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THE GOD PARTICLE

2INTRODUCTION

As most of you will know, the so called “God Pakicfinally moved
from the realm of theory to actuality when its ¢ésiece was verified
by a team working at the Large Hadron Collider (QH@hat's a
fancy name for a very expensive machine which semshb-atomic
particles together - in Geneva in 2012. This gateera huge amount
of publicity at the time, and the LHC as it resdaahd indeed the
whole field of particle physics is generating adbpublicity this

year, and | thought you might all like to hear atbw@hat this all
means and why the God Particle was christenedswith a surprising
name.

Actually the LHC is a story in itself, an exquisitechine that tells us
about the phases of the moon, the water level ke IGeneva and the
time the TGV leaves for Paris — but I'm not goingdcus on that or
the technicalities of the LHC today. | think ijeing to be an
interesting day in which most of you will learn’®bf new and
surprising things.

Well | think the media picked up the “God Particledme from the
3title of Leon Lederman’s popular book on the topltch was first
published in 1993, although initially he wantedct&dl the bookThe
Goddamn Particle rather thamhe God Particle because it was so
hard to find. Actually, most scientists dislikeethame “the God
Particle” — Lederman said it only offended two gvewf people,
those who believed in God and those who didn’tt, Busome ways
it does have a meaning way beyond what Ledermandaed, as |
hope to explain later. Apart from anything el$dé, wasn't for this
particle, the universe as we know it couldn’t existvould just be a
mess of massless particles flying around at thedspélight.

4The so called God Particle, which scientists predarall the Higgs
boson, is important because it completes whatlisccthe Standard
Model of Particle Physics — the model which exg@dwow all the
particles which make up our material world, andftirees which
operate within it, fit together. As | imagine madtyou don’t have a
good knowledge of particle physics I’'m going torstauch nearer the
beginning of the story. Of course, this is a Marge and difficult



subject; | could lecture on it every day for monthithout getting to
the end of it, so today we’re just going to takeeay basic look at
some of the important parts. | warn you in advahe¢ I’'m going to
be missing out lots of things and at times whatdiamg to say will
lack complete academic rigour — but, it will bereat insofar as it
goes, even if | don’'t always explain why, and hththat by the end
of the day you’ll have a good overview of this diell think it will be
most helpful if we approach this subject histofigado we’re going
to start with some historical background.

HISTORICAL BACKGROUND

5Atomic Theory

The idea that matter was divided into tiny piecegems — has been
around for millennia. The idea was perhaps mogtldped by the
ancient Greeks as early as tffec@ntury BC. However, their
thoughts were based purely on philosophy, and tlvaseno evidence
to support the idea and indeed there was littlecodevelopment of
the idea until the beginning of the"L8entury.

6Modern atomic theory began with an English sci¢niishn Dalton,
in 1805. He proposed that each element consisi®ais of a single,
unigue type, and that these atoms can join togébhferm chemical
7compounds. So, elements are single substancdsyidkegen, or
oxygen and iron and these can join together to fdmemical
compounds. For example, two atoms of hydrogerjaarwith one
atom of oxygen to form a molecule of water. Cutisewe know of
8118 elements of which 90 exist naturally (the athee unstable and
decay into other elements). Most of the 90 nateirhents exist on
earth combined with other elements in the molecofethemical
compounds. Some are common like carbon, oxygenrand Some
are incredibly rare, for example, it's estimatedtithere is less than
an ounce of astatine in the whole of the earthistcr

Dalton’s atomic hypothesis did not specify the sifzatoms.
Common sense indicated they must be very smalhbiowdy knew
9how small. Therefore it was a major landmark wheb865 Johann
Josef Loschmidt measured the size of the molet¢hégnake up air.
An additional line of reasoning in support of pelditheory (and by



10extension atomic theory) began in 1827 when bat&tobert
Brown used a microscope to look at dust graingifigan water and
11discovered that they moved about erratically —enpimenon that
became known as “Brownian motion”. J. Desaulxgasted in 1877
that the phenomenon was caused by the thermal motiovater
12molecules, and in 1905 Albert Einstein producedfitisé
mathematical analysis of the motion — Einstein’stfgreat
contribution to science. French physicist JeamifPased Einstein’s
work to experimentally determine the mass and dsioers of atoms,
thereby conclusively verifying Dalton’s atomic tgo

Atoms are incredibly small — a full stop on a pafeny notes would
contain around one hundred billion carbon atomsyandbreath in
some million, billion, billion atoms of oxygen eyetime you breathe.
That's incredibly small, you'd have to magnify thdl stop in my
notes to 100 metres across to enable you to sesdhes in it with the
naked eye. But atoms aren’t the smallest partmiesatter. As
we’re about to see, the idea that the atom wasrtadlest particle of
matter had already been demolished by Einsteinysttiaough the
discoveries of a great English physicist — J J Tjhson.

Sub-Atomic Particles

13Until 1897 everyone, or almost everyone, had thotlyt atoms
were the smallest particles of matter, but in ffestr J J Thompson
l4discovered the electron through his work on cathragle (electrons
were initially called cathode rays because no arenkwhat they
were). Most of you will remember that the origitelevisions used
large cathode ray tubes to project the image. Hoonestablished
that electrons were very light and small and hadgative electric
charge. In 1903 he postulated that these electrens distributed
throughout the atom, possibly rotating in ringsthvtheir charge
balanced by the presence of a uniform sea of pesitiarge. This
15later became known as the ‘plum pudding modelhalgh we
now know that nature didn’t order that dish — thenaisn't like that.

At the end of the 19th century physicists thought they knew
almost everything and there wasn’t much more toa¥er. How
16wrong they were. As Niels Bohr said “predictiordifficult,
especially when it's about the future”. Even ie ffeld of atomic



structure, we just didn’t realise how complicatethd¢s were, and
indeed we didn’t even begin to comprehend the wpmtire until
the early 1970’s when the Standard Model was thieaily
completed following the postulation of the Higgsbo in 1964 and
the unification of three of the four forces withaguium theory.

17Actually, the Higg’s boson should be called the EBd$on (adding
in the names of Engelert and Brout who first padtd it and beat
Higgs into print by seven weeks). So, Peter Higgsngland was the
last person to come up with this idea — but, iljtiat least, Higgs got
all the credit, the particle is named after him aedvas named first
(along with Engelert, Brout had died in 2011) ie twarding of the
2013 Nobel prize. Indeed there were other scisntibo published
additional parts of the idea (although a littleetaxtand rarely get any
credit at all, like Gerald Guralnik, Carl Hagen arwm Kibble.

Even now there are enormous gaps in our undersigquadiparticle
physics, and indeed our understanding could be Eiatp mistaken
as we shall see later.

Returning to the beginning of the®6entury, in 1908, the great New
18Zealand born English scientist Ernest Rutherford lais team,
established that positively charged entities winelcalled Alpha rays
19(these were actually helium nuclei stripped ofitleégctrons so as
to be positively charged) were deflected on thaggage through thin
gold foil in a way that could not be explained be tplum pudding”
model of the atom. These Alpha particles eithaspd straight
through the foil with very little deflection, or e deflected by one or
two degrees, but a small minority were deflectedugh large angles.
He then discovered that some were bounced backwaius was
incredibly surprising at the time, it was as if yimed an 18 inch shell
at your garden fence and saw it bounce back.

20In 1910 Rutherford proposed that the atom consistedtiny
positively charged central core or nucleus compgisiirtually all the
mass of the atom, with negatively charged elestsamrounding it —
so that the atom was electrically neutral. Mogih particles would
pass straight through Rutherford’s atom becausewlese too far
away from the nucleus. A very few would have cleseounters with
the nucleus and be deflected through large andleseven smaller



number would encounter the nucleus head on andcledusxck.
Rutherford announced his final atomic model in 19The nucleus of
an atom is incredibly small. Going back to thastration of the full
stop in my notes, you’d have to magnify this to $iee of the earth to
enable you to see the atomic nucleus.

Rutherford’s model had a fatal flaw, it would bestable. Even if the
electrons orbited around the nucleus the atom woolldpse, because
the electrons would continuously loose energy ayg trbited and
quickly fall into the nucleus.

21Around the same time, another English scientisti€iek Soddy
showed that elements existed in different formeegards their
atomic weight, but with identical chemical propesti We now know
that the chemical properties depend on the elest@ad only on the
electrons. That's because atoms interact with etdtodr on the basis
of the interaction of their outermost layers — dlieer shell of
electrons. This is an interesting subject, butibse of time
constraints we're not going to look at that asgdc¢hings at all today.

A little later, a Danish scientist, Niels Bohr, \org with Rutherford,
had the crucial insight that what mattered wasetkeetric charge on
the nucleus and that this was equal and oppostteetaumber of
electrons in orbit around the nucleus. This erdhBlehr to correctly
identify radioactivity (discovered by Madame Curas)a nuclear and
not an atomic phenomenon and to identify nucleargd as the
essential quantity. But, Rutherford wouldn't liste® Bohr and
prevented him from publishing his ideas, so Soddy@hers got the
credit.

Bohr continued working on another problem, theahsity of
Rutherford’s atom. To do this he turned to thecemt of the
22quantum discovered by Max Planck in 1900. The mfdhe
guantum is that energy (and other things like m#as® and space)
don’t exist in infinitely divisible quantities bimave a smallest
possible unit. He theorised that electrons citedlaaround a small
23positively charged nucleus, but that they couldb®oin absolutely
any orbit around the nucleus, rather only thosé&algwhere the
24energy of the electrons in those orbitals corredpdrto multiples
of the quantum energy. Things go in discrete sikpsa staircase.



He supposed that in these states the electronodliemit radiation,
because it couldn’t do it gradually, and so thetetas could orbit the
nucleus indefinitely. He turned out to be corrsctthe instability
problem was solved and the science of quantum méshwas born.
It's rather like when you’re on a ladder or a fligti steps, you can
only stand on one step or another and not in-betwee steps.

Bohr also realised that the frequency of light é&litor absorbed by
atoms was dependent on the energy change invatveléctrons
moving from one permitted orbit to another. Wharatom is
exposed to light the electrons can jump up to adn@rbit by
absorbing energy from the light. When the elecjumnps back down
it emits the energy it originally absorbed and roses as light. It's
rather as if you jumped up from the floor to a ben¥ou would have
to expend energy to do that and when you jumpel daan you
would regain the energy and have to absorb it ur yeet and legs.

Bohr published these ideas in a set of papersrtas®&®utherford in
March 1913. Initially Bohr met with great resistaras his model
was contrary to many of the principles of classptaltsics — but it did
correctly predict the size of simple atoms andfteguencies of light
they emitted.

25About the same time another member of Rutherfaycbsip, Henry
Moseley, had confirmed the idea that the positivarge on the
nucleus of an atom was a unique whole number fcn element and
was the key factor that determined its positiothmperiodic table of
the elements. Experiments soon showed that Bakoimic model
gave the correct results for the frequencies ¢itl{gr actually X-rays
which are the same as light but of a much shorégyuency and
higher energy) emitted by various elements whewn tiere
bombarded with electrons.

Bohr’s simple model with circular orbits for elemtis was developed
26by another theoretical physicist Arnold Sommerfgltb showed
that electron orbits were actually elliptical — ainiexplained certain
270bservations about the light emitted from atomscWinad puzzled
Bohr. So the atom was finally characterised assatipely charged
nucleus with a number of electrons (equal in nunibéine positive
charge on the nucleus) in a variety of orbits adbtlne nucleus.



28But, what were the positively charged particlethie atomic
nucleus? In 1920 Rutherford had given the nam®prno the
particle making up the nucleus of a hydrogen atdntiwhe had
shown to be the lightest possible nucleus. He @saeived the
possibility that the nucleus contained non-eleatlyccharged
particles which he called neutrons.

Well he was right, although the neutron wasn'tlfyndiscovered

until 1932. Its existence explains why there affeknt kinds of
atoms of many elements — their nuclei contain ckffié numbers of
neutrons but the same number of protons. Sox@amele, there are
29two different kinds of carbon — carbon 12 and carbd. Carbon
12 has 6 neutrons and 6 protons in its nucleustemisecarbon 14 has
6 protons and 8 neutrons. Carbon 14 is unstalleyeadually decays
and that’s the basis for so-called carbon dati@§course, both kinds
of carbon have the same number of electrons, bedhesnumber of
electrons equals the number of protons. That's ldth kinds of
carbon are chemically the same, because the chigonogzerties of
atoms depend on the electrons as we’'ve already said

30So to sum up atoms are positively charged nucleiemg of
positively charged protons and electrically neutilitrons with
electrons, equal in number to the protons in theaus, in various
orbitals around the nucleus. That makes the atoits normal state
electrically neutral. The chemical propertiestsd atom depend on
the electrons and not at all on the nucleus, utdldioactive
properties of the nucleus depend largely on thelbairmaf neutrons in
it — because neutrons are able to decay as wesswalater.

Atoms are mostly empty space. You think this dedolid, but it's
actually mostly empty space. If the nucleus oydrbgen atom was
one centimetre across the electron in orbit arouwduld be half a
kilometre away. All the rest would be empty spdhere’s relatively
much more empty space in an atom than betweendhetp in the
solar system. But the forces within the atom hwidt together,
mainly the electromagnetic force between the edastiand the
positively charged nucleus, make it appear solidat’s why you
don’t fall through your chairs and sink through fluer.



Originally scientists thought that electrons anot@ns were like tiny
billiard balls, but they were quickly finding out&t they weren't like
that at all.

The Natur e of Sub-atomic Particles

In 1914 Einstein realised that the mechanism fomatemitting light
as electrons changed orbitals combined with theéesde from the
31photoelectric effect verified his earlier 1905 poepl that light
could be ‘quantised’ into particles — although musbple still didn’t
accept that, because they believed in the waveytlegdight. In
321922 an American physicist, Arthur Compton, finglpved that
light could indeed be quantised by his measurenwnidat
happened when X-Rays were scattered by graphiterk fer which
he got the Nobel Prize in 1927. By then Einstegquantum of light
had been christened as the photon and it had lmeeptad that there
were two theories of light — the wave theory arelghrticle theory —
so that light had a dual character.

33About this time a French scientist Louis de Brogjtieorised that
this dual wave particle nature applied to all nratigt just light. We
34now know that he was right, matter particles likecgons can
indeed be diffracted as if they were waves. Thgtisg to be an
Important concept for us later — so just keep thmbacks of your
minds. At around the same time an Austrian phgsidVolfgang
35Pauli, showed that there were strict limits on hmany electrons
could occupy each orbital, or energy level, aroandtom. This was
his famous exclusion principle, that no two eleatran a particular
atom can have precisely the same quantum state.

36Returning to the wave idea Max Born and other phsts quickly
realised that this representation of a particla asve meant that we
could not know exactly where it was until we measinat — indeed
it's probably meaningless to ask the question withmaking a
37measurement. Lot’s of modern electronics — likenel diodes, of
which there will be many in your mobile phones, elggh on that
principle. Worse than that, whether the ‘thing’ aleserve seems to
be a particle or a wave, depends on the kind oSoreanent we
38make. Further, as Heisenberg showed, theory resjue can
never know exactly where it is and precisely hows ihoving at the



same time. That's called the “uncertainty prinef@nd it's not just a
problem of measurement, the fact that we disturiggwhen we
measure them. It's a real theoretical limit théevarse imposes, it's a
consequence of wave particle duality. This fusbideas in
guantum physics has become known as the “Copenhagen
interpretation” of quantum mechanics.

To sum up, what we call sub-atomic particles, ékectrons and
protons, behave like both particles and waves. ebiomes like one
and sometimes like the other depending on whahamdwe
measure.

39This wave particle duality leads to really weirchbeiour. If we
send light through two slits [diagram] we get agat of light and
dark interference fringes on a screen behind ite sThat’s because
the light waves passing through the two slits inéact. In some
places they reinforce each other and we get a tsigiak and in
other places they almost cancel out giving a dadak. Well we get
40the same result if we send a beam of electronsadsdf light,
[diagram] because the electrons display their Wikeequalities.
That'’s straightforward, but now let’'s come on t@ege things. We
get the same results if we send the electrons badme — it's as if
each single electron somehow went through botk skihat’'s weird.
41But even stranger, if we install a detector afier tiwo slits, so that
we can detect which slit the electron went throfggagram], the
interference pattern disappears. It's as if tieetebn knows it's being
watched. That's what | meant when | said earheat tvhether a
particle behaves like a particle or a wave depemdshat we
measure and how we measure it.

42Moving on, as a physicist called Paul Dirac (wheiddascinated
Peter Higgs) predicted, most particles have a spoeding anti-
particle which carries the opposite electrical gearSo there is an
anti-electron which carries a positive charge amdrai-proton which
carries a negative charge. In our universe theskslof particles
don’t exist naturally because they annihilate thelies when they
encounter their normal counterparts in an explogibith releases
lots of energy in the form of photons. Anti pad&are important
though and we’ll be coming back to them later.

10



Looking further ahead physicists didn’t realise hloveombine
guantum theory with electromagnetism until juseathe Second
43World War when Richard Feynman and Julian Schwinggked
out what came to be called quantum electrodynanAcsually it had
already been worked out during the war by a Jagaplkgsicist, but
the news never reached the West until later. th@ery combined
the electromagnetic force — carried as we’ve alyesedn by the
photon — with electrons and protons and showedthew interacted.

It then took another quarter of a century to extgnantum theory to
cover the strong and weak nuclear forces — butl werhe back to
that later. We’ve never managed to unify quantoneoty with the
gravitational force, and again we’ll return to theter.

Further Development

The simple model we’ve been looking at so far ohat made up of a
small nucleus composed of neutrons and protonsedaittrons in
orbit around the nucleus soon became more comgticat

In 1931 Wolfgang Pauli proposed the existence rudva matter
particle called the neutrino to conserve energymnermum and spin in
some nuclear decay reactions. Neutrinos are veajl &nd carry no
electrical charge and almost never interact withrary matter — they
could fly through millions of kilometres of soli¢dd without
interacting with it.. We now know that neutrincsve a mass, but a
very small one which has not yet been accuratelysumed.
Neutrinos are incredibly common and are emitteshamy nuclear
processes. They’re so common that if | hold tilith square piece
of paper directly towards the sun around 6.5 omllneutrinos will
pass through it every second, and it won’'t matteetwer | can see
the sun or not because neutrinos almost alwaysgpesght through
matter without interacting with it. Indeed we aelv®es are
radioactive, we emit around 400 neutrinos a secomahly as a result
of the radioactive decay of potassium in our bones.

We now know that neutrinos exist in three distiypies — electron,
muon and tau neutrinos.

44In the late 1960’s Abdus Salam, Sheldon GlashowStaden
Weinberg showed how nuclear decay occurred andthiew

11



integrated with electromagnetism. Because nucleeay is
controlled by the weak nuclear force this integmnativas called
electro-weak theory. This weak nuclear force isied by three new
force particles called WW and Z gauge bosons. These are very
heavy particles and so the weak nuclear force actly over very
short distances. This theory was verified by theficmation of the
existence of W and Z particles at CERN'’s predeagdassthe LHC
(LEP) in 1983. In fact the huge masses of the h®sarrying the
strong nuclear force absolutely requires the exctef the Higgs
boson because they are gauge bosons and shoulthbeetrical with
the other gauge bosons, the photon and the gltlibat is they should
have no mass at all. The Higgs field was resptméiln breaking the
symmetry between the gauge bosons in a processl sggilbntaneous
symmetry breaking. A concept we’ll return to imaute.

45In 1964 Murray Gell-Man and George Zweig had pregothat
protons and neutrons were made up of smaller pestwhich they
called quarks. The quarks are held together bgtiloeg nuclear
force which is carried by another kind of gaugedmsnterestingly
called a gluon. This force is about 137 timesrgiay than the
electromagnetic force and a thousand billion tistesnger than the
weak nuclear force. In fact there are six diffétands of quarks.
Protons and neutrons are each made up of threkggoennd
together. Experimental evidence of the existericpiarks was
developed through electron - proton collisionshat $tanford Linear
Accelerator in 1973.

These developments depended heavily on the idéee ddiggs field
which solved a number of problems, the mass probleie just
mentioned and also infinities arising in the equagi which would
otherwise have existed. As I've already said, ne lbas ever
managed to integrate gravity with nuclear forces.

Having looked at a very brief overview of the hratal development,
| think it's now time to move to the present daylatart to think
about the Standard Model of Particle Physics whaxtks to bring
everything together.

12



THE STANDARD MODEL OF PARTICLE PHYSICS

In the standard model we have matter particlesSfama particles
which convey the various forces of nature. Magpinticles are called
fermions and force particles are called bosons.

46Fermions consist of two kinds of particles, hadrahsch are made
up of quarks and leptons which are not made umwiéng smaller.
47In hadrons we have particles like the proton aredutron which
are each made up of three kinds of quarks and reegbich are
made up of two quarks, actually a quark and anaudrk.

Bosons exist in six different kinds; the photon evhcarries the
electromagnetic force, WW and Z bosons which carry the weak
nuclear force and control radioactive decay, glushgh carry the
strong nuclear force and hold quarks togetherhyp®thetical
graviton which (if it exists) carries the gravitatal force and the
Higg’s boson — the God Particle — which promptedtalk today.
You'll remember the wave particle duality we lookagcearlier, that's
why there are particles which carry forces like ¢lectromagnetic
force that we usually think of as waves in everylil@y The strong
nuclear force is very unusual; it's like an elastannd. When quarks
are close together the force weakens, but as yantt pull them
apart it strengthens. That's why hadrons and tledenis of the atom
are so stable. However, you will appreciate thatgrotons in the
nucleus are all positively charged and so eledlyicapel each other.
Thus there are two opposing forces — the electroetagforce trying
to push the protons apart and the strong nucleee fioying to hold
them together.

Eventually, as you add more and more protons maticleus, the
electrical disruption can overcome the attractibthe strong nuclear
force. That's why uranium with 92 protons in thecleus is the
heaviest naturally occurring element. Neutrongaefrse, have no
electrical repulsion as they have no electricafgbabut they are still
involved with the strong nuclear force and thigolsdb stabilise the
nucleus — at least within limits.

48As we said, the matter particles, hadrons are rapdd quarks.
Quarks exist in six different kinds — top and botf@harm and
49strange and up and down. These are all diffebenitonly up and
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down quarks are stable. Top quarks are actuallhé¢awiest known
particle with a mass more than 200 times thatmfodon. Up quarks
have an electric charge of plus 2/3rds of thatoélactron and down
quarks have a charge of minus"L4# that of an electron. A proton is
made up of two up quarks and a down quark and s@ Im&t electric
charge equal and opposite to that of an electfoneutron is made

up of two down quarks and an up quark and so hadawniric charge.
Quarks also have a property called colour changel'tm not going to
go into that today — it's too complicated and ney ko our
understanding.

Protons and neutrons are quite heavy particlepretan has a mass
1,836 times as much as an electron and a neutmmyislightly
heavier than a proton — but most of their mass sonoen the
movement of the quarks and the energy involvetaegiuons that
hold them together rather than the substance afubheks themselves.
Most of you will know of Einstein’s most famous edjion E = mé.
well that shows that energy and mass are not @dyad but are
aspects of the same thing. Most of the mass obaject in our
world from your pet dog up to you owes most of itiass to the
energy involved in holding it together. So the giigparticle isn’t
responsible for all mass, only some of it.

50This interplay between mass and energy is seeneavarily in

giant particle accelerators like the LHC. Slam peticles together
at very high speeds and the debris from the coflisire likely to
contain heavier particles than you started witrelnee some of the
energy of the collision is turned into mass. T&athy you need such
a large and powerful accelerator to make a veryyparticle like the
Higgs boson. Particle physicists hunted for thggdifor years. One
of the problems is that it only exists for 100liwiths of a trillionth

of a second even if you can create it. In eariy2the LHC was
running at a rate of 75 million particle collisiopsr second, but the
production of the Higgs is so unlikely that at trase we would only
expect to create one every 90 seconds or so. fhiee problem is that
it needs so much energy to make it. No collidéotzethe LHC

really had much chance, but as of July 2012 wea'et¢ty certain that
the Higgs was detected at the LHC. The probaliiiat what the
LHC detected is NOT the Higgs is less than 0.006000

14



The other kind of matter particles are leptonsptbas are much
smaller and lighter than hadrons. There are sigkof leptons of
which the most common are the electron and theineutlt needs
1,836 electrons to have the same mass as a pnadothe neutrino
has such a small mass that it hasn’t been meaaaoedately yet,
although it probably does have a very small mass.

HOW DOESTHE STANDARD MODEL EXPLAIN WHERE
MATTER COMESFROM?

We exist because of a huge number of fortunatadaots’ or ‘co-
incidences’ — taken together they’re so unliketthprefer to call
them ‘God-incidences’ or evidence for a creatoigles.

51The fact that the sun burns at just the right rthite fact that protons
are stable, the fact that neutrons are slightly ¢oly slightly) heavier

than protons, that the W boson is heavy and a nuoftether factors

are all key to the universe being such as to pesariexistence.

How old do you think you are? Well actually therat that you're
made up of are at least 5 billion years old. Aj@anmn hydrogen, the
atoms which make up you and me were all cookedhsige a long
dead star at least five billion years ago. Therbgdn was made
shortly after the universe was formed around 18li®t years ago.
So in a way you're between 5 and 14 billion yedds o

You'll remember that the nucleus of a hydrogen at®unproton and
these protons form most of the mass of the sunifadekd other
stars) and fuel it today. At earthly temperatwesiplete atoms can
survive, but above a few thousand degrees theretexcbreak free
from the nucleus. That’'s what its like inside sum — protons and
electrons roaming around free.

Well these protons roaming around can bump intt edter and
Initiate a process that converts four of them thi®nucleus of helium
(the next heaviest element after hydrogen). Thesrahthe helium
nucleus plus the particles emitted is less thamthass of the four
protons — so energy is released in the procesmeRber Einstein’s
famous equation E = rhic Some of that energy eventually warms us
here on earth.

15



52The protons have to touch in order to fuse anddbupl helium.
That's hard as their positive electrical charge esathem repel each
other. But, a temperature of ten million degreesi¢h exists inside
the sun) gives them enough kinetic energy to getecenough
together to fuse. But, it's only just enough. Boa is some five
billion years old and even now any individual protoside it has

only a fifty/fifty chance of having taken part inet fusion process. To
put that another way, after five billion years, sum has used up
about half its fuel. Had the sun burned its fastér, it wouldn’t have
lasted long enough for us to exist.

The eventual result of all this is that four pradorecome a helium
nucleus consisting of two protons and two neutgas two positrons
and two neutrinos. So protons, or hydrogen nualei the suns fuel
and helium is the ash left over.

The rate of this burning depends on the strengthefveak nuclear
force which changes the proton into a neutron.tupately for us that
force is weak and that weakness arises from tige larass of the W
boson (which you will remember is one of the pé8dnvolved in
transmitting the weak nuclear force). If the W dosvas lighter the
weak nuclear force would be stronger and the surdvoave burnt
its fuel too fast.

When 4,000 kg of hydrogen are converted into heliney make
3,972 kg of helium. The remaining 28 kg of massosverted into
energy in accordance with Einstein’s famous eqoafic= mé that

we mentioned a minute ago. That's what happea$l muclear
processes, whether they be atomic bombs, H bom$isu®:. Some of
the mass is converted into energy. Because cdlogity of light, is
(as we've already seen) such a big number, yoa tmtof energy.

Now if that conversion ratio of 0.007 was only vsfightly less, say
0.006 (so that 24 kg of helium rather than 28 veereverted to
energy), then the reaction couldn’t work in the suim any star and
the universe would have no heavy elements andwstaukin’t shine.
If the conversion ratio was slightly increased 108 (so that 32 kg
of helium rather than 28 were converted into engtiggn conversion
would be so prolific that all the hydrogen in stavsuld long ago
have been burnt up and we wouldn’t be here. Tautof is critical to
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at least one part in a million. Again good evidefar need for a
creator designer.

Further if neutrons were lighter than protons ttiey would have
emerged as the stable pieces in the origin of tineetse and the
universe as we know it wouldn’t exist. Also thegbulifference in
mass between protons and electrons — you may reardhdproton
Is 1,836 more times massive than an electron bgslately key to
our universe being as it is.

In around five billion years time nearly all of tean’s hydrogen will
be gone — turned into helium. But helium can fwgé further
protons to build heavier elements, always releasmggy in the
process. This can carry on all the way up to #avhich is the
heaviest element you can build by fusion with re¢eaf energy in the
process. Some stars collapse catastrophicallyaid elements even
heavier than iron (absorbing energy in the proceds)t that won't
happen to the sun, it's too small.

So that’s where you came from. The atoms whichenwaiu up were
cooked in a star.

THE STANDARD MODEL AND THE HIGGSBOSON

The Standard Model of particle physics relies Hgaym a branch of
mathematics called gauge theory — which basicalg shat you can
often describe things in terms of the symmetridgg/een them and if
they have symmetry they are often the same. A sstnyns an
operation that doesn’t change how something behawesation to
53the outside world. So this ball has symmetry far operation of
rotation — it's always the same no matter how wiateit.

All of the forces carried by bosons except for gsaand the Higg's
field are unified by the gauge theory — so theyatjht to be
symmetrical. You'll remember we already mentiotieat W, W

and Z bosons should have zero mass because thag $feo
symmetrical with the other gauge bosons — photadsgtuons.
Clearly they aren’t. Apart from the mass issue,alectromagnetic
force carried by photons has infinite range, weliggw from galaxies
billions of light years away. Whilst the weak negt force carried by
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W and Z bosons and the strong nuclear force cabyegluons are
very short range.

The reason why the expected symmetries don't exstir world is
something called spontaneous symmetry breakingt §dunds
complicated, but it’s really quite simple [examplgh pencil]. As
with the pencil, the symmetry is bound to break,Je can’t predict
exactly how until it happens.

54So, with people, they are roughly equal or symroatit birth, but
as time goes by the initial symmetry becomes laddess. By the
time we turn twenty we have very different oppoities. A few can
become concert pianists, a few Olympic athletesyynaase working in
factories. Looking at a nursery full of infantsvbuld be difficult to
predict how they would turn out, how the symmetguwd be broken.
That's what we mean by spontaneous symmetry brgakin

55More at the level of physics, superconductivitamsexample of
spontaneous symmetry breaking, when the superctordaacooled
below a critical temperature — typically 160 degreentigrade and all
electrical resistance suddenly disappears. Itsargradual change, it
happens very suddenly as symmetry breaks. Supshrctwity also
shows how symmetry breaking can affect mass, wheaass-less
photon enters a superconductor it suddenly acqmesss. Again at
the level of physics, the earth shows how a symoatnatural law —
56the force of gravity — hasn’t resulted in a comglgsymmetrical
earth. It's flattened at the poles because itsspimd there are
mountain ranges because of volcanoes and tecttaiesp

Returning to the forces, they all had infinite rang the first few
micro-seconds of the existence of the universe vithwas very hot
and energy levels were very high, but then the sgtnnbroke,
because the Higgs field kicked in as the univeosderl, and the
forces became as they are now. The Higgs fieldwes caused the
symmetry to break. Also in the first micro-secoonfishe birth of the
universe all the particles had no mass, but thehiags cooled and
the Higgs field crystallised, symmetry was brokamg some particles
acquired mass. The exact reason why they acqoess is too
complicated for us to consider today, but in essewitat happened is
that the particles interacted with the Higgs fiaidl this acted as a
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kind of brake on them. That brake is what we elgpee as mass.
Some patrticles, like the photon, don’t interactwilie Higgs field at
all and remain without any mass. In a way the Hifygld does away
with the idea of mass — mass is simply the intevadietween a
particle and the Higgs field.

57At first, 13.8 or so billion years ago, the univergas too hot for
the laws of nature as we now experience them temadite, but in
the blink of an eye the universe grew to the siza loeach ball and
cooled to 10 thousand trillion degrees Celsiust dool enough for
the Higgs field to come to life. In that instantse particles acquired
mass, made slow and heavy, like flies caught irsla df soup.
Without the Higgs field the universe as we knowatlld not exist.
Matter simply wouldn’t clump together. Of couriee Higgs boson,
which gives expression to the Higgs field was kewlt this.
Theoretically we could change things again by Imgadpace up to a
million billion degrees, so that the Higgs field suatriggered, but
fortunately we can’t do it. If we could matter rhtgcollapse and all
the forces as we know them might change.

The idea of combining spontaneous symmetry breakitiygauge
theories was what Francois Englert and Robert Bimitcame up
with in Brussels in 1962 and independently a fewths later Peter
Higgs came up with the same idea. There is ag@sihose
existence is a consequence of spontaneous symbretiking — the
Higg’s boson. As | already said the Higg’'s bosbaidd really be
called the EBH boson, but somehow Higgs got theslishare of the
credit.

The existence of the Higg’'s boson is foundationdhe Standard
Model of particle physics. If it didn’t exist theéhe Standard Model
would be completely wrong.

The use of the idea of spontaneous symmetry brgakithe Standard
Model has profound consequences not just for tle & nature but
for the larger question of what a law of natureB&fore the Standard
Model scientists used to think that the propentiesll the particles
(including the force particles, the bosons) weredrined by eternal
laws of nature. But, in a theory with spontanesyrametry breaking
the properties of the particles depend on how yhensetry broke.
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The symmetry could break in different ways depegdin
temperature, density and so on in the early unéveidhe particles
depend not just on the equations of the theorywhuwthich solution
to the equations happens to apply in our univelsglike when you
throw a ball in the air. Newton’s Laws, the eqaas of motion,
govern its path. But, the exact trajectory ofltlaél depends on the
Initial conditions — how hard and what angle yorottthe ball. So
the path of the ball depends on what solution tevtda’s Laws
applies. It's the same with spontaneous symmetghking.

Even worse than that the properties of particledccbe different in
different areas of the universe they could evemgbawvith time. All
the evidence we have suggests that they don’timahese ways —

that in itself is evidence for a creator designed@®@ho sustains his
universe. But there’s much stronger evidence thanfor a creator
designer as we shall see later.

In spontaneous symmetry breaking there is a phygu@ntity which
signals that the symmetry is broken and how irakén. This is the
Higg’s field and the force associated with the Fsgield is carried
by the Higg’'s boson. Unfortunately for scientigtsory didn’t
exactly predict the mass of the Higg's boson — keetbe experiments
at the LHC all we knew was that it must be morenth20 times the
mass of a proton and if the LHC results reallytheeHiggs we now
know its mass is about 133 times that of a protts.this large mass
that has made the Higgs so difficult to detectabee only very high
energy accelerators can hope to produce it — yoarilember we
talked a little bit about mass-energy equivalerardies.

So the gauge principle combined with spontaneoos stry
breaking unifies three of the four forces — thegtmnagnetic force,
the weak nuclear force and the strong nuclear foideey’re all tied
together in the Standard Model. Of course, it dides<plain why
there are force particles and matter particles.efension of the
Standard Model called “Super-symmetry” or SUSY dbort does —
but there’s absolutely no evidence for it (and gaitiot against it,
including the latest results from the LHC which édailed to find
any of the particles it predicts) so I'm not gotogalk about it today.
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Maybe the new runs of the upgraded LHC this yedrtwin up some
evidence for SUSY this year - but I'm predictingyhwon't.

The Standard Model also fails to explain what Hetsconstants in the
Standard Model and what makes the ratios betwesn Ho big. It's
really surprising, for example, that the weak nacferce is 16

times the force of gravity. Even worse, how dastheonstants stay
where they are? The stability is puzzling becajstum physics
has a strange tendency to pull all the masseshegtiward the value
of the Planck mass — that's about 2 €@, colossal for a particle —
about ten, billion, billion protons. I’'m not goinig explain exactly
why, this pull arises, it's just too complex, bti irather as if the
levers we use to tune the constants were connedtiedubber bands
which are steadily tightening. This doesn’t hapfmemost of the
force particles, the bosons, or to any of the maideticles, the
fermions — their masses are what we call proteclesljust a

problem for the Higgs, which should have a massriibn billion
times larger than it does.

To keep the large ratios that we actually havéaenStandard Model,
we have to pick the values of lots of constants dina able to be
specified individually and independently with exsjte precision.
Otherwise the mass of the Higg’'s would be pulledaifhe Planck
mass and the universe would be very differenturtis out that we
have to tune 25 of the independent constants dbthedard Model
(fifteen relating to the masses of the quarks aptbhs, eight relating
to quark and neutrino interchanges and two basysipal constants —
the fine structure constant and the strong coumlorgstant), each to
an accuracy of 32 decimal places to keep the nfake dligg’s down
where it is and make the Standard Model work. ddhds of that
happening by chance are less than 1 i1.10

Are you beginning to see why | said the Higgs bosas
appropriately named the God Particle. What coalkhtuned all
these independent values of the Standard Modaet@aately apart
from a creator designer God. When the USA wasidenag
building a huge patrticle collider called the Sup@ducting Super
Collider a congressman asked one of the sciemtitsing on the
project “Will this make us find God?”. Well, of aose we can't find
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God in a machine we construct, God doesn’t liveemples built by
human hands, but | hope you can see how it canusefee the
magnificent complexity of God’s creation and why meed to
assume a creator designer to explain the worldhiclhwve live. And
you know this isn’t just my opinion, many scierdisire of the same
view. Let me just read to you a few sentences fituerlast chapter of
a book on quantum gavity by Lee Smolin. Lee Smislione of the
top ten theoretical physicists in the world andshe®rtainly no
Christian — he’d like to be in the Richard Dawkaasnp, but he’s too
intellectually honest. [reading]

CONCLUSION

Now, why should we assume that the laws of phystush apply
here, will apply on the moon or in the next galaxys really a
restatement of the argument originally raised hjogbpher
Descartes. Peter Higgs himself raised this questefore the
Maxwell Society at King’s College London in 1950he notes of the
meeting say that Higgs’ point “aroused considerabl&roversy”.
Actually, there is no reason to assume a contiranty conformity of
physical laws, apart from faith in a God who madd austains the
universe according to his unchanging principles

Oh, physicists have tried various ways to avoid groblem, but so
far nothing has worked. As we’ve already said¢hiemo evidence
for Supersymmetry (which anyway only deals with scaspects of
the problem), string theory is a failure and wedraveven been able
to reconcile quantum theory with theories of gnavilndeed many
scientists almost hoped that we wouldn’t in fascdver the kind of
Higgs boson that would be consistent with the Stashdlodel,
because as we've already seen the Standard Maypietes so many
independent constants to be so precisely adjustdttspeaks loudly
of a creator designer. Well, it appears the kihdHiggs we have is
exactly the kind the Standard Model would predict.

There are lots of other problems too. When maitiginated within
the early universe both particles and anti-pariglere created in
almost equal numbers. In fact we would have exquetttem to be
created irexactly equal numbers. Fortunately, that wasn'’t the case,
otherwise the universe might contain less matt&n e necessary for
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life to exist and/or matter and anti-matter wouldays be engaging
In spectacular mutual annihilation with very basduiés for us if
happened anywhere nearby. For some reason thera slght
imbalance between matter and anti-matter in thaticne process, of
just the right amount to leave behind the amoumtrdinary matter
needed as all anti-matter was annihilated in ¢ohis with ordinary
matter. But, this is entirely contrary to thecapnd remains a mystery
only explicable on the basis of the interventioraaireator designer.

Finally there is the problem of dark matter anckdarergy. Recent
measurements of the motions of stars in the oatthes of galaxies,
galaxies in clusters of galaxies and the expansidhe universe
reveal that either our theories are completely \gram the universe
consists mostly of the unknown. If the universegioonsist mainly
of the unknown then some 68% of it must be darkgnelriving the
accelerating expansion of the universe, 27% muslalle matter,
needed to explain motion in clusters of galaxie® @stars in the
outer reaches of each galaxy and only 5% in tha fafrthe normal
matter we've been looking at today. At one timmeascientists
thought that the dark matter might be mostly soare s
Supersymmetric particle — a WIMP or weakly interagtmassive
particle. But, as I've already said the Higgarigtneatly into the
Standard Model makes Supersymmetry less likelythak isn’'t even
one piece of evidence for Supersymmetry and lcagagit. Also the
Standard Cosmological model fits quite well witle thtandard Model
of particle physics in predicting the kinds and ams of matter that
exist (apart from the matter — anti-matter issué/gvdiscussed) and
the latest mapping of the cosmic microwave backgdaadiation
from the Planck satellite tends to confirm the de&ad cosmological
model. It would be hard to accommodate the prodoaif huge
guantities of exotic particles in either of thesmnsgard models.
Perhaps the laws of motion, the law of gravity,dse® be modified
when the forces are very weak and/or when veneldigtances are
involved, but we just don’t know. There is a theof that kind
called MOND or modified Newtonian dynamics, whioktter
explains the dynamics of galaxies and why the dgaldxies around
the Milky Way (like the greater magellanic clou@ve stable orbits.
MOND doesn't completely explain the dynamics ostdus of
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galaxies, but could probably be enough of the exgilan to do away
with the need for dark matter comprising unknowrtipkes.
Unsurprisingly, not a great deal of work has beanedin this area
because again it's pointing in the direction ofchiee a creator
designer.

What | can say in conclusion is to return to thgahstatement that
the Higgs Boson is both appropriately and inappately named as
“The God Particle”. It's appropriately named besait gives the
whole universe mass, it makes it possible for usethere to discuss
it and most importantly because, being the way, ittipoints strongly
to the need for a creator designer God. It's adappropriately
named, because as we’ve seen there’s simply so,reachany issues
that we don’t yet even have a clue about. We neathandon our
pride and arrogance and admire the wondrous complafxcreation
—and | do mean creation. There’s no way this ensi arose by
accident.
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