the subinterval [F}_1, F}] with probability py, = F), — Fy_1 so we can set up the
following algorithm:

i1) Get u; ~Un(ul0,1);
19) Find the value x;, such that Fj,_; <wu; < F}

The sequence {zg,x1, T2, ...} so generated will be a sampling of the probability law P(X = z3) =
pi. Even though discrete random quantities can be sampled in this way, some times there are specific
properties based on which faster algorithms can be developed. That is the case for instance for the
Poisson Distribution as the following example shows.

Example 4.4: Poisson Distribution Po(k|u). From the recurrence relation

pe =€t = = TPk (7191

i5) Find the value £ = 0, 1, ... such that F},_1 < u;<F} and deliver z;, = k

For the Poisson Distribution, there is a faster procedure. Consider a sequence of n independent random
quantities { X1, Xo, ..., X,,}, each distributed as X;~Un(x|0, 1), and introduce a new random quantity

W, = [ X (792)
k=1

with supp{W,} = [0,1]. Then

(_Ingn)n_l 1 /Oo —tyn—1
Wy ~plw,|n) = —————— — PW,<a) = — e "t dt (793)
( | ) F(TL) ( ) F(n) —loga

and if we take a = e* we have, in terms of the Incomplete Gamma Function P(a, x):

n—1 k

P(Wp<e™) = 1—P(n,p) = e * ;;) ﬁ = Po(X<n —1|p) (794)

Therefore,

o) Setw, = 1;
i1) u;<=Un(0,1) and set w, = wpu;
12) Repeat step 7; while w,<e™*, say k times, and deliver z;, = k — 1

Example 4.5: Binomial Distribution Bn(k|N, ). From the recurrence relation

_ N k n—k __ 0 n—k-l—l
P = ( k >9 A=0)""" = o=~ Pr-1 (795)

with pg = (1 — 0)*
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i9) Find the value £ = 0, 1,..., N such that F},_; < u;<F} and deliver x;, = k

Example 4.6: Simulation of the response of a Photomultiplier tube.

Photomultiplier tubes are widely used devices to detect electromagnetic radiation by means of the external
photoelectric effect. A typical photomultiplier consists of a vacuum tube with an input window, a photocathode, a
focusing and a series of amplifying electrodes (dynodes) and an electron collector (anode). Several materials are
used for the input window (borosilicate glass, synthetic silica,...) which transmit radiation in different wavelength
ranges and, due to absorptions (in particular in the UV range) and external reflexions, the transmittance of the
window is never 100%. Most photocathodes are compound semiconductors consisting of alkali metals with a low
work function. When the photons strike the photocathode the electrons in the valence band are excited and, if they
get enough energy to overcome the vacuum level barrier, they are emitted into the vacuum tube as photoelectrons.
The trajectory of the electrons inside the photomultiplier is determined basically by the applied voltage and the
geometry of the focusing electrode and the first dynode. Usually, the photoelectron is driven towards the first
dynode and originates an electron shower which is amplified in the following dynodes and collected at the anode.
However, a fraction of the incoming photons pass through the photocathode and originates a smaller electron
shower when it strikes the first dynode of the amplification chain.

To study the response of a photomultiplier tube, an experimental set-up has been made with a LED as
photon source. We are interested in the response for isolated photons so we regulate the current and the frequency
so as to have a low intensity source. Under this conditions, the number of photons that arrive at the window of
the photomultiplier is well described by a Poisson law. When one of this photons strikes on the photocathode,
an electron is ejected and driven towards the first dynode to start the electron shower. We shall assume that the
number of electrons so produced follows also a Poisson law nge,~Po(n|u). The parameter p accounts for the
efficiency of this first process and depends on the characteristics of the photocathode, the applied voltage and the
geometry of the focusing electrodes (essentially that of the first dynode). It has been estimated to be ;1 = 0.25.
Thus, we start our simulation with

electrons leaving the photocathode. They are driven towards the the first dynode to start the electron shower but
there is a chance that they miss the first and start the shower at the second. Again, the analysis of the experimental
data suggest that this happens with probability pgo~0.2. Thus, we have to decide how many of the n ., electrons
start the shower at the second dynode. A Binomial model is appropriate in this case:

2) nga <= Bi(naz|ngen, pa2) and therefore ngi = ngen — naa.

Obviously, we shall do this second step if 14en, > 0.

Now we come to the amplification stage. Our photomultiplier has 12 dynodes so let’s see the response of
each of them. For each electron that strikes upon dynode k (k = 1,...,12), ny electrons will be produced and
directed towards the next element of the chain (dynode k£ + 1), the number of them again well described by a
Poisson law Po(ny|u). If we denote by V' the total voltage applied between the photocathode and the anode and
by Ry, the resistance previous to dynode k£ we have that the current intensity through the chain will be

_ Vv
Zzlil R;

where we have considered also the additional resistance between the last dynode and the anode that collects the
electron shower. Therefore, the parameters pi;, are determined by the relation

e = a(l Ry)

where a and b are characteristic parameters of the photomultiplier. In our case we have that N = 12,
a = 0.16459, b = 0.75, a total applied voltage of 800 V and a resistance chain of {2.4, 2.4, 2.4, 1.0, 1.0, 1.0, 1.0,
1.0, 1.0, 1.0, 1.0, 1.2, 2.4} Ohms. It is easy to see that if the response of dynode k to one electron is modeled as
Po(nyg|pr), the response to n; incoming electrons is described by Po(ng|n; ). Thus, we simulate the amplifica-
tion stage as:

3.1) If nggy >0: do from k=1 to 12:

W= ppng —> ng1 < Po(n|y)
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Fig. 15: Result of the simulation of the response of a photomultiplier tube. The histogram contains 10® events and
shows the final ADC distribution detailing the contribution of the pedestal and the response to 1, 2 and 3 incoming
photons.

32) If nge >0 do from k=2 to 12:
U= lgnge —> Nge < Po(n|y)

Once this is done, we have to convert the number of electrons at the anode in ADC counts. The electron charge is
Q. = 1.60217610~'° C and in our set-up we have f4pc = 2.1 10'* ADC counts per Coulomb so

ADCpm = (na1 + naz) (Qe fapc)

Last, we have to consider the noise ( pedestal). In our case, the number of pedestal ADC counts is well
described by a mixture model with two Normal densities

Ppea(x|) = aNi(z|10.,1.) 4+ (1 — @) Ny(2]10.,1.5) (796)

with @« = 0.8. Thus, with probability o we obtain ADC)peq<=N;(x|10,1.5), and with probability 1 — a,
ADCeq<=N1(z]10,1) so the total number of ADC counts will be

ADOtot = ADCped + ADCpm

Obviously, if in step 1) we get ngen, = 0, then ADCy,y = ADC)peq. Figure ?? shows the result of the simulation
for a sampling size of 10° together with the main contributions (1,2 or 3 initial photoelectrons) and the pedestal.
From these results, the parameters of the device can be adjusted (voltage, resistance chain,...) to optimize the
response for our specific requirements.

The Inverse Transform method is conceptually simple and easy to implement for discrete distri-
butions and many continuous distributions of interest. Furthermore, is efficient in the sense that for each
generated value u; as Un(z|0,1) we get a value z; from F'(x). However, with the exception of easy

297



C. MANA

distributions the inverse function F'~!(x) has no simple expression in terms of elementary functions and
may be difficult or time consuming to invert. This is, for instance, the case if you attempt to invert the Er-
ror Function for the Normal Distribution. Thus, apart from simple cases, the Inverse Transform method
is used in combination with other procedures to be described next.

NOTE 6: Bootstrap. Given the iid sample {z1, z2,...,x,} of the random quantity X ~p(z|0) we
know (Glivenko-Cantelly theorem; see lecture 1 (7.6)) that:

unif,

Fu(z) =1/nY L oog(zr) 5 F(z0) (797)
k=1

Essentially the idea behind the bootstrap is to sample from the empirical Distribution Function F},(x)
that, as we have seen for discrete random quantities, is equivalent to draw samplings {z, 25, ..., 2} } of
size n from the original sample with replacement. Obviously, increasing the number of resamplings does
not provide more information than what is contained in the original data but, used with good sense, each
bootstrap will lead to a posterior and can also be useful to give insight about the form of the underlying
model p(z|0) and the distribution of some statistics. We refer to [?] for further details.

4.2.2 Acceptance-Rejection ( Hit-Miss; J. Von Neumann, 1951)

The Acceptance-Rejection algorithm is easy to implement and allows to sample a large variety of n-
dimensional probability densities with a less detailed knowledge of the function. But nothing is for free;
these advantages are in detriment of the generation efficiency.

Let’s start with the one dimensional case where X ~p(z|f) is a continuous random quantity
with supp(X) = [a,b] and p,, = max,p(z|f). Consider now two independent random quantities
X1~Un(z1|a, B) and Xo~Un(z2]0,d) where [a,b] C supp(X1) = [«, 5] and [0, p,,] € supp(X2) =
[0, 8]. The covering does not necessarily have to be a rectangle in R? (nor a hypercube R™*1) and, in
fact, in some cases it may be interesting to consider other coverings to improve the efficiency but the

generalization is obvious. Then

—_
—_

p(x1,22|") = a0 (798)
Now, let’s find the distribution of X conditioned to Xo<p(X1|0):
P(X 1<z, Xo<p(z|0 ¥ dxy p(wﬂ@)p 21, xa|-) dxo
P(X1<z|Xo<p(z|0)) = (PlX > : pe( ) _ fa@ ks @110) ( do_
(X2<p(z]0)) [ dxy [ pay, @) dag
N o)1, d @
- do Pl dn / p(a1|)dey = F(alp)  (799)
S5 p(21|0)11, 4 (21) day a

so we set up the following algorithm:

i1) ui<=Un(u|la<a, f>b) and w;<=Un(w|0,0>pp, );
i9) If w;<p(u;|6) we accept x;; otherwise we reject x; and start again from i,

Repeating the algorithm n times we get the sampling {x1, x2, ..., 2, } from p(x|0).
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Besides its simplicity, the Acceptance-Rejection scheme does not require to have normalized den-
sities for it is enough to know an upper bound and in some cases, for instance when the support of the
random quantity X is determined by functional relations, it is easier to deal with a simpler covering of
the support. However, the price to pay is a low generation efficiency:

def. accepted trials  area under p(z|0)

= 800
total trials area of the covering — (800)

Note that the efficiency so defined refers only to the fraction of accepted trials and, obviously, the more
adjusted the covering is the better but for the Inverse Transform e = 1 and it does not necessarily imply
that it is more efficient attending to other considerations. It is interesting to observe that if we do not
know the normalization factor of the density function, it can be estimated as

/ p(z]0) dx ~ (area of the covering) e (801)
X

Let’s see some examples before we proceed.

Example 4.7: Consider X~ Be(z|a, 3). In this case, what follows is just for pedagogical purposes since other
procedures to be discussed later are more efficient. Anyway, the density is

p(x|a, ) xz® (1 — x)P71 z€10,1] (802)
Suppose that v, 3 > 1 so the mode z, = (o — 1)(av + 3 — 2) ! exists and is unique. Then

_ 1\a—1 _ 1\8-1
pm=max;{p(z|a, B)} = p(zole, B) = (a(a _1,'_)5 _(25)(%&-;12 (803)

so let’s take then the domain [o = 0, 8 = 1] x [0, p,,] and
11) Get z; ~Un(x|0,1) and y; ~ Un(y|0, pm);
i9) If
a) v;<p(z;|a, B) we deliver ( accept) z;
1) y; > p(zi|a, B) we reject x; and start again from i,

Repeating the procedure n times, we get a sampling {x1, z2, ..., 2, } from Be(z|a, 8). In this case we know the
normalization so the area under p(x|«, ) is Be(z|a, 8) and the generation efficiency will be:

(a+ B —2)>Fh=2

= Bled) Ty gy

(804)

Example 4.8: Let’s generate a sampling of the spatial distributions of a bounded electron in a Hydrogen atom. In
particular, as an example, those for the principal quantum number n = 3. The wave-function is ¥y, (7, 0, ) =
Rnl(r)}/lm(aa ¢) with:

Raooc (1 —2r/2 —2r2/27)e™"/3 ; Rsiocr(l —r/6)e™"/3 and Rayocr?e™™/3 (805)

the radial functions of the 3s, 3p and 3d levels and
[Yi0|? oc c0s?0 ; |Yie1|? o sin®0 ; [Yaol? o (3 cos?0 — 1)? ;5 |Yaiq|? o cos?6 sin?0 ; |Youio|? o sin*@806)
the angular dependence from the spherical harmonics. Since dy = 2 sinfdrdfd¢, the probability density will be
p(r,0, 9ln, ,m) = R2,(r) [Yi|2 72 sin0 = p,(rin. 1) pa(011,m) ps(6) (807)

so we can sample independently r, 6 and ¢. It is left as an exercise to explicit a sampling procedure. Note however
that, for the marginal radial density, the mode is at 7 = 13,12 and 9 for [ = 0, 1 and 2 and decreases exponentially
so even if the support is €0, c0) it will be a reasonable approximation to take a covering r€[0, 742 ) such that
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1 1 1 | ool | |
0 -15 -10 -5 0 5 10 15 2 920 -15 -10 -5 0 5 10 15 2

Fig. 16: Spatial probability distributions of an electron in a hydrogen atom corresponding to the quantum states
(n,l,m) =(3,1,0), (3,2,0) and (3, 2, £1) (columns 1,2,3) and projections (z,y) and (z, z) = (y, z) (rows 1 and
2) (see example 4.8).

P(r>7maq) is small enough. After n = 4000 samplings for the quantum numbers (n,l,m) = (3,1,0), (3,2,0)
and (3,2, £1), the projections on the planes Ty, Tz and m,, are shown in figure ??.

The generalization of the Acceptance-Rejection method to sample a n-dimensional density
X~p(x|6) with dim(x) = n is straight forward. Covering with an n+1 dimensional hypercube:

2)

i1) Get a sampling {m?, 7, ... m?); y; } where

(2P = Un(P oy, Bu)p_y: vi<Un(y0,k) and k> maxep(x|0)
1)

70

2)

i2) Accept the n-tuple x; = (z;’,z;’,. . ., :c?)) if y;<p(x;|0) or reject it otherwise.

4.2.2.1 Incorrect estimation of max,{p(x|-)}

Usually, we know the support [, 5] of the random quantity but the pdf is complicated enough to know
the maximum. Then, we start the generation with our best guess for max,p(z|-), say k1, and after having
generated V| events ( generated, not accepted) in [« 3] %[0, k1],... wham!, we generate a value x,,, such
that p(x,,) > k;. Certainly, our estimation of the maximum was not correct. A possible solution is to
forget about what has been generated and start again with the new maximum ko = p(x,,) > kp but,
obviously, this is not desirable among other things because we have no guarantee that this is not going to
happen again. We better keep what has been done and proceed in the following manner:

1) We have generated N} pairs (x1, z2) in [, 5] x [0, k1] and, in particular, X2 uniformly in [0, k1 ].
How many additional pairs N, do we have to generate? Since the density of pairs is constant in
both domains [a, 8] x [0, k1] and [«, 8] % [0, k2] we have that

Nl Nl + Na

_ Ny (P2
(e <k1 1) (808)
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2) How do we generate them? Obviously in the domain [«, 5] x [k1, k2] but from the truncated density

pe(@|) = (p(x[-) = k1) Lp(af) >k, (%) (809)

3) Once the N, additional events have been generated (out of which some have been hopefully ac-
cepted) we continue with the usual procedure but on the domain [«, 5] x [0, k2].

The whole process is repeated as many times as needed.

NOTE 7: Weighted events. The Acceptance-Rejection algorithm just explained is equivalent to:

i1) Sample x; from Un(z|a, 8) and w; from Un(ul0, 1);
i2) Assign to each generated event x; a weight: w; = p(x;|-)/pm; 0<w;<1 and accept the event if
u; <wj; or reject it otherwise.

It is clear that:

e Events with a higher weight will have a higher chance to be accepted;

e After applying the acceptance-rejection criteria at step ¢9, all events will have a weight either 1 if
it has been accepted or 0 if it was rejected.

e The generation efficiency will be

. N
accepted trials 1 _
= ——— = = w; = W 810
total trials(N) N z; ‘ (810)
1=
In some cases it is interesting to keep all the events, accepted or not.
Example 4.9: Let’s obtain a sampling {x1,X2,...}, dim(x) = n, of points inside a n-dimensional sphere

centered at x° and radius r. For a direct use of the Acceptance-Rejection algorithm we enclose the sphere in a
n-dimensional hypercube

Cr = [l — r,af +1] @811
i=1
and:
D) z;<Un(z|zf —r,axé +r)fori=1,...,n

2) Accept x; if p; = ||x; — x°|| <r and reject otherwise.
The generation efficiency will be

volume of the sphere 27m/2 1

e(n) = (812)

volume of the covering - nT(n/2) 2"

Note that the sequence {x;/p; }?_, will be a sampling of points uniformly distributed on the sphere of radius r = 1.
This we can get also as:

1) zz<=N(z[0,1)fori=1,...,n

2) p=||zs|| and x; = z; /p

Except for simple densities, the efficiency of the Acceptance-Rejection algorithm is not very
high and decreases quickly with the number of dimensions. For instance, we have seen in the previous
example that covering the n-dimensional sphere with a hypercube has a generation efficiency

2772 1

e(n) = nT(nj2) 27 (813)
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and lim,_,~€(n) = 0. Certainly, some times we can refine the covering since there is no need other
than simplicity for a hypercube (see Stratified Sampling) but, in general, the origin of the problem
will remain: when we generate points uniformly in whatever domain, we are sampling with constant
density regions that have a very low probability content or even zero when they have null intersection
with the support of the random quantity X. This happens, for instance, when we want to sample from a
differential cross-section that has very sharp peaks (sometimes of several orders of magnitude as in the
case of bremsstrahlung). Then, the problem of having a low efficiency is not just the time expend in the
generation but the accuracy and convergence of the evaluations. We need a more clever way to generate
sequences and the Importance Sampling method comes to our help.

4.2.3 Importance Sampling

The Importance Sampling generalizes the Acceptance-Rejection method sampling the density function
with higher frequency in regions of the domain where the probability of acceptance is larger (more
important). Let’s see the one-dimensional case since the extension to n-dimensions is straight forward.

Suppose that we want a sampling of X ~p(z) with support Q2 x €[a, b] and F'(x) the corresponding
distribution function. We can always express p(z) as:

p(z) = cg(z)h(z) (814)
where:

1) h(x) is a probability density function, i.e., non-negative and normalized in 2 x;
2) g(x)>0 ; VaxeQx and has a finite maximum g,,, = max{g(z);x€Qx};
3) ¢ > 0 a constant normalization factor.

Now, consider a sampling {1, x9, ..., 2, } drawn from the density h(z). If we apply the Acceptance-

Rejection criteria with g(z), how are the accepted values distributed? It is clear that, if g,,, = max(g(x))

and Y~Un(y|0, gm,)

[ h(z)dx Og(x) dy [ h(z) g(x) da
b —

[P n(@)de [$ P ay [P h(z) g(z) do

P(X<a|Y<g(z)) = — Fz)  (®15)

and therefore, from a sampling of h(z) we get a sampling of p(x) applying the Acceptance-Rejection
with the function g(z). There are infinite options for h(z). First, the simpler the better for then the
Distribution Function can be easily inverted and the Inverse Transform applied efficiently. The Uniform
Density h(x) = Un(x|a,b) is the simplest one but then g(z) = p(z) and this is just the Acceptance-
Rejection over p(x). The second consideration is that h(x) be a fairly good approximation to p(z) so that
g(z) = p(x)/h(x) is as smooth as possible and the Acceptance-Rejection efficient. Thus, if h(xz) > 0
Vze(a,bl:

p(x)dx = p(r) h(z)dr = g(x)dH (z) (816)

4.2.3.1 Stratified Sampling

The Stratified Sampling is a particular case of the Importance Sampling where the density p(x); x€Qx
is approximated by a simple function over 2 x. Thus, in the one-dimensional case, if 2 = [a, b) and we
take the partition ( stratification)

Q= U?:lgz‘ = U?Zl[ai_l, ai) ;i ag=a, a,=2>=s (817)
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with measure A(£2;) = (a; — a;—1), we have

n

h(z) = Z; l[a’gégg(x) — /a:" h(z)dr = 1 (818)

Denoting by p,, (i) = max,{p(z)|x€Q;}, we have that for the Acceptance-Rejection algorithm the
volume of each sampling domain is V; = A(€;) py, (7). In consequence, for a partition of size n, if
Ze{1,2,...,n} and define

P(Z=k) = Zf’“v ; F(k) = P(z<k) = 3 P(Z = j) (819)

we get a sampling of p(z) from the following algorithm:

i1) ui<=Un(u|0,1) and select the partition k& = Int min{F; | F; > n-u;};
i2) xi<=Un(x|ag—1,ar), yi<=Un(y|0, pm(k)) and accept x; if y;<p(x;) (reject otherwise).

4.2.4 Decomposition of the probability density

Some times it is possible to express in a simple manner the density function as a linear combination of
densities; that is

k
plx) =Y ajpi(z) 3 a; >0Vj=12.. .k (820)
j=1

that are easier to sample. Since normalization imposes that

00 k 00 k
/ p(x)dx = Z a; / pj(x)de = Z am =1 (821)
00 =1 —00 =1

we can sample from p(x) selecting, at each step ¢, one of the k densities p;(z) with probability p; = a;
from which we shall obtain z; and therefore sampling with higher frequency from those densities that
have a higher relative weight. Thus:

i1) Select which density p;(z) are we going to sample at step i with probability p; = a;;
i2) Get x; from p;(z) selected at 45.

It may happen that some densities p; () can not be easily integrated so we do not know a priory the
relative weights. If this is the case, we can sample from f;(z) o< p;(«) and estimate with the generated
events from f;(x) the corresponding normalizations I; with, for instance, from the sample mean

I = iz filz) (822)
k=1
Then, since p;(z) = f;(x)/I; we have that
K K A K
pel) = 3 afteh) = 3 el P = 3 el (523

so each generated event from f;(x) has a weight w; = a;I;.
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Example 4.10: Suppose we want to sample from the density
3
pl) = S (1 + ) 5 zel[-1,1] (824)

Then, we can take:

pi(z) = 1/2
pa(x) = 322%/2

p1(x) x1

po(x) xx (825)

2} — normalization — {

SO:

p(z) = —pi(z) + —p2(z) (826)
Then:

1) Getu; and w; as Un(ul0,1);
i9) Get x; as:
ifu;<3/4thenz; = 2w; — 1
ifu; >3/4thenz; = (2w; — 1)1/3

In this case, 75% of the times we sample from the trivial density Un(x| — 1, 1).

4.3 Everything at work
4.3.1 The Compton Scattering

When problems start to get complicated, we have to combine several of the aforementioned methods; in
this case Importance Sampling, Acceptance-Rejection and Decomposition of the probability density.

Compton Scattering is one of the main processes that occur in the interaction of photons with
matter. When a photon interacts with one of the atomic electrons with an energy greater than the binding
energy of the electron, is suffers an inelastic scattering resulting in a photon of less energy and different
direction than the incoming one and an ejected free electron from the atom. If we make the simplifying
assumptions that the atomic electron initially at rest and neglect the binding energy we have that if the
incoming photon has an energy F,, its energy after the interaction (E;) is:

E 1
ot
€E == — — 827
E, 1+ a(1— cosb) (827)

where 0€[0, 7| is the angle between the momentum of the outgoing photon and the incoming one and
a = E,/me. Itis clear that if the dispersed photon goes in the forward direction (that is, with § = 0), it
will have the maximum possible energy (¢ = 1) and when it goes backwards (that is, § = 7) the smallest
possible energy (¢ = (1 + 2a)~!). Being a two body final state, given the energy (or the angle) of the
outgoing photon the rest of the kinematic quantities are determined uniquely:

/ 1 cotfl/2
E,=E,(1+ Pl €) and  tanf. = . +/a

(828)

The cross-section for the Compton Scattering can be calculated perturbatively in Relativistic Quantum
Mechanics resulting in the Klein-Nishina expression:

dO‘() 30‘T

dr = ] f(z) (829)

where # = cos(), o7 = 0.665 barn = 0.665- 10724 cm? is the Thomson cross-section and

B 1 a? (1 —x)?
o) = 1+ a(l—2)? <1+x2+1+a(1—x)> (830)
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Fig. 17: Functions f(x) (left) and g(x) (right) for different values of the incoming photon energy.

has all the angular dependence. Due to the azimuthal symmetry, there is no explicit dependence with
¢€0, 2] and has been integrated out. Last, integrating this expression for x€[—1, 1] we have the total
cross-section of the process:

or [<1 + a> <2(1 + a) 1n(1+2a)> L In(1+20) L3 ] e

4 2 -

E.) =
UO( 7) a 1+ 2a a

2a (1 + 2a)?

For a material with Z electrons, the atomic cross-section can be approximated by o = Z o cm?/atom.

Let’s see how to simulate this process sampling the angular distribution p(x)~ f(x). Figure ??
(left) shows this function for incoming photon energies of 10, 100 and 1000 MeV. It is clear that it is
peaked at x values close to 1 and gets sharper with the incoming energy; that is, when the angle between
the incoming and outgoing photon momentum becomes smaller. In consequence, for high energy photons
the Acceptance-Rejection algorithm becomes very inefficient. Let’s then define the functions

1

fa(z) = Tt ald—o] (832)
and express f(z) as f(z) = (fi(x) + fa(x) + f3(x)) - g(x) where
gz) =1 — (2—2?) Hi(@) (833)

1+ fi(z) + fa(z)
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The functions f,,(x) are easy enough to use the Inverse Transform method and apply afterward the
Acceptance-Rejection on g(z) > 0 Vz€[—1, 1]. The shape of this function is shown in figure ?? (right)
for different values of the incoming photon energy and clearly is much more smooth than f(z) so the
Acceptance-Rejection will be significantly more efficient. Normalizing properly the densities

1 1
pi(x) = — fi(x) such that / pi(z)der =1 ;i=1,2,3 (834)
Wy —1
we have that, with b = 1 + 2a:

2 2b

Zpr-1 T (63

w] = - Inb Wy = 3 (b2 — 1)2

and therefore

flx) = (filz) + fol@) + f5(2)) -9(z) = (wip1(z) + wepa(z) + w3 ps(x)) -g(z) =
= wi (a1 p1(z) + caop2(x) + azps(x)) -g(x)
(836)

where wy = wy + wo + w3,

w; .
ai:i>0 :i=1,2,3 and Zaizl (837)

Thus, we set up the following algorithm:

1) Generate u<=Un(ul0, 1),
1.1) if u<ay we sample x4 ~ p;(z);
1.2) if a1 < u<oy + ap we sample x4 ~ pa(x) and
1.3) if a1 + ag < u we sample x4 ~ pa(x);

2) Generate w<=Un(w|0, grr) where

If w<g(x4) we accept x4; otherwise we go back to step 1).

Let’s see now to to sample from the densities p;(x). If u<=Un(u|0, 1) and

Fi(z) = /a? pi(s)ds 1=1,2,3 (838)

then:

x ~pi(z) Fi(x) = 1— — rg=— (839)

a(b?—1)
1 + 2au
b+1
[1+ 4a(1 + a)u]'/?
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Once we have x, we can deduce the remaining quantities of interest from the kinematic relations. In
particular, the energy of the outcoming photon will be

B 1 (840)
€ — — =
7 E 1+ a(l—xy)

Last, we sample the azimuthal outgoing photon angle as ¢ < Un(u|0, 27).

Even though in this example we are going to simulate only the Compton effect, there are other
processes by which the photon interacts with matter. At low energies (essentially ionization energies:
< E, <100 KeV) the dominant interaction is the photoelectric effect

v + atom — atom™ + e” ;
at intermediate energies (E, ~ 1 — 10 MeV) the Compton effect
vy + atom — v + e + atom™
and at high energies (£, > 100 MeV) the dominant one is pair production
v + nucleus — e* + e~ + nucleus

To first approximation, the contribution of other processes is negligible. Then, at each step in the evolu-
tion of the photon along the material we have to decide first which interaction is going to occur next. The
cross section is a measure of the interaction probability expressed in cm? so, since the total interaction
cross section will be in this case:

0t = O phot. + O Compt. T O pair (841)

we decide upon the process ¢ that is going to happen next with probability p; = o;/0y; that is,
u<=Un(0, 1) and

1) if u<p phor. we simulate the photoelectric interaction;
2) if p phot. < U<(P phot. + P Compt.): We simulate the Compton effect and otherwise
3) we simulate the pair production

Once we have decided which interaction is going to happen next, we have to decide where. The
probability that the photon interacts after traversing a distance = (cm) in the material is given by

Fopp =1 — e %/? (842)

where )\ is the mean free path. Being A the atomic mass number of the material, N4 the Avogadro’s
number, p the density of the material in g/ cm?, and o the cross-section of the process under discussion,
we have that

A
- 843
pNyo [ em] (843)
Thus, if u<=Un(0, 1), the next interaction is going to happen at x = —Alnu along the direction of the

photon momentum.

As an example, we are going to simulate what happens when a beam of photons of energy £, = 1
MeV (X rays) incide normally on the side of a rectangular block of carbon (Z = 6, A = 12.01, p = 2.26)
of 10 x 10 cm? surface y 20 cm depth. Behind the block, we have hidden an iron coin (Z = 26, A =
55.85, p = 7.87) centered on the surface and in contact with it of 2 cm radius and 1 cm thickness. Last,
at 0.5 cm from the coin there is a photographic film that collects the incident photons.
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Fig. 18: The upper figure shows an sketch of the experimental set-up and the trajectory of one of the simulated
photons until it is detected on the screen. The lower figure shows the density of photons collected at the screen for
a initially generated sample 10° events.

The beam of photons is wider than the block of carbon so some of them will go right the way
without interacting and will burn the film. We have assumed for simplicity that when the photon energy
is below 0.01 MeV, the photoelectric effect is dominant and the ejected electron will be absorbed in the
material. The photon will then be lost and we shall start with the next one. Last, an irrelevant technical
issue: the angular variables of the photon after the interaction are referred to the direction of the incident
photon so in each case we have to do the appropriate rotation.

Figure ?? (up) shows the sketch of the experimental set-up and the trajectory of one of the traced
photons of the beam collected by the film. The radiography obtained after tracing 100,000 photons is
shown in figure ?? (down). The black zone corresponds to photons that either go straight to to the screen
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or at some point leave the block before getting to the end. The mid zone are those photons that cross the
carbon block and the central circle, with less interactions, those that cross the carbon block and afterward
the iron coin.

4.3.2 An incoming flux of particles

Suppose we have a detector and we want to simulate a flux of isotropically distributed incoming particles.
It is obvious that generating them one by one in the space and tracing them backwards is extremely
inefficient. Consider a large cubic volume V' that encloses the detector, both centered in the reference
frame Sy. At time £, we have for particles uniformly distributed inside this volume that:

p(ro) dpo = o dro dyo dzo (844)
Assume now that the velocities are isotropically distributed; that is:
p(v)du, = i sinf df d¢ f(v) dv (845)
with f(v) properly normalized. Under independence of positions and velocities at ¢y, we have that:
p(ro, v) dug dpy, = % dxg dyo dzg i sin0df d¢ f(v) dv (846)

Given a square of surface S = (21)2, parallel to the (x, %) plane, centered at (0,0, 2.) and well inside the
volume V', we want to find the probability and distribution of particles that, coming from the top, cross
the surface S in unit time.

For a particle having a coordinate zj at tyg = 0, we have that z(t) = zo + v,t. The surface S is
parallel to the plane (x,y) at z = z. so particles will cross this plane at time t. = (2. — 20)/v, from
above iff:

0) z0>zc; obvious for otherwise they are below the plane S at ty = 0;

1) 0€[n/2,m); also obvious because if they are above S at ¢y = 0 and cut the plane at some ¢ > 0,
the only way is that v, = vcosf < 0 — cosf < 0 — O€[r/2, 7).

But to cross the squared surface S of side 2 we also need that
2) —I<z(te) =x0+vste <l and =1 <y(t.) = yo +vyt.<I
Last, we want particles crossing in unit time; that is t.€[0, 1] so 0<t. = (2. — 20)/v.<1 and therefore
3) z0€|zc, 2c — v cos b
Then, the desired subspace with conditions 1), 2), 3) is
Qe = {0€[n/2,7); 20€][2c, 2e — v cosO]; xo€[—1 — vyte, | — vte]; YoE€[—1 — vyte, I — vytc]} (847)
After integration:
ze—vcos b I—vgte I—vyte
/ dzg / dxo / dyo = —(2l)2 v cos 0 (848)
Ze —l—vgte —l—vytc
Thus, we have that for the particles crossing the surface S = (21)? from above in unit time

2
(20) 1 sin® cos0df de f(v)vdv (849)

p(0, ¢,v)dbdpdv = —
47
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with 0€[r /2, 7) and ¢€|0, 27). If we define the average velocity

E[v] :/Q v f(v)dv (850)

the probability to have a cut per unit time is

S Ev]

Patlte<1) = [ p(0,0.0) dbdodv = (851)
Qex 9y 4V
and the pdf for the angular distribution of velocities (direction of crossing particles) is
1 1
p(0,$) dodp = —= sinf cosOdf dp = > d(cos®0) de (852)
m s

If we have a density of n particles per unit volume, the expected number of crossings per unit time due
to the nyy = n V particles in the volume is

n E[v]
4

so the flux, number of particles crossing the surface from one side per unit time and unit surface is

S (853)

Ne = Ny Pcut(tcgl) -

0o _ Nec _ n Ev]
=g =—7 (854)

Note that the requirement that the particles cross the square surface .S in a finite time (¢.€[0, 1])
modifies the angular distribution of the direction of particles. Instead of

pl(G,gf))O( sin ¢ ;96[077‘-); ¢€[0527T) (855)
we have
p2(0,¢) x — sinf cos b ;0e(r/2,m); ¢€[0,2m) (856)

The first one spans a solid angle of

s 27
[ a0 [ dome.0) = in (857)
0 0
while for the second one we have that
w/2 27
| [ dopao.0) = = (858)
0 0

that is; one fourth the solid angle spanned by the sphere. Therefore, the flux expressed as number of
particles crossing from one side of the square surface .S per unit time and solid angle is

B 28 _ ne  nE
T w8 Ax
Thus, if we generate a total of np = 6n, particles on the of the surface of a cube, each face of area .5,
with the angular distribution

o, (859)

p(0,¢) dodp = %d(COSQQ) d¢ (860)

for each surface with €[r/2, ) and ¢€[0,2r) defined with & normal to the surface, the equivalent
generated flux per unit time, unit surface and solid angle is &7 = np/67S and corresponds to a density
of n = 2ny/3SE|v] particles per unit volume.
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NOTE 8: Sampling some continuous distributions of interest.

These are some procedures to sample from continuous distributions of interest. There are several
algorithms for each case with efficiency depending on the parameters but those outlined here have in
general high efficiency. In all cases, it is assumed that u<=Un(0, 1).

e Beta: Be(zx|a, 3); o, B€(0, 00):
1

pal) = G gt -0 ey — w= (861)
where z1 < Ga(x|1/2,«) and z9 < Ga(z|1/2, 5)
e Cauchy: Ca(z|a, 8); a€R; SE(0, 00):
p(z]) = a +52ﬁ(/u:_ a)2)1(,oo,oo)(a:) — z=a+ ! tan(7(u — 1/2)) (862)

e Chi-squared: For \*(z|v) see Ga(x|1/2,v/2).
e Dirichlet Di(x|a); dim(x, a) = n, a;€(0,00), 2;€(0,1) and > 77 _; 2; =1

I 4+ ... n i aj— n
p(xla) = ﬁ(z‘;l)._.r(ai‘)) H1 T gy (m)  — {zg =2/ (863)

where zj<=Ga(z2]1, o) and 29 = Y1, 2;.

Generalized Dirichlet GDi(x|c, 8); dim(8) = n, 3;€(0,00), Y0~ 2; < 1

n—1 i Yi
p(x1,...,xn_ 1|, B) = — 1-— T (864)
( 1 n 1’ ) £[1 F(az)F(BZ) % ; k
with
- Bi—aip— By fori=1,2,...,n—2
T { Brn-1—1 fori=n—1 (865)
k-1

When 3; = aj4+1+ Bi+1 reduces to the usual Dirichlet. If z;< Be(z|ag, O) then 2, = zk(l—zjzlxj)
fork=1,...,n—1landz, =1 — Z?:_llxi.

e Exponential: Ex(z|a); ag(0,00):

p(z]) = aexp{—ax}li)(z) — =z = —a tnu (866)

e Gamma Distribution Ga (x|, 8); «, 5€(0, 0).
The probability density is
ab
plalesf) = gy e 2" Lo.oo)() (867)

Note that Z = aX~Ga(z|1, 5) so let’s see how to simulate a sampling of Ga(z|1, 5) and, if a1, take
x = z/a. Depending on the value of the parameter 5 we have that

311



C. MANA

> S = 1: This is the Exponential distribution Ez(x|1) already discussed;

> B = meN: As we know, the sum X; = X; + ... + X, of n independent random quantities
Xi~Ga(zila, B;); 1 = 1,...,nis arandom quantity distributed as Ga(|zs|c, 81+ - -+ By). Thus,
if we have m independent samplings x;<=Ga(z|1,1) = Ex(z|1), that is

r1 = —Inuy, ... ,xm = — Inuy, (868)
with u;<=Un(0, 1), then
m
xsle—i—mz...—i—mm:—lnnui (869)
i=1

will be a sampling of Ga(zs|1, 8 = m).
> B > 1€R: Defining m = [(] we have that 8 = m + ¢ with §€[0, 1). Then, if u;<=Un(0,1); i =
1,...,mand w<Ga(wl|1,d),

z= =] w+w (870)

will be a sampling from Ga(z|1,3). The problem is reduced to get a sampling w<=Ga(w|1, )
with 6€(0, 1).

> 0 < B < 1: In this case, for small values of x the density is dominated by p(z) ~ 2%~! and for
large values by p(x) ~e~*. Let’s then take the approximant

g(z) = 2871 1(0,1)(1‘) + e 7 1[1’00)(.%) (871)

Defining
pi(z) = 5305_11(071)(:13) —  Fy(z) =2 (872)
po(x) = e_(x_l)l[lpo)(w) — Fyz) =1—¢ @D (873)

w1 =e/(e+ B) and we = /(e + ) we have that
9(z) = wipi1(x) + w2 p2(z) (874)

and therefore:

1) w<Un(0,1);i=1,2,,3

2) Ifu; <wy,2etx = ué/ﬁ and accept x if uz<e™%; otherwise go to 1);

Ifu; > wy,setz = 1 — Inuy and accept z if us<zP~!; otherwise go to 1);

The sequence of accepted values will simulate a sampling from Ga(z|1,3). It is easy to see that the
generation efficiency is

e

«(B) = 5 TB+1) (875)

and €,,in (8 ~ 0.8) ~0.72.
e Laplace: La(z|a, 8); a€R, B€(0, 00):
a+ [ In(2u) if u<1/2

plxlo, B) = 2i e 1P oy (@) — = (876)
p a—pFIn(2(1 —w)) if u>1/2
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e Logistic: Lg(z|a, 5); a€R; B€(0,00):

exp{—B(z — o)}
(14 exp{=f(z — a)})?

pz-) = B

lsoo)(®) — o =a+ 57! In <1gu> 877)

e Normal Distribution N (x|u, V).

There are several procedures to generate samples from a Normal Distribution. Let’s start with
the one-dimensional case X ~N (z|u, o) considering two independent standardized random quantities
X;~N(z;]0,1); i = 1,2 [?] with joint density

1
pa1, 22) = %e‘(”ﬁf“@” (878)

After the transformation X; = R cos© and X3 = R sin© with R€[0, 00); O€0, 27) we have

1
p(r,0) = %e""z/zr (879)

Clearly, both quantities R and © are independent and their distribution functions

F.(r)=1— e /2 and Fy(0) = 0 (880)

2

are easy to invert so, using then the Inverse Transform algorithm:

1) u1<=Un(0,1) and ug<=Un(0,1);
2) r =+/—2 Inuj and 0 = 27us;

3) o1 = r cosf and x9 = r sinf.
Thus, we get two independent samplings 1 and x5 from N (z|0, 1) and
4) z1 = p1 + o121 and 29 = po + 0272

will be two independent samplings from N (x|u1,01) and N (z|pue, o2).

For the n-dimensional case, X~N (x|u, V) and V the covariance matrix, we proceed from the
conditional densities

p(x|p, V) = p(@n|Tn-1,Tn-2...,215) D(Tn-1|Tn-2...,215°) - p(x1]") (881)

For high dimensions this is a bit laborious and it is easier if we do first a bit of algebra. We know from
Cholesky’s Factorization Theorem that if VER™*™ is a symmetric positive defined matrix there is a
unique lower triangular matrix C, with positive diagonal elements, such that V.= CC”'. Let then Y be
an n-dimensional random quantity distributed as N (y|0,I) and define a new random quantity

X =p+CY (882)
Then V! = [C~!]T C~! and
Y'Y = (X - [C[CT(X—p) = (X —p)" V(X -p) (883)
After some algebra, the elements if the matrix C can be easily obtained as
Vi

Cil = 1§z§n (884)
Vi
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c; = -2 Zcfjjl BIR 1< j<i<n
J

i—1 1/2
Ci = (Vu — Z CZQk) 1<i<n
k=1

and, being lower triangular, C;; = 0 Vj > 4. Thus, we have the following algorithm:

1) Get the matrix C from the covariance matrix V;
2) Get n independent samplings z;<=N (0,1) withi = 1,...,n;
3) Getz; = Wi + Z?:l Ciij

In particular, for a two-dimensional random quantity we have that

V = U% pPO102
pPo102 U%

and therefore:

Vi1
Cn = = 01 ; Ci2 =0
Vi !
A%
Cor = él = poy Cp = (Voo — C3)V2 = o0 /1 — p2
11

SO:

T
poy o2y/1 — p?

Then, if 21 2<=N (2|0, 1) we have that:

(2) = () (oop =)

e Pareto: Pa(z|a, 3); o, B€(0,00):

p(zl) = ap®e” g () — @ =pul/®

e Snedecor: Sn(z|a, 5); o, S€(0,00):

a/2—1 —(a+B)/2 _ /o
T|) X x + ax 10.00)(x — T =
p(z|) B ) (0,00) () 2/
where 21 <= Ga(z|1/2,a/2) and x9 <= Ga(x|1/2, 5/2).
e Student St(z|v); v€(0,00):
pal) o ! 1 () — =z = V(U_Q/V — 1) sin(27ug)
(1 + xg/]/)(u—i—l)/Q (—00,00) 1

where u; 2 <= Un(0,1).
e Uniform Un(z|a,b); a < beR

plal) = (b—a) y@) — == (b-1)+au
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e Weibull: We(z|a, 8); «, 5€(0, 00):

pla] = ap®a®Lexp{—(2/8)* oy(@) — x =B (— Inu)'/* (896)

4.4 Markov Chain Monte Carlo

With the methods we have used up to now we can simulate samples from distributions that are more or
less easy to handle. Markov Chain Monte Carlo allows to sample from more complicated distributions.
The basic idea is to consider each sampling as a state of a system that evolves in consecutive steps of
a Markov Chain converging (asymptotically) to the desired distribution. In the simplest version were
introduced by Metropolis in the 1950s and were generalized by Hastings in the 1970s.

Let’s start for simplicity with a discrete distribution. Suppose that we want a sampling of size n
from the distribution

P(X=k)=m with k=12,...,N (897)

that is, from the probability vector
N
T = (m,m..,7N) 5 mE0,1Vi=1,...,N and Y m=1 (898)
i=1

and assume that it is difficult to generate a sample from this distribution by other procedures. Then, we
may start from a sample of size n generated from a simpler distribution; for instance, a Discrete Uniform
with

1
P(X =k) = —; vk (899)
N
and from the sample obtained {nj,ns,...,ny}, where n = Zf\i 1 N, we form the initial sample
probability vector
0 = (7‘(‘50), 7'('50), .. .,W](\?)) = (n1/n,n2/n,....,ny/n) (900)
Once we have the n events distributed in the N classes of the sample space 2 = {1,2,..., N} we just

have to redistribute them according to some criteria in different steps so that eventually we have a sample
of size n drawn from the desired distribution P(X = k) = .

We can consider the process of redistribution as an evolving system such that, if at step ¢ the system
is described by the probability vector (), the new state at step i + 1, described by 7+, depends only
on the present state of the system (¢) and not on the previous ones; that is, as a Markov Chain. Thus,
we start from the state 7(°) and the aim is to find a Transition Matrix P, of dimension N x N, such that
7+ = 7() P and allows us to reach the desired state 7. The matrix P is

Py P - Py
Py Py - Py

P = } } ) (901)
Py1 Pn2 -+ Pyn

315



C. MANA

where each element ( P);; = P(i—j)€]0, 1] represents the probability for an event in class i to move to
class j in one step. Clearly, at any step in the evolution the probability that an event in class ¢ goes to any
otherclass j =1,...,Nis1so

N N
Y (P =) Pli=j) =1 (902)
j=1 j=1

and therefore is a Probability Matrix. If the Markov Chain is:

1) irreducible; that is, all the states of the system communicate among themselves;
2) ergodic; that is, the states are:

2.1) recurrent: being at one state we shall return to it at some point in the evolution with proba-
bility 1;

2.2) positive: we shall return to it in a finite number of steps in the evolution;

2.3) aperiodic: the system is not trapped in cycles;

then there is a stationary distribution 7 such that:

Hhrm=nP,;

2) Starting at any arbitrary state 7 of the system, the sequence

converges asymptotically to the fix vector ;

3)
limy, 5o P* = . . (903)

There are infinite ways to choose the transition matrix P. A sufficient (although not necessary)
condition for this matrix to describe a Markov Chain with fixed vector 7 is that the Detailed Balance
condition is satisfied (i.e.; a reversible evolution); that is

ﬂi(P)ij = ﬂ'j(P)jZ' < 7TZP(Z—>]) = W]P(]—VL) (904)
It is clear that if this condition is satisfied, then 7 is a fixed vector since:
N N N
TP = (Zm(P)ﬂ,zm(P)ig,...zm(P)iN> =7 (905)
i=1 i=1 i=1

due to the fact that

N N
Zm(P)ik:Zﬂk(P)M:wk for k=12,....,N (906)
=1 i=1

316



PROBABILITY AND STATISTICS FOR PARTICLE PHYSICS

Imposing the Detailed Balance condition, we have freedom to choose the elements ( P);;. We can
obviously take ( P);; = m; so that it is satisfied trivially (m;7; = ;) but this means that being at
class 7 we shall select the new possible class j with probability P(i—j) = 7; and, therefore, to sample
directly the desired distribution that, in principle, we do not know how to do. The basic idea of Markov
Chain Monte Carlo simulation is to take

(P)ij = q(jli) - asj (907)

where

q(jli): is a probability law to select the possible new class j = 1,..., N
for an event that is actually in class ;

ajj: is the probability to accept the proposed new class 7 for an event
that is at ¢ taken such that the Detailed Balance condition is
satisfied for the desired distribution 7.

Thus, at each step in the evolution, for an event that is in class ¢ we propose a new class j to go
according to the probability ¢(j|7) and accept the transition with probability a,;. Otherwise, we reject the
transition and leave the event in the class where it was. The Metropolis-Hastings [?] algorithm consists
in taking the acceptance function

B, m; q(il)
a;; = min {1, 7Tiq(j|l)} (908)

It is clear that this election of a;; satisfies the Detailed Balance condition. Indeed, if m;q(j|7) > m;q(i]j)
we have that:

0 = min {1’ 7 Q(z.\J_)} _malili) g aji = min {17 7”‘1(“)} -1 (909)
mi q(ji) m; q(ilj)

™ q (%)

and therefore:

m (P)ij = miq(jli)a; = mq(j\i)m = (910)
= miq(ilj) = mq(ilj) aji = m; (P)j; 911)

The same holds if m;q(j|i) < m;q(i|j) and is trivial if both sides are equal. Clearly, if ¢(i|j) = m; then
a;j = 1 so the closer ¢(i|7) is to the desired distribution the better.

A particularly simple case is to choose a symmetric probability ¢(j|i) = q(i|7) [?]

ai; = min {1, ”ﬂ} 912)

U

In both cases, it is clear that since the acceptance of the proposed class depends upon the ratio 7; /7;, the
normalization of the desired probability is not important.

The previous expressions are directly applicable in the case we want to sample an absolute con-
tinuous random quantity X ~m(z). If reversibility holds, p(2’|x)7(x) = p(x|z")7(«’) and therefore

/Xp(x |lx)dx’ =1 — /Xp(m |z)7(z) de = ﬂ(x)/xp(x]a:)dx = m(x') (913)
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The transition kernel is expressed as
p(@'|z) = plz—a') = g(a'|z) - alz—a) 914)

and the acceptance probability given by

a(z—a') = min {1, (915)

m(z') q(z|z’)
m(z) q(z'|x) }

Let’s see one example.

Example 4.11: The Binomial Distribution. Suppose we want a sampling of size n of the random quantity
X~Bi(x|N,0) Since x = 0,1,...,N wehave ¢t = 1,2,..., N + 1 classes and the desired probability vector, of
dimension N + 1, is

7 = (po, P1,---,PN) where pr = P(X=k|) = < JZ ) oF (1—9)N’k (916)

Let’s take for this example N = 10 (that is, 11 classes), § = 0.45 and n = 100,000. We start from a sampling
of size n from a uniform distribution (figure ??-1). At each step of the evolution we swap over the n generated
events. For and event that is in bin j we choose a new possible bin to go j = 1,..., 10 with uniform probability
q(j]7). Suppose that we look at an event in bin ¢ = 7 and choose j with equal probability among the 10 possible
bins. If, for instance, j = 2, then we accept the move with probability

ars = a(7—2) min (1, 2 :p2> = 0.026 917)
7 = Pr

if, on the other hand, we have j = 6,
arg = a(7—6) min <17 M) -1 918)
7 = pP7

so we make the move of the event. After two swaps over all the sample we have the distribution shown in figure
??-2 and after 100 swaps that shown in figure ??-3, both compared to the desired distribution:

7 = (0.091,0.090,0.090,0.092,0.091,0.091, 0.093, 0.089, 0.092, 0.090, 0.092)
7 = (0.012,0.048,0.101,0.155,0.181,0.182,0.151,0.100, 0.050, 0.018, 0.002)
719 = (0.002,0.020,0.077,0.167,0.238,0.235, 0.159, 0.074, 0.022, 0.004, 0.000)

7 = (0.000,0.021,0.076,0.166,0.238,0.234, 0.160, 0.075, 0.023, 0.004, 0.000)

The evolution of the moments, in this case the mean value and the variance with the number of steps is
shown in figure ?? together with the Kullback-Leibler logarithmic discrepancy between each state and the new
one defined as

10 n)
Srepdmla™y = S 2™ 1 Tk (919)
roim|T™} ; W

As the previous example shows, we have to let the system evolve some steps (i.e.; some initial
sweeps for “burn-out” or “thermalization”) to reach the stable running conditions and get close to the
stationary distribution after starting from an arbitrary state. Once this is achieved, each step in the
evolution will be a sampling from the desired distribution so we do not have necessarily to generate a
sample of the desired size to start with. In fact, we usually don’t do that; we choose one admissible state
and let the system evolve. Thus, for instance if we want a sample of X ~p(z|-) with z€Qx, we may start
with a value o€ x. Ata given step 7 the system will be in the state {x} and at the step ¢ + 1 the system
will be in a new state {z'} if we accept the change « — 2’ or in the state {x} if we do not accept it. After
thermalization, each trial will simulate a sampling of X ~p(z|-). Obviously, the sequence of states of the
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Fig. 19: Distributions at steps 0, 2 and 100 (figs. 1,2,3; blue) of the Markov Chain with the desired Binomial
distribution superimposed in yellow.

system is not independent so, if correlations are important for the evaluation of the quantities of interest,
it is a common practice to reduce them by taking for the evaluations one out of few steps.

As for the thermalization steps, there is no universal criteria to tell whether stable conditions
have been achieved. One may look, for instance, at the evolution of the discrepancy between the desired
probability distribution and the probability vector of the state of the system and at the moments of the
distribution evaluated with a fraction of the last steps. More details about that are given in [?]. It is
interesting also to look at the acceptance rate; i.e. the number of accepted new values over the number
of trials. If the rate is low, the proposed new values are rejected with high probability (are far away from
the more likely ones) and therefore the chain will mix slowly. On the contrary, a high rate indicates that
the steps are short, successive samplings move slowly around the space and therefore the convergence is
slow. In both cases we should think about tuning the parameters of the generation.

Example 4.12: The Beta distribution.

Let’s simulate a sample of size 107 from a Beta distribution Be(z|4,2); that is:
n(r)oca® (1 —z)  with  2€[0,1] (920)

In this case, we start from the admissible state {x = 0.3} and select a new possible state ' from the density
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Fig. 20: Distributions of the mean value, variance and logarithmic discrepancy vs the number of steps. For the first
two, the red line indicates what is expected for the Binomial distribution.

q(x’|x) = 22’; not symmetric and independent of x. Thus we generate a new possible state as

/ /

x x
F,(2") = / q(s|z)ds = / 2sds = 2> — o' =u'?  with u<Un(0,1) (921)
0 0
The acceptance function will then be

x/2(1 _ :,C/)

a') = min {1, = min {1, ada 922
otz = min {1, SELAEEL ) = min {1, S =5 022
depending on which we set at the state ¢ + 1 the system in z or x’. After evolving the system for thermalization,
the distribution is shown in figure ?? where we have taken one x value out of 5 consecutive ones. The red line
shows the desired distribution Be(z|4,2).

(@) - q(xlz’) }

Example 4.13: Path Integrals in Quantum Mechanics.
In Feynman’s formulation of non-relativistic Quantum Mechanics, the probability amplitude to find a par-
ticle in zy at time ¢ty when at ¢; was at z; is given by
Koy tylot) = [ sl plage) 923)

paths
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Fig. 21: Sampling of the Beta distribution Be(x|4,2) (blue) of the example 4.12 compared to the desired distribu-
tion (continuous line).

where the integral is performed over all possible trajectories x(¢) that connect the initial state x; = x(¢;) with the
final state ¢ = x(ts), S[x(t)] is the classic action functional

tr
Slz(t)] = / L(&,z,t)dt (924)
t;
that corresponds to each trajectory and L(i, x,t) is the Lagrangian of the particle. All trajectories contribute to
the amplitude with the same weight but different phase. In principle, small differences in the trajectories cause
big changes in the action compared to /i and, due to the oscillatory nature of the phase, their contributions cancel.
However, the action does not change, to first order, for the trajectories in a neighborhood of the one for which the
action is extremal and, since they have similar phases (compared to /i) their contributions will not cancel. The set
of trajectories around the extremal one that produce changes in the action of the order of /i define the limits of
classical mechanics and allow to recover is laws expressed as the Extremal Action Principle.

The transition amplitude ( propagator) allows to get the wave-function ¥ (x ,t) from U(z;,¢;) as:
\Il(mf,tf) = / K(l‘f,tﬂl’,;,ti) \I/(l‘“lfl)dxz for tf > t; (925)

In non-relativistic Quantum Mechanics there are no trajectories evolving backwards in time so in the definition of
the propagator a Heaviside step function (¢ ; —t;) is implicit. Is this clear from this equation that K (z, t|x;,t) =
Oxy — ).

For a local Lagrangian (additive actions), it holds that:
K(zy, tylet;) = / K(zys, tele, t) K(z, t|z;, t;) do (926)

analogous expression to the Chapman-Kolmogorov equations that are satisfied by the conditional probabilities of
a Markov process. If the Lagrangian is not local, the evolution of the system will depend on the intermediate
states and this equation will not be true. On the other hand, if the Classical Lagrangian has no explicit time
dependence the propagator admits an expansion ( Feynman-Kac Expansion Theorem) in terms of a compete set of
eigenfunctions {¢,,} of the Hamiltonian as:

K(wp tylaogt;) =y e MHE =06 (20) 65 (25) (927)
n
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where the sum is understood as a sum for discrete eigenvalues and as an integral for continuous eigenvalues. Last,
remember that expected value of an operator A(z) is given by:

<A>= [ Alx() S Dla(e)] /[ SO D) 928)

Let’s see how to do the integral over paths to get the propagator in a one-dimensional problem. For a
particle that follows a trajectory z(t) between x; = x(¢;) and z; = z(t;) under the action of a potential V'(x(t)),
the Lagrangian is:

L(%,z,t) = %mo':(t)z — V(x(t)) (929)
and the corresponding action:
t
Sz(t)] = /f (;mﬁc(t)Q - V(x(t))) dt (930)
ti

so we have for the propagator:

K(If’tf“ri’ti)

/ (M S0 Dly(p)] =
Tr

/m eXp{;i /: (;m”b(t)Z - VWt))) df} Dl(t)] (931

where the integral is performed over the set T of all possible trajectories that start at x; = z(t;) and end at
x5 = x(ty). Following Feynman, a way to perform this integrals is to make a partition of the interval (¢;,t¢) in N
subintervals of equal length € (figure ??); that is, with

tr — ¢ )
€ = fN sothat t; —t; y =e; j=1,2,..,N (932)

Thus, if we identify ¢y = ¢; and ¢y = ¢y we have that
[tirty) = Uj—o [tj,t41) (933)

On each interval [t;,t;41), the possible trajectories x(t) are approximated by straight segments so they are defined
by the sequence

{zo=o; =2(t;), x1 = 2(t1), x2 = x(t2),...anv_1 = (tn-1), v = x5 = z(tf)}

Obviously, the trajectories so defined are continuous but not differentiable so we have to redefine the velocity. An
appropriate prescription is to substitute £(¢;) by
Tj — Tj-1

(t;) — (934)

€

so the action is finally expressed as:

(935)

- Efjl [;m (H)2 )

Last, the integral over all possible trajectories that start at o and end at z is translated in this space
with discretized time axis as an integral over the quantities x1,xs,...,xny—1 so the differential measure for the
trajectories D|[x(¢)] is substituted by

Dz(t)] — An H (936)
with Ay a normalization factor. The propagator is finally expressed as:

Ky (v teleiti) =
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Fig. 22: Trajectory in a space with discretized time.

€ (937)

. N 2
) 1 Ti — Ti_1
= An /I1 dxy - /QCN_1 drxn_1 exp % jE [Qm <J€J> — V(zy)

=1

After doing the integrals, taking the limit e—0 (or N—o00 since the product Ne = (ty — t;) is fixed) we get the
expression of the propagator. Last, note that the interpretation of the integral over trajectories as the limit of a
multiple Riemann integral is valid only in Cartesian coordinates.

To derive the propagator from path integrals is a complex problem and there are few potentials that can
be treated exactly (the “simple” Coulomb potential for instance was solved in 1982). The Monte Carlo method
allows to attack satisfactorily this type of problems but before we have first to convert the complex integral in a
positive real function. Since the propagator is an analytic function of time, it can be extended to the whole complex
plane of ¢ and then perform a rotation of the time axis ( Wick’s rotation) integrating along

T =¢e™?¢ =it ;thatis, t— —iT (938)

Taking as prescription the analytical extension over the imaginary time axis, the oscillatory exponentials are con-
verted to decreasing exponentials, the results are consistent with those derived by other formulations (Schrodinger
or Heisenberg for instance) and it is manifest the analogy with the partition function of Statistical Mechanics.
Then, the action is expressed as:

Tf

Sla(t)] —s i /

Ti

(;m:b(t)Q + V(:c(t))) dt (939)

Note that the integration limits are real as corresponds to integrate along the imaginary axis and not to just a simple
change of variables. After partitioning the time interval, the propagator is expressed as:

1
Ky(zyg, tyle,t;) = AN/ dx1~~~/ drn_1 exp{%SN(xo,xl,...,:rN)} (940)
1 IN—-1

323



C. MANA

where

N 2
SN(xo,xl,...,acN) = Z l;m (W) + V(.’L']) - € (941)
Jj=1

and the expected value of an operator A(x) will be given by:

Ik H;jv_l dz; A(zo, 21, ...,2N) €xp {—;L SN (zo, 71, TN) }

<A>= : (942)
Ik ;211\771 dxz; exp {—;L Sn(zo, 21, .- .7xN)}
Our goal is to generate N, trajectories with the Metropolis criteria according to
1
p(xo, x1,...,TN) X €Xp fﬁSN(xo,xl,...,xN) (943)
Then, over these trajectories we shall evaluate the expected value of the operators of interest A(x)
1 Ngen
<A>= A(xo,wgk),...,xg\lfll,xN) (944)
Ngen —1

Last, note that if we take (7¢,2¢) = (7, ) and (7;, ;) = (0, z) in the Feynman-Kac expansion we have that

K(z,7|z,0) = Y _ e BT (2) 6} () (945)

n

and therefore, for sufficiently large times
K(z,7lz,0) = e BT 6o () g (2) + -+ (946)

so basically only the fundamental state will contribute.

Well, now we have everything we need. Let’s apply all that first to an harmonic potential

1
V(z) = 3 ka? (947)
(see figure ??-left) so the discretized action will be:
N 1 T — Xj 2 1
SN(anxla"'axN) :Z [Zm <j€j_1) + 2]@1’3] c € (948)
j=1

To estimate the energy of the fundamental state we use the Virial Theorem. Since:

1 -
<T>y= 5 < ZVV(Z) >g¢ (949)
we have that < T' >¢=< V >y and therefore
<E>yg=<T>p + <V>y=k <z®>y (950)

In this example we shall take m = k = 1.

We start with an initial trajectory from zy = x(t;) = 0to 2y = x(ty) = 0 and the intermediate values
Z1,%9, ..., xN—1 drawn from Un(—10., 10.), sufficiently large in this case since their support is (—oo, 0c). For the
parameters of the grid we took € = 0.25 and NV = 2000. The parameter € has to be small enough so that the results
we obtain are close to what we should have for a continuous time and N sufficiently large so that 7 = Ne is large
enough to isolate the contribution of the fundamental state. With this election we have that 7 = 2000-0.25 = 500.
Obviously, we have to check the stability of the result varying both parameters. Once the grid is fixed, we sweep
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Fig. 23: Potential wells studied in the example 4.13.

over all the points x1, 2, . .., x y—1 of the trajectory and foreach x;, j = 1, ..., N —1 we propose a new candidate
:c; with support A. Then, taking }i = 1 we have that:

P(:nj*m;-) :exp{fSN(xg,xl,...:v;-,...,:cN)} 951)
and
P(xj—x;) =exp{—Sn(zo,z1,...25,...,ZN)} (952)

so the acceptance function will be:

a(zj—z;) = min {17 (953)

P(mjﬂx;)}

P(z;—z;)

Obviously we do not have to evaluate the sum over all the nodes because when dealing with node j, only the
intervals (z;_1,2;) and (x;, z;,1) contribute to the sum. Thus, at node j we have to evaluate

a(xj—m;) = min {1,6Xp{—SN(l‘j_1,.’L‘;,$j+1) + SN(l‘j_l,l‘j,l‘j+1)}} (954)

Last, the trajectories obtained with the Metropolis algorithm will follow eventually the desired distribution
p(zo,x1,...,xy) in the asymptotic limit. To have a reasonable approximation to that we shall not use the first
Nierm trajectories ( thermalization). In this case we have taken Ni.,,, = 1000 and again, we should check the
the stability of the result. After this, we have generated Ny, = 3000 and, to reduce correlations, we took one
out of three for the evaluations; that is N, s.q = 1000 trajectories, each one determined by N = 2000 nodes. The
distribution of the accepted values x;will be an approximation to the probability to find the particle at position x
for the fundamental state; that is, |¥o(x)|?. Figure ?? shows the results of the simulation compared to

[Wo(z)[? oc e’ (955)

together with one of the many trajectories generated. The sampling average < 22 >= 0.486 is a good approxima-
tion to the energy of the fundamental state Ey = 0.5.

As a second example, we have considered the potential well

a2

V(@) = = {(:z:/a)Q - 1}2 (956)

(see figure ??-right) and, again from the Virial Theorem:
2

<al>y — <>y + (957)

3
E>y= ——
<Bev= e 4
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Fig. 24: Squared norm of the fundamental state wave-function for the harmonic potential and one of the simulated
trajectories.
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Fig. 25: Squared norm of the fundamental state wave-function for the quadratic potential and one of the simulated
trajectories.

We took a = 5, a grid of N = 9000 nodes and ¢ = 0.25 (so 7 = 2250), and as before Ni¢,,, = 1000,
Ngen = 3000 and Ny 4eq = 1000. From the generated trajectories we have the sample moments < % >=16.4264
and < 2 >= 361.4756 so the estimated fundamental state energy is < Fy >= 0.668 to be compared with the
exact result £y = 0.697. The norm of the wave-function for the fundamental state is shown in figure ?? together
with one of the simulated trajectories exhibiting the tunneling between the two wells.

4.4.1 Sampling from Conditionals and Gibbs Sampling
In many cases, the distribution of an n-dimensional random quantity is either not known explicitly or
difficult to sample directly but sampling the conditionals is easier. In fact, sometimes it may help to
introduce an additional random quantity an consider the conditional densities (see the example 4.14).
Consider then the n-dimensional random quantity X = (X1,..., X,,) with density p(z1,...,x,), the
usually simpler conditional densities

p(z1|z2, 3. . .\ Tp) p(za|z1, 3. . .\ Tp) p(Tnlr1, T2, . oy Tp_1) (958)
and an arbitrary initial value x°) = {m(l)), xg), e x?b)} € Qx. If we take the approximating density
q(x1,x9,...,x,) and the conditional densities

q(x1|xe, 3. . .y 20) q(xa|x1, x3. . .y 28) q(xp|x1, 22, . TH1) (959)
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we generate for x1 a proposed new value xi) from q(z ]xg), azg), ey x?l)) and accept the change with
probability
1) 0 0 0 0) 0) 0
a(mO) _> 1171)) o min ¢ 1 p($1)7$2)7x3)a"’axn))q(x1)7x2)al‘3)v axﬂ)) o
1 1 a ’ 0) .0) 0) 0) 1 0) 0 0) N
p(x1,1'27x3, 7xn)q(x17$27x37"~7xn)
0 0 0).0) 0 0
_ ( |$2 a$3)7 »xn))Q(x1)|x2)a$3)w--a$n))
= min< 1, 0 0) 0,0 0 ) (960)
p(zy |$2,x3,...,xn)q(:1:1 [Ty s )

After this step, let’s denote the value of x; by | (that is, 2} = x}) orz} = x(l)) if it was not accepted).

Then, we proceed with x2. We generate a proposed new value xé) from q(z2|2], xg), ey xg)) and accept
the change with probability
0 0 0
a(xo)—mul)) — uin p(a], 2,x3),... q(m’l,xQ,x3),...,xn)) B
2 2) = , 0) / 0) oy [
p(z), x 2,363,... )q($1,$2,x3,...,xn)
1) 0 0
_ mm{ Py ]wl,w3),... )q( 2)\x1,x3),...,xn))} 961)
0 0 0 0
p(a ey, g, a))a(ay el )
After we run over all the variables, we are in a new state {2, z}, . .., 2}, } and repeat the whole procedure

until we consider that stability has been reached so that we are sufficiently close to sample the desired
density. The same procedure can be applied if we consider more convenient to express the density

p(x1, o, 3. .., ) = P(Tp|Tp-1,...,22...,21) -+ p(z2|x1) P(271) (962)
Obviously, we need only one one admissible starting value a:(l)).

Gibbs sampling is a particular case of this approach and consists on sampling sequentially all the
random quantities directly from the conditional densities; that is:

q(xi|lzy, . i1, i1, - X)) = PTG, T, Ty - Tn) (963)

so the acceptance factor a(z—»2") = 1. This is particularly useful for Bayesian inference since, in more
than one dimension, densities are usually specified in conditional form after the ordering of parameters.

Example 4.14: Sometimes it may be convenient to introduce additional random quantities in the problem to ease
the treatment. Look for instance at the Student’s distribution X ~St(z|v) with

p(zlv) o (1 + I2/l/)_(y+1)/2 (964)
Since

/ e "y du = T'(b)a" (965)
0

we can introduce an additional random quantity U ~Ga(u/a, b) in the problem with a = 1422 /v and b = (v+1)/2
so that

p(z,uly)xe ™1 and  p(z) o / p(x, ulv)du < a=b = (1 +w2/u)_(u+1)/2 (966)
0
The conditional densities are
p(z, ulv) 2 -1
p(xlu,v) = ———= = N(z|0,0 7 of=v(2u (967)
(@) = B2~ NGalo.o) (20)
plulz,v) = W = Ga(ula,b) ; a=1+2%/v, b= (v+1)/2 (968)
p(z|v

so, if we start with an arbitrary initial value x€R, we can
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Fig. 26: Sampling of the Student’s Distribution St(xz|2) (blue) compared to the desired distribution (red).

1) Sample U|X: u<=Ga(ula,b) witha =1+ 22 /vand b= (v +1)/2
2) Sample X|U: 2<=N(z|0,0) with 02 = v(2u) !

and repeat the procedure so that, after equilibrium, X ~St(z|v). We can obviously start from ©w€R and reverse the
steps 1) and 2). Thus, instead of sampling from the Student’s distribution we may sample the conditional densities:
Normal and a Gamma distributions. Following this approach for v = 2 and 103 thermalization sweeps (far beyond
the needs), the results of 10° draws are shown in figure ?? together with the Student’s distribution St(z|2).

Example 4.15:: We have j = 1,...,J groups of observations each with a sample of size n;; that is x; =
{x1j,225,...,, T, ;}. Within each of the J groups, observations are considered an exchangeable sequence and
assumed to be drawn from a distribution z; ;~N (x|u;,0?) where i = 1,...,n;. Then:

]

p(x;] H N( - N i =)’ 969
jllg, O ngmg, OCU €xp Z 952 ( )

=1

Then, for the J groups we have the parameters ;1 = {u1,...us} that, in turn, are also considered as an ex-
changeable sequence drawn from a parent distribution ;~N (p;|p, o #) We reparameterize the model in terms of
n = 0,2 and ¢ = 0~2 and consider conjugated priors for the parameters considered independent; that is

(1, m, @) = N(plpo, 0g) Ga(nle,d) Ga(¢|a, b) (970)

Introducing the sample means ; :n;l YT, T = J‘llz;.]:l ; and defining 71 = J1 ijl wj and
defining After some simple algebra it is easy to see that the marginal densities are:

;02T + po? o202
pj ~ N[ “2 £ 971)
nj0#+cr n](f + 02
oo +o2Ju  olod
po~ N| -5 02 72#02 (972)
o,+Jog o, +Jog
J
_ 1 J
n=op? ~ Gal ¢, 5+ (973)
Jj=1
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J
p=0"2 ( ZZ zi; — i)+ a, ;X;nj + b) (974)
Pt iz

Thus, we set initially the parameters {1, 09, a, , b, ¢, d} and then, at each step

1 Get {p1,...,ps}eachas p;~N(-,-)
2 Get u~N(-,-)

3 Geto,, =n~ /2 with n~Ga(-, ")

4 Geto = ¢~ /2 with p~Gal(-, ")

and repeat the sequence until equilibrium is reached and samplings for evaluations can be done.

4.5 Evaluation of definite integrals

A frequent use of Monte Carlo sampling is the evaluation of definite integrals. Certainly, there are many
numerical methods for this purpose and for low dimensions they usually give a better precision when
fairly compared. In those cases one rarely uses Monte Carlo... although sometimes the domain of inte-
gration has a very complicated expression and the Monte Carlo implementation is far easier. However, as
we have seen the uncertainty of Monte Carlo estimations decreases with the sampling size N as 1/v/ N
regardless the number of dimensions so, at some point, it becomes superior. And, besides that, it is fairly
easy to estimate the accuracy of the evaluation. Let’s see in this section the main ideas.

Suppose we have the n-dimensional definite integral
I = / flz1,zo,...,xpn)dz1 das ... day, 975)
Q

where (z1, xo,...,x,)€Q and f(x1,x2,...,2,) is a Riemann integrable function. If we consider a ran-
dom quantity X = (X1, Xo, ..., X,,) with distribution function P(x) and support in {2, the mathematical
expectation of Y = ¢(X)=f(X)/p(X) is given by

py) = [ gareo = [ Tareg = [ sex 76
Q Q p
Thus, if we have a sampling {x1, X2, ...,xxN}, of size N, of the random quantity X under P(x) we

know, by the Law of Large Numbers that, as N — oo, the sample means

N N
1 1
Iy = 5> 9t)  and LY = 23 g(x) (977)
i=1 =1

converge respectively to E[Y] (and therefore to I) and to E[Y?] (as for the rest, all needed conditions for
existence are assumed to hold). Furthermore, if we define

1
sr* = — (12 - u)?) 978)
we know by the Central Limit Theorem that the random quantity
-1
Z=5__— 979
o7 979)

is, in the limit N— o0, distributed as N (x|0, 1). Thus, Monte Carlo integration provides a simple way to
estimate the integral I and a quantify the accuracy. Depending on the problem at hand, you can envisage
several tricks to further improve the accuracy. For instance, if g(x) is a function “close” to f(x) with
the same support and known integral I, one can write

1= [ s = [ (6= gt)ax + 1, (980)
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and in consequence estimate the value of the integral as

N
~ 1
I= Zl (F(xi) = g(x)) + Iy (981)
1=
reducing the uncertainty.
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