Undergraduate Lecture Notes in Physics



Undergraduate Lecture Notes in Physics (ULNP) publishes authoritative texts covering
topics throughout pure and applied physics. Each title in the series is suitable as a basis for
undergraduate instruction, typically containing practice problems, worked examples, chapter
summaries, and suggestions for further reading.

ULNP titles must provide at least one of the following:

® An exceptionally clear and concise treatment of a standard undergraduate subject.
® A solid undergraduate-level introduction to a graduate, advanced, or non-standard subject.
® A novel perspective or an unusual approach to teaching a subject.

ULNP especially encourages new, original, and idiosyncratic approaches to physics teaching
at the undergraduate level.

The purpose of ULNP is to provide intriguing, absorbing books that will continue to be the
reader’s preferred reference throughout their academic career.

Series editors

Neil Ashby
University of Colorado, Boulder, CO, USA

William Brantley
Department of Physics, Furman University, Greenville, SC, USA

Matthew Deady
Physics Program, Bard College, Annandale-on-Hudson, NY, USA

Michael Fowler
Department of Physics, University of Virginia, Charlottesville, VA, USA

Morten Hjorth-Jensen
Department of Physics, University of Oslo, Oslo, Norway

Michael Inglis

Department of Physical Sciences, SUNY Suffolk County Community College,
Selden, NY, USA

More information about this series at http://www.springer.com/series/8917


http://www.springer.com/series/8917

Alessandro De Angelis - Mario Pimenta

Introduction to Particle
and Astroparticle Physics

Multimessenger Astronomy and its Particle
Physics Foundations

Second Edition

@ Springer



Alessandro De Angelis
Department of Mathematics,

Physics and Computer Science
University of Udine

Mario Pimenta

Laboratorio de Instrumentacdo e
Fisica de Particulas, IST

University of Lisbon

Udine Lisbon
Italy Portugal
and

INFN Padova and INAF
Padua
Italy

ISSN 2192-4791 ISSN 2192-4805 (electronic)
Undergraduate Lecture Notes in Physics

ISBN 978-3-319-78180-8 ISBN 978-3-319-78181-5 (eBook)
https://doi.org/10.1007/978-3-319-78181-5

Library of Congress Control Number: 2018938359

1st edition: © Springer-Verlag Italia 2015

2nd edition: © Springer International Publishing AG, part of Springer Nature 2018

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission
or information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt from
the relevant protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the
authors or the editors give a warranty, express or implied, with respect to the material contained herein or
for any errors or omissions that may have been made. The publisher remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Printed on acid-free paper
This Springer imprint is published by the registered company Springer International Publishing AG

part of Springer Nature
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland



Foreword

My generation of particle physicists has been incredibly fortunate. The first paper I
ever read was George Zweig’s highly speculative CERN preprint on “aces,” now
called quarks. After an exhilarating ride, from the chaos of particles and resonances
of the sixties to the discovery of the Higgs boson that gives them mass, quarks are
now routinely featured in standard physics texts along with the levers and pulleys
of the first chapter.

My office was one floor below that of Monseigneur Lemaitre; strangely, I only
knew of his existence because I used the computer that he had built. That was just
before the discovery of the microwave background brought him fame and the
juggernaut that is now precision cosmology changed cosmology from boutique
science to a discipline pushing the intellectual frontier of physics today.

Over the same decades, the focus of particle physics shifted from cosmic rays to
accelerators, returning in the disguise of particle astrophysics with the discovery of
neutrino mass in the oscillating atmospheric neutrino beam, the first chink in the
armor of the Standard Model.

This triptych of discoveries represents a masterpiece that is also strikingly
incomplete—like a Titian painting, only the details are missing, to borrow Pauli’s
description of Heisenberg’s early theory of strong interactions. The mechanism by
which the Higgs endows the heaviest quark, the top, with its mass is unstable in the
Standard Model. In fact, the nonvanishing neutrino mass directly and unequivocally
exposes the incompleteness of the symmetries of the Standard Model of quarks and
leptons. Precision cosmology has given birth to a strange Universe of some
hydrogen and helium (with traces of the other chemical elements) but mostly dark
energy and dark matter. The stars, neutrinos, microwave photons, and supermassive
black holes that constitute the rest do not add up to very much. But this is business
as usual—deeper insights reveal more fundamental questions whose resolution is
more challenging. Their resolution has inspired a plethora of novel and ambitious
instrumentation on all fronts.

After decades of development on the detectors, we recently inaugurated the era
of multimessenger astronomy for both gravitational waves and high-energy neu-
trinos. On August 17, 2017, a gravitational wave detected by the LIGO-Virgo
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interferometers pointed at the merger of a pair of neutron stars that was subse-
quently scrutinized by astronomical telescopes in all wavelengths of astronomy,
from radio waves to gamma rays. Barely a month later, some of the same instru-
ments traced the origin of a IceCube cosmic neutrino of 300 TeV energy to a distant
flaring active galaxy.

At the close of the nineteenth century, many physicists believed that physics had
been essentially settled—we do not live with that illusion today. Yet, the key is still
to focus on the unresolved issues, as was the case then. Based on the size of the Sun
and given the rate that it must be contracting to transform gravitational energy into
its radiation, Lord Kelvin concluded that the Sun cannot be more than 20-40
million years old. His estimate was correct and directly in conflict with known
geology. Moreover, it did not leave sufficient time for Darwin’s evolution to run its
course. The puzzle was resolved after Becquerel accidentally discovered radioac-
tivity, and Rutherford eventually identified nuclear fusion as the source of the Sun’s
energy in 1907. The puzzling gap between some ten million and 4.5 billion for the
age of the solar system provided the hint of new physics to be discovered at a time
when many thought “only the details were missing.” Today we are blessed by an
abundance of puzzles covering all aspects of particle physics, including the
incompleteness of the Standard Model, the origin of neutrino mass, and the per-
plexing nature of dark matter and dark energy.

This book will inspire and prepare students for the next adventures. As always,
the science will proceed with detours, dead ends, false alarms, missed opportunities,
and unexpected surprises, but the journey will be exhilarating and progress is
guaranteed, as before.

Francis Halzen

Francis Halzen is the principal investigator of the IceCube project, and Hilldale and Gregory Breit
Professor in the department of physics at the University of Wisconsin-Madison.



Preface

This book introduces particle physics, astrophysics and cosmology starting from
experiment. It provides a unified view of these fields, which is needed to answer our
questions to the Universe—a unified view that has been lost somehow in recent years
due to increasing specialization.

This is the second edition of a book we published only three years ago, a book
which had a success beyond our expectations. We felt that the recent progress on
gravitational waves, gamma ray and neutrino astrophysics deserved a new edition
including all these new developments: multimessenger astronomy is now a reality.
In addition, the properties of the Higgs particle are much better known now than
three years ago. Thanks to this second edition we had the opportunity to fix some
bugs, to extend the material related to exercises, and to change in a more logical
form the order of some items. Last but not least, our editor encouraged us a lot to
write a second edition.

Particle physics has recently seen the incredible success of the so-called standard
model. A 50-year long search for the missing ingredient of the model, the Higgs
particle, has been concluded successfully, and some scientists claim that we are
close to the limit of the physics humans may know.

Also astrophysics and cosmology have shown an impressive evolution, driven
by experiments and complemented by theories and models. We have nowadays a
“standard model of cosmology” which successfully describes the evolution of the
Universe from a tiny time after its birth to any foreseeable future. The experimental
field of astroparticle physics is rapidly evolving, and its discovery potential appears
still enormous: during the three years between the first and the second edition of this
book gravitational waves have been detected, an event in which gravitational waves
were associated to electromagnetic waves has been detected, and an extragalactic
source of astrophysical neutrinos has been located and associated to a gamma-ray
emitter.

The situation is similar to the one that physics lived at the end of the nineteenth
century, after the formulation of Maxwell’s equations—and we know how the story
went. As then, there are today some clouds which might hide a new revolution in
physics. The main cloud is that experiments indicate that we are still missing the

vii
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description of the main ingredients of the Universe from the point of view of its
energy budget. We believe one of these ingredients to be a new particle, of which
we know very little, and the other to be a new form of energy. The same experi-
ments indicating the need for these new ingredients are probably not powerful
enough to unveil them, and we must invent new experiments to do it.

The scientists who solve this puzzle will base their project on a unified vision of
physics, and this book helps to provide such a vision.

This book is addressed primarily to advanced undergraduate or beginning
graduate students, since the reader is only assumed to know quantum physics and
“classical” physics, in particular electromagnetism and analytical mechanics, at an
introductory level, but it can also be useful for graduates and postgraduates, and
postdoc researchers involved in high-energy physics or astrophysics research. It is
also aimed at senior particle and astroparticle physicists as a consultation book.
Exercises at the end of each chapter help the reader to review material from the
chapter itself and synthesize concepts from several chapters. A “further reading” list
is also provided for readers who want to explore in more detail particular topics.

Our experience is based on research both at artificial particle accelerators (in our
younger years) and in astroparticle physics after the late 1990s. We have worked as
professors since more than twenty years, teaching courses on particle and/or
astroparticle physics at undergraduate and graduate levels. We spent a long time in
several research institutions outside our countries, also teaching there and gaining
experience with students with different backgrounds.

This book contains a broad and interdisciplinary material, which is appropriate
for a consultation book, but it can be too much for a textbook. In order to give
coherence to the material for a course, one can think of at least three paths through
the manuscript:

e For an “old-style” one-semester course on particle physics for students with a
good mathematical background, one could select chapters 1, 2, 3, 4, 5, 6, part of
7, and possibly (part of) 8 and 9.

e For a basic particle physics course centered in astroparticle physics one could
instead use chapters 1, 2, 3, 4 (excluding 4.4), 5.1, 5.2, part of 5.4, part of 5.5,
5.6, 5.7, possibly 6.1, 8.1, 8.4, 8.5, part of 10, and if possible 11.

e A one-semester course in high-energy astroparticle physics for students who
already know the foundations of particle physics could be based on chapters 1,
3,432, 45, 4.6, 8, 10, 11; if needed, an introduction to experimental tech-
niques could be given based on 4.1 and 4.2.

e A specialized half-semester course in high-energy astroparticle physics could be
based on chapters 4.3.2, 4.5, 4.6, 8.1, 8.4, 8.5, 10; an introduction to experi-
mental techniques could be given based on 4.1 and 4.2 if needed.

Unfortunately we know that several mistakes will affect also this second edition.
Readers can find at the Web site
http://ipap.uniud.it


http://ipap.uniud.it
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a “living” errata corrige, plus some extra material related in particular to the
exercises. Please help us to improve the book by making suggestions and correc-
tions: we shall answer all criticisms with gratitude.

Our work would have not been possible without the help of friends and col-
leagues; we acknowledge here (in alphabetical order) Pedro Abreu, Sofia Andringa,
Stefano Ansoldi, Pedro Assis, Liliana Apolinario, Luca Baldini, Fernando Barao,
Sandro Bettini, Giovanni Busetto, Per Carlson, Nuno Castro, Julian Chela-Flores,
Stefano Ciprini, Ruben Conceicao, Jim Cronin, Davide De Grandis, Barbara De
Lotto, Michela De Maria, Ivan De Mitri, Pino di Sciascio, Tristano di Girolamo,
Jorge Dias de Deus, Anna Driutti, Catarina Espirito Santo, Fernando Ferroni,
Alberto Franceschini, Giorgio Galanti, Gianluca Gemme, Riccardo Giannitrapani,
Antonella Incicchitti, Giovanni La Mura, Marco Laveder, Claudia Lazzaro, Andrea
Longhin, Francesco Longo, Rubén Lopez, Manuela Mallamaci, Jos¢ Maneira,
Ioana Maris, Mauro Mezzetto, Teresa Montaruli, Luc Pape, Alessandro Pascolini,
Gianni Pauletta, Elena Pavan, Massimo Persic, Giampaolo Piotto, Piero Rafanelli,
Ignasi Reichardt, Jorge Romao, Marco Roncadelli, Sara Salvador, Pablo Saz
Parkinson, Ron Shellard, Franco Simonetto, Radomir Smida, Vincent Tatischeff,
Bernardo Tomé, Ezio Torassa, Andrea Turcati, Michael Unger, Robert Wagner,
Scott Wakely, Alan Watson, Jeff Wyss, Jean-Pierre Zendri.

Most of all, we thank all our students who patiently listened and discussed with
us during all the past years.

Padua, Italy Alessandro De Angelis
Lisbon, Portugal Mério Pimenta
April 2018
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