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SCIENCE
ON AN EPIC SCALE

by Cristina Lazzeroni

n July 2012, the ATLAS and CMS

experiments at the Large Hadron Collider
announced the discovery of a new particle,
consistent with a Higgs boson. The
discovery was front-page news around the
world, and became a top trend on Twitter.

The story of the Higgs boson begins in
the 1960s. Progress towards finding a
theory for the weak force, which plays an
essential role in powering the sun, had
stalled. The short range of the weak force
implied that the associated force carriers
must have large mass, but introducing
force carriers with non-zero mass into

the theory gave nonsensical results. A
way around the difficulties was found in
1964, by six physicists, working in three
independent groups: Robert Brout and
Francois Englert in Brussels; Peter Higgs
in Edinburgh; Gerald Guralnik, Carl Hagen
and Tom Kibble at Imperial College in
London.

The solution proposed in 1964 required the
existence of a new type of field, now known
as the Higgs field, permeating all of space.
Interactions with this field give the carriers
of the weak force their mass, in a way
allowing construction of a viable theory

e Aerial view of main CERN site (Meyrin), with city of Geneva in the distance. © cErN

of weak interactions. It was later realised
that a similar mechanism could also
explain the origin of the masses of quarks
and leptons, the building blocks of the
Universe. The existence of the Higgs field
implied the existence of a new particle: the
Higgs boson.

The quest to find the Higgs boson has
spanned half a century, stimulating
technological innovation in many different
areas. It has involved international
collaborations of thousands of physicists
and engineers, in some of the most
ambitious scientific experiments ever
seen. |t was one of the motivations behind
construction of the world’s most powerful
particle accelerator: the Large Hadron
Collider, at the European Laboratory for
Particle Physics (CERN]), near Geneva.

Experiments prior to the first LHC
collisions, in November 2009, found no
clear evidence for the existence of the
Higgs boson, but placed constraints on its
mass. Measurements made by the ATLAS
and CMS experiments at the time of their

discovery announcement showed that they
had found a particle with mass, production
rate and decay probabilities consistent with
a Higgs boson. Subsequent measurements
have reinforced the earlier results, and

the consensus is that the new particle is
indeed a Higgs boson. Whether it is the
only type of Higgs boson, or the first of
several Higgs particles, remains an open
question.

The search for the Higgs boson is science
on an epic scale. The resulting theoretical
and experimental advances are the subject
of Understanding the Higgs boson. The
stories behind some of these advances are
told here, from a UK perspective, through
eyewitness accounts.
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Cristina Lazzeroni is a Reader
in Particle Physics at the
University of Birmingham,
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Society University Research
Fellow at the University of
Cambridge. She studies rare
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INTRODUCTION TO
PARTICLE PHYSICS

Some of the accounts in this collection
include technical terms or notation.
It shouldn’t be necessary to understand
every detail to gain a sense of what's
being described, which is the main point
here, but the following provides some
background information.

SCALARS, VECTORS
AND FIELDS

A physical quantity is something that can be
measured, and can be expressed in terms
of one or more numbers, with associated
units. A quantity that’s measured by a single
number — for example, temperature — is

a scalar. A quantity that’'s measured by

a single number and a direction — for
example, the velocity (speed and direction)
of the wind — is a vector.

Afield, in physics, is a region in time and
space where a value for a particular quantity
is defined at every point. This may be a
scalar field or a vector field, depending on
whether the quantity considered is a scalar
or a vector. In weather forecasting, a map of
temperatures defines a scalar field, and a
map of wind velocities defines a vector field.

SCALAR FIELD VECTOR FIELD
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POWERS OF TEN

Physics deals both with very big numbers
and with very small numbers. To avoid
having to write out lots of zeroes, these
numbers are often shown as multiples of
10 to some power, written as a superscript.
If the power is positive, it indicates how
many times the number must be multiplied
by 10. If the power is negative, it indicates
how many times the number must be
divided by 10. For example:

1.2x10°=1.2x10x10x 10x 10x 10x 10
=1 200 000;

1.2x10°=1.2/(10x10x 10 x 10 x 10 x 10)
=0.000 001 2.

Prefixes corresponding to powers of ten
are used with units. For example:

1 gigabyte = 107 bytes = 1 000 000 000 bytes;
1 millimetre = 10 metres = 0.001 metres.

Power of ten Number Symbol

1012 0.000 000 000 001 p (pico)
1077 0.000 000 001 n (nano)
10-¢ 0.000 001 u (micro)
10-° 0.001 m (milli)
102 0.01 c (centi)
10~ 0.1 d (deci)
10° 1

10' 10 da (deca)
102 100 h (hecto)
10° 1000 k (kilo)
10¢ 1000 000 M (megal
10° 1,000 000 000 G (giga)
10" 1 000 000 000 000 T (tera)
108 1 000 000 000 000 000 P (peta)
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BUILDING BLOCKS OF MATTER

The substance that makes up the gases,
liquids and solids encountered in everyday
life is referred to as matter. The smallest
unit of matter that has well-defined
chemical properties is an atom, which
consists of a small, dense nucleus, orbited
by electrons. An atomic nucleus is built

up from protons and neutrons, collectively
known as nucleons, and these in turn

are made of two types of quark — the u
quark and the d quark. The electron and
the quarks have no structure at distances
that can currently be measured, and are
known as fundamental particles. A fourth
type of fundamental particle, the electron-
neutrino, has a role in radioactive decay.
The electron and its neutrino belong to a
category of particles called leptons.

The two quarks and two leptons associated
with everyday matter constitute the first
generation of matter particles. Two other
generations of matter particles are known,
each essentially a replica of the first
generation, but with higher mass. For each
matter particle there is a corresponding
antiparticle, having the same mass but
oppositely signed electric charge. Quarks
and antiquarks have never been detected
in isolation, but are confined in composite
particles known as hadrons. These may
consist of three quarks (baryon), three
antiquarks (antibaryon) or a quark-
antiquark pair (meson). Protons and
neutrons are examples of baryons.



PARTICLE
INTERACTIONS
AND DECAYS

The matter particles interact with one
another through four types of force,

each involving one or more force

carriers (also called field quanta). Like
quarks and leptons, the field carriers

are fundamental particles. The strong
force, experienced by quarks but not by
leptons, is carried by gluons; the weak
force, experienced by all matter particles,
is carried by the W and Z particles; the
electromagnetic force, experienced by
particles with non-zero electric charge, is
carried by photons; and the gravitational
force, experienced by particles with
non-zero mass, is hypothesised as being
carried by gravitons.

The field carriers are also involved

in decay processes, where a heavier
particles transforms into two or more
lighter particles. The different ways in
which a particle can decay are referred to
as its decay modes or decay channels.

FERMIONS AND BOSONS

FERMIONS BOSONS

ENERGY
AND MASS

Energies in particle physics are usually
measured in multiples of the electronvolt
(eV], the energy gained by an electron
when accelerated through an electric
potential of 1 volt.

A particle’s energy, E, and mass, m, are
related as:

where c is the speed of light. A particle’s
mass is often specified in terms of its
energy equivalent. For example, a proton
and neutron each have a mass of a little
under 1 GeV.

Particles behave as if
they're spinning about
an axis. The allowed spin
values are multiples

of a base quantity,

G

spin=1,2,3,...

conventionally written .
Particles are known as
fermions if their spin value
is a half-integer multiple
of the base quantity, and
are known as bosons if

it is an integer multiple.
Quarks, leptons, baryons
and antibaryons are all
fermions. Force carriers

and mesons are all bosons.

THE STANDARD MODEL
OF PARTICLE PHYSICS

The dynamics of particle interactions are
described mathematically by theories
known as quantum field theories. The
Standard Model of Particle Physics is based
on a set of such theories, and provides an
understanding of interactions involving the
strong, weak and electromagnetic forces.

It doesn’t include a description of the
gravitational force, which is negligible in

subatomic processes at the energy scales
that can currently be studied experimentally.

Early formulations of quantum field theories
were plagued by infinities, which led to them
giving nonsensical results. Overcoming
these problems involved a technique termed
renormalisation, and the introduction of a
new scalar field, now known as the Higgs
field, which permeates all space. The
fundamental particles gain mass through
their interaction with this field, the quantum
of which is the Higgs boson.
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FEYNMAN DIAGRAMS streng foree

Particle interactions and decays are
represented pictorially in Feynman
diagrams, where different types of line
are used to identify different types of
particle.

The interactions are at points where lines
meet, which are called vertices.

Feynman diagrams are powerful
calculational tools, as the lines and
vertices are shorthand for lengthy
mathematical expressions.
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Particle colliders use electric and
magnetic fields to produce and steer
high-energy beams of charged particles,
usually clustered in bunches. The most-
powerful colliders are synchrotrons, where
two beams of particles are accelerated in
opposite directions around a ring, which
can be many kilometres in circumference.
The counter-rotating beams are kept
orbiting the ring, crossing over at certain
points, where particle collisions may occur.
The collision energy is conventionally
represented by the symbol \[s.

Examples of high-energy particle
accelerators include the Tevatron proton-
antiproton collider, at the Fermi National
Accelerator Laboratory (Fermilab), near
Chicago; and the Large Hadron Collider
(LHC), at the European Laboratory for
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The probability that two particles

interact is dependent on the effective
cross-sectional area that they present

to one another. This cross section is
conventionally measured in multiples of a
unit called the barn (b), where 1 b = 10-% m2.

The number of collisions recorded at

a collider, over a given time period, is
referred to as the [integrated] luminosity,
sometimes written symbollically as [ L dt.
This is measured in units of inverse barn,
so that the product of a cross section and
a luminosity corresponds to a number

of collisions. At the LHC, a luminosity of
1 inverse femtobarn (1 fb") is equivalent
to about 10 (100 trillion) proton-proton
collisions.

PARTICLE-PHYSICS EXPERIMENTS

Experiments to study particle interactions and
decays use purpose-built detectors. At the
highest-energy colliders, these are massive
structures, built up in layers. Starting from
the inner layers, which are closest to the
collision region, each detector typically
consists of: tracking devices, to measure the
paths of charged particles; calorimeters,

to stop photons, electrons and hadrons, and
measure their energies; and components to
record muons, the only charged particles that
reach the outermost layers.

Sophisticated electronics and dedicated
computers are used to determine when

a collision (often called an event) has
occurred, and to decide whether it should
be recorded. The recorded data are analysed
in detail, harnessing enormous amounts of
computing power.

PARTICLED

The teams who carry out particle-physics
experiments have become larger as the
experiments themselves have become more
complex. ATLAS (A Toroidal LHC Apparatus)
and CMS (Compact Muon Solenoid), the

two general-purpose experiments at the
LHC, each involve around 3000 scientists
and engineers. These include men and
women from around 40 countries, drawn
from all continents except Antarctica.

The youngest are in their twenties —
doctoral (PhD or DPhil) students and
postdoctoral researchers (postdocs).

The oldest are over seventy. They have a
wide variety of specialisations, including
detector construction, electronics design,
mathematical modelling and statistical data
analysis.
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Part of the mathematical formulation of the Standard Model, associated Feynman diagrams and (bottom right] a
representation of the Higgs field. The drawing is by Gerard 't Hooft, who made key contributions to the development of
the Standard Model, and was awarded the Nobel Prize for Physics in 1999. This is one of a set of twenty-one drawings
by winners of a Nobel Prize for work relating to Particle Physics. The drawings were produced for the exhibition
Accelerating Nobels, staged at CERN in 2008, as part of the celebrations to mark the inauguration of the Large Hadron
Collider. @ cern




ELECTROWEAK
UNIFICATION

AND THE HIGGS MECHANISM

by Tom Kibble

Overthe last fifty years particle physicists have gradually built up what we now call

the Standard Model. It provides an amazingly accurate description of almost all the
experimental data. Here | want to give a personal account, from my own perspective at
Imperial College, of how one segment of this model developed, the unified theory of weak
and electromagnetic interactions.

| was very fortunate to be able to join the coin in quantum theory.) Following this
Imperial College Theoretical Physics Group triumph, many people were searching for
in 1959, less than three years after it had similarly successful theories of the other
been founded by the brilliant and charismatic  interactions, or even better a unified theory

Pakistani physicist Abdus Salam. of all of them, something we still lack.

Salam was convinced from an early stage
that such a theory should, like quantum
electrodynamics, be a gauge theory,
meaning that it should incorporate a special
kind of symmetry (of which one very simple
instance is that only voltage differences, not

electrodynamics, which describes the absolute voltages, are relevant). So there
electromagnetic interactions between was a lot of interest in gauge theories at
charged particles in terms of the exchange Imperial College. | did some early work in
of photons, particles of light. (Wave fields 1961 on the possibility of constructing a
and particles are two sides of the same gauge theory of gravity.

We distinguish four types of fundamental
particle interactions, the familiar long-
range electromagnetic and gravitational
forces, and the short-range strong and
weak nuclear interactions. The great
post-war success story was quantum

TOM KIBBLE

Tom Kibble is an Emeritus Professor of Theoretical
Physics at Imperial College London, and is a
Fellow of the Royal Society. His research interests
have spanned quantum field theory, particle
physics and cosmology, and his achievements have
been recognized through awards including the
Hughes Medal (1981) and Royal Medal (2012) of
the Royal Society, the Sakurai Prize (2010) of the
American Physical Society, and a CBE.

© Thom?'

F

Imperial College’s Theoretical Physics Group, 1964, including Tom Kibble and Abdus Salam, third and fourth

from left in the front row.

I was very fortunate to be able
to join the Imperial College
Theoretical Physics Group in
1959, less than three years
after it had been founded by

the brilliant and charismatic
Pakistani physicist Abdus Salam.

In 1956, Julian Schwinger suggested

that the weak interactions, which are
responsible for radioactive nuclear beta
decay, and play a vital role in the energy
generation in the Sun, might be understood
in terms of a gauge theory involving a pair
of mediating particles, or gauge bosons,
called W*and W-, the superscript indicating
electric charge. He went on to suggest that
there might perhaps be a unified theory

of weak and electromagnetic interactions,
involving some kind of symmetry between
the three gauge bosons: the W+, the W~
and the photon. In 1961, Sheldon Glashow
added a fourth gauge boson, 7 to cure a
problem with mirror symmetry.

There was still a big problem. To explain
the short range and weakness of the

weak interactions, it is essential that

the mediating particles - W*, W-and Z2° -
should be very heavy. This is in contrast
with the photon, which is massless, in the
sense that its rest mass is zero; in vacuum
it can never be at rest, but always travels
with the speed of light. Indeed, gauge
bosons are naturally massless. If there is
some kind of symmetry between these four
gauge bosons, it must be broken in some
way. Simply adding masses by hand spoils
the nice properties of gauge theories,
rendering them inconsistent.




An alternative idea was that the symmetry
could be broken spontaneously. When
Steven Weinberg spent a sabbatical year at
Imperial College in 1961-62, he and Salam
spent a lot of time studying that possibility,
but the result, published in a joint paper
with Jeffrey Goldstone, was disappointing.
It seemed that such a mechanism could not
work in a fundamental theory compatible
with Einstein’s special relativity.

When an American postdoc, Gerald Guralnik,
arrived in 1964, | was very interested to find
that he had been working on this problem,
and had already published some ideas
about it. Together with another American
visitor, Carl Richard Hagen, we developed
these ideas, and eventually found the
solution, now called the Higgs mechanism.

Communications were slower in those days
and, just as we were preparing the final
draft, we discovered two earlier papers on
the same problem, the first by Francois
Englert and Robert Brout in Brussels, and
the second by Peter Higgs in Edinburgh.
The three groups all reached essentially
the same conclusion, but approached the
problem from very different perspectives.
We felt we still had something distinctive to
say, especially about how the mechanism
manages to avoid the previously envisaged

Abdus Salam P>
and Tom

Kibble in the
former’s office

at Imperial
College, 1970s.

constraints. Physical Review Letters later
selected all three papers for its list of the
outstanding papers from each of the last

fifty years.

This mechanism for spontaneous
symmetry breaking eventually formed a
key part of electroweak unification. | did
some further work, in early 1967, on the
detailed application of the mechanism

to more complex gauge theories. (The

first three papers dealt with the simplest
possible gauge theory.) This work helped,

| believe, to revive Salam’s interest in

the problem. Later that year, Weinberg
proposed a unified theory of weak and
electromagnetic interactions, essentially
Glashow’s 1961 model with the Higgs
mechanism incorporated. Salam presented
essentially the same idea in lectures he
gave at Imperial College around the same
time, and published it the following year.
Over the next few years, experiments at
CERN and elsewhere established that this
is indeed the correct theory of weak and
electromagnetic interactions, leading to
the Nobel Prize for Glashow, Salam and
Weinberg in 1979. More recently, of course,
the Higgs boson itself has been found at the
Large Hadron Collider.

.
Blackett Laboratory Photographic Section © Imperial Collegell ondon

skl Tl

SPONTANEOUS
SYMMETRY BREAKING

This means that the
symmetry is present in
the underlying physical
theory, but not in the
actual realisation. The
phenomenon is ubiquitous
in condensed matter
physics, for example in
crystallisation. A circular
bowl of water looks the
same from all directions -

it has rotational symmetry.

When it freezes, however,
the ice crystals line up

in particular directions,
breaking the symmetry.

Field with minimum
at centre.

v

It had been believed that such a mechanism
could not work in a fundamental theory
compatible with Einstein’s special relativity.
It turns out that that is not true for a gauge
theory. In this case, the symmetry breaking
is induced by another field, the Higgs field,
which has the peculiar property that it
wants to be non-zero. Most fields oscillate
about a zero average, like a marble rolling
in a circular bowl. In the case of the Higgs
field, the bowl has a hump in the middle,
like a sombrero, and the marble oscillates
around a point in the valley, breaking the
symmetry. This non-zero mean value also
gives masses to the particles with which
the field interacts, including the three
weak gauge bosons. The field oscillations
constitute another particle, the Higgs boson,
with the unique feature, among elementary
particles we know, of having no spin.

For the Higgs field, the bowl
has a hump in the middle, like
a sombrero, and the marble

oscillates around a point in the
valley, breaking the symmetry.

A

Higgs Field.



Englert in Brussels; Peter The mass

Higgs in Edinburgh; Gerald
Guralnik, Carl Hagen and Tom
Kibble at Imperial College in
London. They showed that if
there is an all-pervading field
- now known, rather unfairly, represents space
as the Higgs field - particles 3 i filled with the
such as photons can gain mass ) ] o ) Higgs field.
from their interactions with
this field. In 1964, this was a
demonstration of principle.

mechanism can

be understood in
terms of an analogy,
where a room full of
physicists, chatting
amongst themselves,

BONFIRE OF THE
INFINITIES

by Frank Close

alf a century after its existence was first suggested, the Higgs boson has been found

“beyond reasonable doubt”. The quest for this particle has captured public imagination
for over twenty years, since William Waldegrave, as UK Science Minister in the early 1990s,
challenged scientists to describe the basic ideas “on a single sheet of A4”. Five years ago, |
decided to write a book about the history of the quest. To get to the facts behind the theory,
| interviewed all of the major contributors. The result, The Infinity Puzzle, shows how
memories play tricks and, as historians know, original documents prove invaluable. The
following is a summary of the history, as best as | have reconstructed it.

Among the six, Higgs
alone drew attention to a scientist arrives, he
consequence of the theory, . . 3 attracts a cluster of
which can be used to establish ] ; A P ! admirers.

the reality of the field and o o
the mass mechanism. The

When a well-known

FRANK CLOSE

Frank Close is a Professor

of Theoretical Physics at the
University of Oxford, and a
Fellow of Exeter College. In
addition to research into the
properties of quarks and
gluons, he is dedicated to
popularising physics, his most
recent book being The Infinity
Puzzle, about the history of
the Higgs boson.
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In 1961, Sheldon Glashow discovered the
mathematical structure that allowed the
electromagnetic and weak forces to be

treated as different manifestations of a single
phenomenon - the electroweak force. In
addition to the familiar photon, associated with
the electromagnetic force, Glashow's model
required electrically charged W bosons and an
electrically neutral Z boson.

The immediate theoretical difficulty, when
Glashow produced his model, was associated
with the fact that his W and Z had to be
massive. This was necessary to understand
why the weak force is so feeble compared with
the electromagnetic force. However; it created
a mathematical problem. Calculations beyond
the simplest approximation gave nonsense:
some processes were predicted to occur with
a probability of infinite percent. A solution

to a similar problem in the theory of the
electromagnetic force had been found in 1947,
using a technique known as renormalisation,
but worked because the photon has no mass.

The fact that the W and Z have large masses
seemed to leave an insuperable infinity
puzzle. First clues towards solving the
puzzle came in 1964, with the work of six
theoretical physicists, in three independent
collaborations: Robert Brout and Francois

presence of an electromagnetic
field can be inferred by our
ability to excite quantum
bundles of radiation - photons.
Analogously, exciting Higgs
bosons can prove the existence
of the Higgs field.

In 1966, Higgs pointed out that
the new massive boson could
decay to a pair of vector bosons
- a pair of photons, a pair of W
bosons or a pair of Z bosons -
and this could be used to test
the theory. An essential feature
here is that the probability

of a decay to a given type of
vector boson is proportional to
the boson mass. This differs
radically from normal decay
patterns.

Cartoon representation of

the winning entry to William
Waldegrave's challenge to

produce a one-page answer to ’
the question: “What is the Higgs
boson, and why do we want to

find it?” The entry was by David
Miller, a Professor of Physics at
University College London.

As the scientist
moves across the
room, the admirers
who follow him
make it difficult for
him to speed up or
slow down. He has
effectively acquired
mass, like a particle
in the Higgs field.

If a rumour crosses
the room, it can
create similar
clustering, among
the physicists
themselves.

In this case, the
clusters are
analogous to Higgs
particles.
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In 1967, some major advances occurred. First, Kibble showed
that it is possible to combine the basic ideas of the 1964
work with the mathematics of group theory, in such a way
that some vector bosons become massive, but others don't.
This paved the way to the real world, where the photon is
empirically massless. Kibble tutored his colleague, Abdus
Salam, on the subject, and Salam developed the ideas in
unpublished talks, given in October 1967 at Imperial College.
On reading Kibble's paper, Steven Weinberg realised that

its results could be incorporated into the theory of the
electroweak force, potentially solving the infinity puzzle.
Weinberg also suggested that the mass mechanism could
give rise to the masses of matter particles (fermions), as well
as to the masses of the W and Z.

Although the W and Z bosons were too massive to be
produced in the experiments of the 1960s and 1970s,
their presence could be inferred indirectly. In particular,
theory predicted that particles should be able to interact
by exchanging a Z boson - resulting in new processes,
known as weak neutral-current interactions. For example,

neutrinos should be able to bounce off matter without
transferring electric charge, and mirror symmetry

should be violated in the interactions of electrons. Such
phenomena were measured experimentally during the
1970s. This helped established the theory sufficiently that,
in 1979, Glashow, Weinberg and Salam shared the Nobel
Prize for Physics.
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Meanwhile, a hugely important theoretical
advance had also taken place. Gerard

‘t Hooft and Martinus Veltman, at Utrecht
University, had formally prooved that
electroweak theory, incorporating the mass
mechanism of Higgs and the others, could be
renormalised. This was confirmation that the
theory was free of nonsensical infinities.

The W and Z were finally produced in 1983,
in experiments at CERN, and were found
to have masses of about 80 GeV and

90 GeV respectively, as predicted by theory.
However, precision measurements of the
W and Z masses and decays revealed
subtle deviations, at the level of one part

in a thousand, from naive expectations.

In electroweak theory, these deviations
arise from quantum mechanical effects,
where particles too massive to be produced
directly can transiently bubble in and out of
existence. These virtual particles influence
measurable quantities, in ways that the
theory can predict.

Electroweak theory showed that the
precision data could be explained if the menu
of virtual particles included a very massive
quark, given the name of top quark, with

UAT © CERN

a mass of around 175 GeV. The first
accelerator capable of producing such a
particle directly was Fermilab’s Tevatron
proton-antiproton collider. The top quark
was discovered there in 1995, with the
predicted mass.

Detailed measurements of the properties
of the top quark, W and Z revealed a
further subtle deviation from theory. This
could be understood as arising from the
presence of a Higgs boson, the mass of
which would have to be somewhat above
100 GeV. The discovery, in 2012, of a
Higgs boson with a mass around 125 GeV,
completes this history.

If there are new varieties of matter,
such as supersymmetric particles,

the presence of these may affect the
properties of the Higgs boson, and be
revealed in precision data. Electroweak
theory may then give us clues as to
what lies beyond the horizon. In this
way, discovery of the Higgs boson both
completes half a century of advance in
theory and experiment, and provides a
window into new phenomena, currently
inaccessible by other means.

First direct
detection of a

Z boson - UA1
experiment,

30th April 1983.
The pale-blue
tracks are an
electron-positron
pair from the

Z decay.

@ Background image: Neutral-current interaction. © CERN - 19




The cross section is a quantity that can events per unit time. At a collider like the
generally be calculated theoretically. The LHC, the luminosity depends on quantities
term derives from early studies of particle such as the number of bunches of protons
scattering, where the cross-sectional in the beam, the number of protons in each
area that one particle presents to another bunch, the beam area, and the time for the
determines the likelihood of a collision. beam particles to complete a circuit of the

CALCULATING
THE PRODUCTION OF

HIGGS BOSONS

by James Stirling

JAMES
STIRLING

James Stirling is Jacksonian
Professor of Natural Philosophy,
and Head of Department, at the
Cavendish Laboratory, University
of Cambridge. He works on
research topics in theoretical
particle physics, with a focus
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M odern high-energy particle
colliders are invariably designed

and constructed with a particular
discovery in mind. CERN'’s proton-
antiproton collider, which operated in
the 1980s, was designed to discover
the W and Z particles. Fermilab’s
Tevatron proton-antiproton collider,
operated between 1985 and 2011, had
as a high priority the discovery of the
top quark. More recently, CERN’s Large
Hadron Collider (LHC), and two of the
giant detectors installed there, were
specifically designed to search for the
Higgs boson.

Careful theoretical studies are required
during an accelerator’s design phase, to
assess whether a new particle would be
within reach of the proposed machine.
Such studies often determine both

the collider energy and the detector
requirements. If the new particle has
mass M, and the accelerator collides
beams of particles at an energy E, the
new particle might be expected to be
produced in N collisions (also called
events] in a given time interval. The
value of N will depend on the cross
section, a(M,E), for production of the
new particle, and on the luminosity, L, of
the colliding beams:

N=0o(M,E) x L

The unit conventionally used to measure
cross sections in particle physics is the
barn, where 1 barn is equal to 102 m?,
roughly the area presented by a uranium
nucleus. The name is attributed to
scientists who worked on the atomic bomb
during World War Il, and who described the
uranium nucleus as being “big as a barn”.

Luminosity is a measure of the intensity of
a beam of particles, and is a key quantity
for accelerator physicists. A higher
luminosity means a higher number of

Bunch of n particles

accelerator ring.

The cross section, and so the number of
events, usually increases as the collision
energy increases, and decreases as the
mass of the new particle increases. For
a given particle mass, the collider energy
and luminosity can then be chosen at the
design stage to guarantee a minimum
number of observed events. If, as in the
case of the Higgs boson, a new particle is
eventually observed, comparison of the
observed and expected rates provides a
powerful check of the underlying theory.

Time
separation, t

' B
Crossing point
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Precise calculation of the cross sections
for particle production, both in processes
described by the Standard Model and

in possible new physics processes, has
become a major industry in the theory
community. Achieving accurate results

in the case of proton-proton collisions is

a challenge. One reason for this is that

the protons are made up of quarks and
gluons, collectively known as partons, and
the way in which partons bind together is
only partially understood. When protons
collide, the particles created are the result
of an interaction between two partons

— one from each proton. At the LHC, for
example, Higgs bosons are created mainly
through the fusion of two gluons.

When protons collide,
the particles created are
the result ofan i

between two pa
one from eac

Understanding exactly how the energy of

a fast-moving proton is shared among its
constituent partons is key to predicting
cross sections accurately. Our knowledge
of the strong interaction, described by a
theory called Quantum Chromodynamics
(QCD), is not yet good enough for us to be
able to calculate this parton structure from
first principles. Instead, we have to extract
the information from other scattering
processes involving protons. The relevant
extracted quantities are called parton
distribution functions, and are obtained

by fitting a set of mathematical functions
to a large range of experimental data.
Such fitting is nowadays a major focus of
several groups worldwide. These groups
produce off-the-shelf distributions, for use
by others in cross-section calculations.

o (nb)

cross section,

| first became involved in fitting parton
distribution functions in 1987, shortly
after moving from CERN to take up

a lectureship at Durham University.

Alan Martin, Richard Roberts (then at
Rutherford Appleton Laboratory) and |
were interested in measurements of W
and Z bosons, being made at that time

at the CERN proton-antiproton collider.
We needed a set of parton distribution
functions, but found that the few sets
publically available were out-of-date, and
not accurate enough for our calculations.

We embarked on our own fitting
programme, which led to the first set of
MRS parton distributions. Over the years,
we and our collaborators developed new
sets. These have been widely adopted, and
are regarded as industry standards. The
most recent set, Martin-Stirling-Thorne-
Watt (MSTW2008), is used extensively

in LHC physics studies. In fact, the

proton - (anti)proton cross sections

H
Tevatron
(0.198 TeV)

e

production
(M,=125 GeV)

Wis2013

1
collider energy, E (TeV)

© James Stirling

original MSTW2008 research publication
(European Journal of Physics C63 (2009),
pages 189 to 285) is the world’s most
highly cited post-2008 publication on
particle physics.

Cross sections at the LHC are calculated
by combining the parton distribution
functions of the colliding protons with
the cross sections for partons to produce
the final-state of interest, for example a
Higgs boson. The parton cross sections
can be calculated from first principles

in Quantum Chromodynamics, but it has
taken decades of hard work by theorists
to make this possible. New calculational
techniques have had to be developed,
leading to deeper insight into the
structure of quantum field theory.

As a result of the progress made over
many years, both on parton distributions
and on parton cross sections, predictions
for many processes at the LHC, and
including the production of Higgs
bosons, can be made with an accuracy
at the level of a few per cent.

Particle production in collisions
involving protons or antiprotons.
The cross section, 0, is shown
for a variety of processes, as
a function of energy, E. The
key points here are that cross
sections increase with increasing
energy, and that the cross
sections for producing Higgs
bosons are small compared

4 with the cross sections for other
processes. The solid vertical
line at 8 TeV indicates the LHC
collision energy for 2012. Values
read from the right-hand scale
give the numbers of events
per second at the LHC, for
the nominal 2012 operating
conditions.

events / second for luminosity
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THE PIONEERING LARGE
SCALE HIGGS-HUNTING
EXPEDITION: LEP (1989-2000)

by Pedro Teixeira-Dias

From 1983 to 1988, the biggest civil
engineering project in Europe was in
progress just outside CERN. This was
the digging of a near-circular tunnel,

27 km in circumference and at a distance
below ground of between 50 metres and
175 metres. The tunnel was to house the
Large Electron-Positron collider (LEP for
short), which accelerated counter-rotating
beams of electrons and their anti-matter
counterparts, positrons. The beams

crossed over, producing particle collisions,

in four large and complex detectors,
distributed around the accelerator ring.
These were the detectors of the four
LEP experiments: ALEPH, DELPHI, L3
and OPAL. Each was operated by a team
of several hundred physicists, from
Universities from all over the world.

First collisions were recorded in August
1989. From then until the end of 1994,
LEP was operated with a collision energy
precisely tuned to 91.2 GeV — equal to the
mass of the Z boson, and so maximising
its production probability. The Z boson is
short lived, and almost immediately after
being created will transform, or decay into
particles that are less heavy, and more
stable. There are several allowed decay
modes for the Z boson, all into a matter
and anti-matter particle pair. The particles
from the decay can be electrons, muons,
taus, neutrinos, or any of the five types of
quark (u, d, s, ¢, b) less heavy than the Z.
Between them, the four LEP experiments
recorded a total of about 20 million Z
decays.
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In addition to detailed studies of the Z
boson, the LEP experiments mounted a
concerted effort to search for evidence
of Higgs particles in their data. For the
initial collision energy at LEP, a Higgs
particle would usually be produced in
association with a Z boson, through a
process called Higgs-strahlung (from
the German for Higgs radiation).

It might seem impossible to produce a
Higgs boson in addition to a Z boson, and
still conserve energy, when the collision
energy is just enough to produce a Z. It

Diagram of the LEP underground
ring, showing the access shafts
to the underground caverns
housing the detectors of the
four LEP experiments: ALEPH,
DELPHI, L3 and OPAL.

turns out that the Z can be produced as
a so-called virtual particle, with a mass
significantly lower than that of a real Z.
This phenomenon frees some energy,
which is then available for creating a
Higgs boson.

=

In particle physics, as in real life, there

is no such thing as a free lunch: virtual

Z particles with masses more different
from the mass of a real Z are less likely to
be produced. Searches for Higgs particles
during the first phase of LEP became
harder and harder as the Higgs mass was




pushed up, and were essentially impossible
for a mass greater than about 65 GeV.

A Higgs boson will decay with highest
probability to the heaviest quark or lepton
that is energetically allowed. At LEP, this
meant that Higgs bosons would decay
predominantly to pairs of b quarks.

During the second phase of LEP operation,
from 1995 onwards, the collision energy was
increased every year, extending the range

of Higgs masses that could be searched for.
Although Higgs production in association
with a virtual Z particle was still theoretically
possible for a collision energy greater than
the real Z mass, the probability was small.
Higgs searches during the second phase of
LEP consequently focused on production of
a Higgs particle in association with a real
Z.In 2000, its final year of operation, LEP
produced collisions at energies in the range
202-209 GeV.

The LEP experiments were not the first to
search for Higgs particles. Some searches
had been carried out already in the 1980s,
for example by experiments at lower-energy
electron-positron colliders. These were
focused mostly on types of Higgs particle
other than the big catch, the Higgs particle of
the Standard Model.

Prior to LEP, relatively little was known
experimentally about Higgs particles. Over

their decade-long operation, the four LEP
experiments undertook the first systematic
exploration of a large range of masses where
the Higgs could have been hiding. No positive
evidence of a signal was found in the data, but
strong limits were set, excluding the existence
of a Standard-Model Higgs particle with a
mass less than 114.4 GeV.

During the second phase of LEP, | was
convenor of the ALEPH group that
searched for Higgs particles in four-jet
events. These were the events where first
evidence of Higgs particles was expected,
in the case of a discovery.

Tantalisingly, in the summer of 2000, with
the planned LEP closure looming, the
ALEPH collaboration collected a handful
of four-jet events that looked consistent
with the production of a Higgs particle
having a mass of 115-116 GeV, and were in
excess of the expected contribution from
non-Higgs processes. This generated a
huge amount of interest and excitement,
as it raised the possibility of a discovery
being just around the corner. To allow
further investigation, LEP operation was
extended by six weeks, during which time
the amount of data collected at the top
collision energy was almost doubled. When
the new data were analysed, the statistical
evidence for a possible signal was deemed
not to be sufficiently strong to warrant

Sketches of how events with a Higgs boson and a Z boson would have appeared in a LEP detector.
The Higgs boson decays to a b quark and b antiquark, each of which gives rise to a jet of particles.

(opl]

The Z boson decays to a quark
and associated antiquark, each

producing a jet of particles,
resulting in a 4-jet event.

The Z boson decays to a neutrino

and antineutrino, neither of which

is seen by the detector, resulting in
a missing-energy event.

e+, lu+

1% e, MU
The Z boson decays to a pair of
electrons or muons, resulting in

a leptonic event (electrons and
muons being leptons).

further extensions. The LEP programme
was terminated, making way for the Large
Hadron Collider, which would reuse the
LEP tunnel.

The LEP searches for a Higgs boson were
not confined to searches for the Higgs boson
of the Standard Model. Other types of Higgs
boson for which searches were performed
included fermiophobic Higgs bosons, which
decay predominantly to two photons or two
W bosons; charged Higgs bosons; and Higgs
bosons with invisible decay modes.
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LEP was the pioneering Higgs-hunting
expedition. Its main result was to establish
experimentally the non-existence of
different types of Higgs particles, over a
large range of possible masses. Many of the
key experimental techniques and methods
necessary for Higgs searches were
developed at LEP. This paved the way

for the later searches — at the Tevatron
collider and at the Large Hadron Collider
— and for the discovery by the ATLAS and
CMS experiments, in 2012, of a Higgs
boson with a mass close to 125 GeV.
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Computer display of a four-jet event. This was recorded by the ALEPH experiment on 14th June 2000, and was
thought to be consistent with the production of a Higgs boson. Two of the jets, shown in yellow and in green,
have been identified as originating from b quarks. The diameter of the full detector, shown in the upper view,

is about 15 m. The l