History of Particle Physics

e from atomic to particle physics:
Nuclei, Nucleons, and Electrons
The first carrier of a force: The Photon
The first Mesons and Antimatter
Neutrinos
Strange Particles and the Eightfold way

The November revolution and its afterglow

The triumph of Symmetry:
The Standard Model and Vector Bosons



F rom atomic to parﬁcle Physics:
Discovery of the electron

J.J.Thompson, 1891
e Cathode rays deflected by fields

0 negative electric charges

(curvature under D-fields)

=~ No rays (waves), but particles! -

e Cross electric and magnetic fields
~ determine velocity (0. c) and

Y charge-to-mass ratio (huge)



F rom atomic to parﬁcle Physics:
Discovery of the electron

JJThomson, 1877

e Charge-to-mass ratio suggests: indirect evidence for
negatively charged object with very small mass
(ho ion/atom with similar properties known)
- “Cor/ousc/es“, their charge was dubbed “electron”

e Thomson’s idea: part of the atom, but where?

e e i

> Embedded in massive positive paste,
compensating the electrons’ charge

(“plum pudding model”)

spdiiere of [p:m;iﬁ“-m élhmur@n:



F rom atomic to parﬁcle Physics:
Nuclei and electrons

ERutherford’s experiment 1711
e Fire o-particles (ionized
Helium atoms) onto a thin

gold foil
e Plum pudding model suggests

moderate, diffuse deflection
pattern.

e Dut: All scattering angles occur, majority of ions
pass undisturbed through the gold foil, few scatter
at potentially large angles.



From atomic to particle physics:
First hydrogen (atom) model

/n'l'er/ore'l'aﬁon of
Rutherford’s experiment:

Poziti vl y charged nucleus (+2)

e Picture of atoms: Heavy. 7 0 Hmee demem
positively charged nuclei it

surrounded by negative
light electrons.

e The lightest nucleus
(hydrogen) was called

— 107" meters —m

/orO'I'on.



F rom atomic to parﬂc/e Physics:

First hydrogen (atom) model
( N BOI’)F‘, 19 I“f ).' Eﬂm

e A single electron circles 023 | eeciea
the proton a primitive ,_
version of quantum theory
defines the absence of

Grotwd

radiation and thus stable zs T

Energy lewels of the hydrogen atomm with some of the

L]
Or b I +S. tratiziti ons betw eetn them that give rize to the spectral

linesindicated

pred iction of the

hydrogen spectrum.

The Hydrogen Spectrum
Above: Emission
Below: Absorption




F rom atomic to parﬁc/e Physics:
The neutron

Aftermath of Rutherford’s experiment:

e New problem: Next lightest atom (Helium) four times
as heavy as hydrogen, but only two electrons.
Similar for Lithium (three electrons, seven times as
heavy), etc. If positive and negative charges
compensate, what makes them so heavy?



F rom atomic to parﬁc/e Physics:
The neutron

Discovery of the Neutron by JChadwick, 173

e Bombard Deryllium with a-particles

i very penetrating non-ionising radiation is emitted
e Radiation through paraffin i protons are emitted.

e Measure speed of protons

~ original radiation cannot be Y's % new particle

® Near/y the same mass as the proton but no charge.

0 Heisenberg, 1932: DBoth neutron and proton are
two manifestation of the same state, the Nucleon.



The first carrier of a force:

The photon
Black body radiation

e Problem in 1900: The e/ecfromagne'l'lc spectrum
emitted by a hot
black body. Statistical
physics failed completely
in explanation, predicting
the total energy
emitted to be infinite.

e Side-remark: ““Perfect”

500 1000 1500 2000 2500 3000nm

b/aCk_bOdy radia'f'ion is wavelength (nm)

observed in cosmic microwave background.



The first carrier of a force:

The photon

MPlanck 1900:

o proposal: electromagnetic radiation comes quantised,

relation of energy E and frequency D is

E = hv

with constant h (Planck’s constant)

Note: Planck gave no reason for quantization.



The first carrier of a force:

The photon

Einstein’s explanation of the photoelectric effect (1705)

e Quantization is a natural intrinsic property of
e/ecfromagne'l'ic radiation.

INCOMING
PHOTONS

o) Explains of photoelectric effect:
E/ecfromagne'l'ic radiation ‘‘kicks”
electrons out of metal. Process

depends on frequency of light

only, not on intensity.

o Energy of electrons: Ee = hv — Wout
(Wout is a material-specific energy needed for the
electrons to leave the metal)



The first carrier of a force:

The photon
Discovery of the Compton effect (AHCompton 1723):

e Ligh'l' scattered off a /Dar'l'ic:/e with mass m at rest
changes wave/eng'l'h:

)\—>)\,=)\—|-i(1—(3089)

mc

e Exactly the behaviour of a massless particle in
relativistic physics (energy-momentum conservation)

e Quanta of electromagnetic radiation are photons,

symbolised by y. First example of.



Cosmic evidence: Mesons and Antimatter

’Proposing mesons
Yukawa 1934

e First prediction of mesons:
Answer to the question why neutrons and protons
bind together in nucleus
Underlying assumption: A new force, short-ranged
mediated by massive mesons.

e Estimate 3400 times the electron mass.
From uncertainty principle AEAt > h
with time given by nucleon radius as At ~rg/c

>  AE ~mc® = he/rg = 0.2GeV - fm/1fm = 0.2GeV



Cosmic evidence: Mesons and Antimatter
Finding the first mesons

Anderson & Neddermeyer,
Street & Stevenson (1937):

e [ inding such particles in
cosmic rays using cloud
chambers.

But: wrong lifetime (too
long, indicating weaker
interaction), inconsistent

mass measurements



Cosmic evidence: Mesons and Antimatter
True mesons and the muon

Two decisive experiments
to clarify the situation

(Rome, 1746 & Powell et
al. in Dristol 1947):

o Technique: photo emulsion

e Two new particles:
One wedakly interacting,
the muon, 11, one
strongly interacting, the
pion, II




Cosmic evidence: Mesons and Antimatter
True mesons and the muon

Properﬁes of the two new particles

® The muon 1 has longer lifetime = weak interactions
Y in fact a lepton (like electron 200 times heavier)

e the pion T1I decays quickly i strong interactions
(Found by Powell on mountain tops.)
~v this is the true meson postulated by Yukawa.

(Same conclusion was reached on theoretical grounds

by HDethe and REMarshak)



Cosmic evidence: Mesons and Antimatter
Proposing antimatter

PAM. Dirac, 1927
e Non-relativistic QM was quickly completed (1723-26)

but relativistic version much harder. Main problem:
Relativistic equation E?= p?+m? yields solutions for

hegative energies = all particle states decay into
increasingly negative states o)

e Proposal: Fill “sea” of negative enerqgy states,
(F ermi-character prevents double fillings)



Cosmic evidence: Mesons and Antimatter
Proposing antimatter (cont’'d)

PAM. Dirac, 1927

e /n'l'erpre'l'a'l'ion of “holes” in the sea: absence of

negative energy looks like net positive energy.

e The related particle must have same mass as

ordinary parﬁcles, but opposite charge > antimatter
Stueckelberg-F eynman antimatter-interpretation (1747):

e Negcd'ive energqy solutions are indeed positive energy
solutions of a new parﬁcle 0 treating electrons and

positrons on equal footing > ho more holes.



Cosmic evidence: Mesons and Antimatter
Finding antimatter

Anderson, 1931 _ [

et ;
4 : ' L : f-_' e %
e [ inding a particle electron's :f“j il -.;--"#

mass but opposite charge

= electron’s antiparticle

(44 i PP
/oosrl'ron.

“On August 2 1932 during the course of photographing
cosmic-ray tracks produced in a vertical Wilson chamber
(magnetic field 15,000 gauss) designed in the summer of
1930 by Prof R A Millikan and the writer the track
shown in fig 1was obtained which seemed to be
interpretable only on the basis of a particle carrying a
positive charge but having the same mass of the same
order of magnitude as that normally possessed by a free
electron.”




Cosmic evidence: Mesons and Antimatter
Finding antimatter

The 50's. More antiparticles

C An'l‘i—/orofon found 1955 at

Devatron ac:c:e/era'l'or
...J

the anti-neutron was found

there in 1956.




Cosmic evidence: Mesons and Antimatter
Crossing symmetry

e There is a symmetry called “crossing symme'fryn:
Suppose a reaction A+B —C+D s known to
occur. Then any of the particles A DB C, D can be

“crossed” over as an'l'i/oar'l'ic/e to the other side
A—-B+C+D
A+D— B+(C

e In addition, the reverse action C - D — A+ B
occurs, due to the /orinci/ole of detailed balance.

e Note: Although in principle possible under crossing,
processes may hot be allowed “kinema'l'ica//y“, due to

energy thresholds.



The elusive neutrinos

Radioactive B-decays: A — Be™

@ Prob/em: Ener'gy 'fixed in Positron energy spectrum from
beta decay of 5 Cu

'I'wo—body decays due to
energy—momenfum conservation

Q of the reaction
Y = (1,653 MaV

EI
o
0
=
3
@
-
=
m
f,'I__!-
(L

positrons emitted

e But: Found continuous
spectrum of electron energies. ; B L

Pauli (1930)

e Proposal of a new particle, electrically neutral (to

Positron kinetic energy in MeV

conserve charge and remain invisible)



Pauli’s letter to the degg; radjoactive, ladies ?nd,,:gen'l'lgq@cm
Ahmohrift/15.12.56 M

.|'I| A -

faner Briaf an dia Jmanpe dar Hadicaktiwen bol dar
GooverainaTeapung #u Tabingen.

Abmobyd {1

Fhysikellsches Instliut
dar Eidg, Techniseshen Hochaciula Aizdch, i+ Des. 1930
frieh Dloriastzan=e

Lisbe Badicaktive Damen umd Herrmn,

Win dar Usharbringsr dismer Zallen, den ich Inldvollst
enmhbren bitte, Ihnan dess nEharen sussinsndersetssn wird, bin ioh
angesichts dar "felschen®™ Statiatik der Be und Li-6 Kerns, soule
das rontimiiesiichen bete-Spelctrims puf olnen warsvsifealtan ineweg
varfallen um dep "Woolwelsats™ (1) der Statistik und den Enargienats
w retten, MEmlich dis MAglichkelt, sa domban alaktrisch noutrals
Tellohen, H.e iah Mautronan neomsn will, in den Lernen sxdstleren,
Welohe dmm Spiln 1/2 haban ond das Aupechllistrungapt-lnsip belolgen und
‘whals von Ldchtquanten mueserdsm noch dadarch ooterscheslden; dass ola

mlt Lishtigesdwindtigesit laufwn: Die Homze der Neutropnsn

vor derzelben (Yosmenordoung Wis dis Eleictronetssese ssedn wd

m nioht groasar ala 0,0] Pretonameapse.~ Das kemtimeierlichs

Imektrum wirs dann warsatindlich unter der Atmealme; dass belim
e~ Zarfell wit dem Slektron Jewells ncoh ein Seutron ewittisrt
e, dward, dass e Summe dar Energlen von Neotron and klekbron
bonatant lst.




The elusive neutrinos
(but are they redlly there?)

e Neutrinos not only in radioactive B-
decays P — netv and n — pe v
but also in the decay of the pions
and muons.

e Check left emulsion-photo (again,
from Powell) A pion enters from
left and decays into a muon and
neutrino, the former travels
upwards and decays again, into an
electron and neutrinos:

T— UV, [L— evy




The elusive neutrinos
(they are redlly there!)

e Neutrinos only very weakly interacting
(could fly through lightyears of lead without interaction)

e T herefore: intensive sources, large targets needed.

e Cowan & Reines at the Savannah River nuclear
reactor (1756) prove reaction vpT — net

e Davis & Harmes (1759) prove existence of anti-
neutrinos through absence of VN —p €

e Konopinski & Mahmoud (1753) propose a conserved
/ep'l'on number L. (=+1 for electrons muons and
neutrinos, L=-1 for /oosi'l'rons, antimuons, anti-neutrinos.



The elusive neutrinos
(they are redlly there!)

e Further twist: No reaction & — € 7 ever observed
o) lepton number L is “/aer kind”

~ muon decay in fact looks like p — e Vely

e Test of the two-neutrino hypothesis by Lederman,
Schwartz, Steinberger et al. at Drookhaven 1761

Using 10" antineutrinos from TU decays, they found
29 times the reaction 7 +pt — ut +nbut no
reaction of the kind v +pt — n+e*. For only one
kind of neutrino both reactions should come in equal
numbers.



Strangeness and the quark model
Finding strange particles

Rochester & Dutler (1941):

e Cloud chamber experiment
with cosmic rays. Unusual

“fark™ of a " and a TI. £
e ln'ferprefaﬁon: osmii

particles with mass between |

I and p, the kaon K

e Like pions, but strangely long
lifetime (decay to pions or a

muon and neutrino)



Strangeness and the quark model
Finding strange particles

Anderson (1950): Why are they “strange’
e Another “S'I'rcmge“ e With the advent of the
particle, decaying into Bevatron it became

proton and ", A — pTn . clear: Strange particles

(kaons and lambdas) are
copiously produced, but
decay slowly (strong
interaction in production,
weak interaction in

/_* o Bl decay)!



Strangeness and the quark model
Finding strange particles

More on strange par'l'icles:

e Only produced in pairs W Gell-Mann and Nishijima

propose a hew quantum number (1733). strangeness

® S'frong intferactions conserve S'I‘rangeness, weak
. . 4
interactions don't.

> Allowed: p +7 - Kt +%7, K'+A....
> Forbidden: pT +7~ — 7t +X7 ...

e Side remark Daryon number (B) is also conserved



Strangeness and the quark model

The eightfold way
Gell-Mann (1961):

e In the 50’s many hew particles
found, but at first no pattern.

e Gell-Mann found geometrical
patterns (hexagons) for
particles with identical spin
(0 and 1/2). Strangeness is
along horizontal lines, charge
along diagonals. Note that
there are two neutral states
in the middle of each hexagon.




Strangeness and the quark model

The eightfold way

Gell-Mann (1761).

e Lightfold way named after
the eight states (octet)
organised in the hexagons.

e DBut not only hexagons, also

larger triangles (spin 3/2)

ten states ™ decuplet.

e In 1761 tip not found. Gell-Mann's
prediction m = 1672 MeV, plus
production and (long) lifetime.



Strangeness and the quark model

The eightfold way
Finding the () (1964) - triumph of the eightfold way

Chain of events in the picture:

K+p-> Q +K"'+K°

S M+A




Strangeness and the quark model

The quark model

Gell-Mann & Zweiq (independent from each other 176%);

e Lightfold way extremely successful, |8
but why?

e Suggesﬁon: Hypofheﬁcal particles
~ guarks + their antiparticles

(from a poem by Joyce: * . three quarks for master mark.”)

e originally thought as mnemonic
device to keep track of group

theory labels = became real!




Strangeness and the quark model

The quark model

Gell-Mann & Zweiq (independent from each other 176):

® quarks (spin /2 fermions) form mesons and baryons:

Meson = quark + anti-quark, baryon = three quarks
i 1
7T+ — Ud’ ﬂ-_ — dﬂ’ 7T0 — (UU ) d@ ? Proton Neutron

P = UUda n = Udda ZO — UdS; A++ = uuu, ... KL, Q(/

® Problem: F ermi-statistics for decuplet baryons (A™)

*v solution: new quantum number (colour: rgb)

e DBut: All observable particles are colourless
(red-antired, red-blue-green, etc.)



More generations
The November revolution

Discovery of the J/Psi (November, 171%):
e SCLTing et al at Drookhaven AGS

proton synchrofron,

pBe — J(—ete )+ X, m = 3.1GeV

e DBRichter et al. at SLAC/SPear
ee-collider with Mark-l detector

ete” - U —ete, m=3.106GeV




More generations

Charm
Discovery of the J/Psi (November, 171%)

® J/\y found as a narrow resonance, decaying into
leptons (electromagnetically!) with significant
probability
YV interpretation as a bound state of two new
quarks (charm)

e Mass: larger than the proton mass M (m,. ~1.5GeV)



More generations

The discovery of the tau

Discovery of the tau (MPerl 1715):
e Found at SLAC/Spear at 4 GeV

e Reaction: ete” — T 7T, m, = 1.8GeV

e /nfer/ore'l'a'hon A new /epfon/

elnteresting signature, due
to = — /% 1 invisible
e 24 events out of 35000

yie/c/ ete — ute + inv.




More generations

The discovery of beauty/bottom
L. Ledermann (1971) at Fermilab

e Observation of a Dimuon Resonance at 95 GeV in

400 GeV Proton-Nucleus Collisions: Y (1s) — putp~

e Interpretation (again) bound state of a new quark




More generations

The discovery of truth/top

CDF and DO (1995) at Fermilab
e CDF: 3] events over estimated 12, DO: I] over 4.

10GeV (CDF),
- 22GeV (DO)




More generations

The fundamental building blocks

/ LeptDnS spin =1/2 \ /—Quarks spin =1/2 \

. : Approx. :
Flavor Gl\gfﬁiz E:']eac;'t;g Flavor Mass ELEth .
Govicelmas =

ightest | (0-0.13)x10-9 0

neutrino®

€ electron 0.000511 =

Yy made . 1(0.009-0.13)x10-, 0

muon 0.106 ~1
reaves 1 (0.04-0.14)x10-9| 0

tau 777 —1




Vector bosons

The discovery of the gluon

e Remember: Quark “confinement” disallows -
the presence of free quarks. On/y

“white” hadrons are dallowed. This is a

/oroper'l'y of the S'I'rong interactions.

e DBut what happens when a
uark-an'l'iquark pair is stretched?

e Answer: The colour force field is
stretched, until it “snapsn,
Producing new quarks.

e Question: Is there a dynamical exp/ananﬁon?



Vector bosons

The discovery of the gluon

TASSO (1779) @ DESY (Petra collider) s
e |s there a boson (like the photon in

electromagnetic interactions) involved in
the strong interactions?

e Yes !
The gluon . e
AEY |
® . manifests itself oY
. . { .
1979 in “threejet” "
events s




Vector bosons
Weak interactions

e Remember: Weak interactions extremely short-ranged,
mediating P-decays and the decays of muons, taus,
kaons, etc.

e First theory of weak interactions as “contact”
interactions of four fermions. due to EFermi (1933):
Organised as interaction of two currents, leads to
distinction charged current/neutral current according
to charge associated with the interaction between
the currents.



Vector bosons

Weak gauge bosons
SCGlashow, SWeinberg & ASalam (1768)

e Formulation of a theory of weak interactions as a
gauge theory (like QED for electromagnetic
interactions). Demand weak gauge bosons (W and Z).

Gt Hooft & TVeltman (1772)

e Proof that this theory is theoretically consistent.

PHiggs, RDrout & FEnglert;: GGuralnik, CRHagen &
T Kibble (1960’s)

) Spon'l'aneous symme'l'ry breaking to give mcasses 1o
the gauge bosons and the fermions.



Vector bosons

Weak gauge bosons

P
e When a quark or /e/o'fon A udu g,

changes type (a muon
changing to an electron,
for instance) it is said to
change flavour.

e All flavour changes are due
to the weak interaction.

e The force carrier particles of the weak interactions
are the W+, W-, and the Z particles. The W's
are electrically charged and the Z is neutral, dll
are massive, in contrast to the photon and gluon



Vector bosons
Evidence for neutral currents

Gargamelle at CERN (1773);

e Neutrinos interact with
matter in a 1200 litre
bubble chamber.

e Here: A neutrino interacts
an electron (the horizontal
line) and evades unseen.

e This is the first “phofo“ of
a neutral current

interaction.




Vector bosons
Discovery of the weak bosons

UAI and UAZ at CERN (1983):

e proton-antiproton collisions in two
interaction regions at E = 540 GeV.

e 4 W — ev events and 4 Z — ee
events at UAIL First mass measurements:

mw ~ 80.3GeV, mz ~ 95.5GeV.

/—ee

T W —ev 4 =N i




The Standard Model

e The matter sector: spin-1/2 fermions in three
generations (families) coming as leptons and quarks

Leptons m—— Quarks

Electric Charge

Tau Bottom 13 23 | Top
MNeutrino .

Muon Strange L1/3
Neutrino

Electron Down ei":‘ P
Meutrino ;

each quark: R,




The Standard Model

e The gauge/ interaction sector: spin—l bosons mediate
elecfromagneﬁc, weak and strong interactions. Masses
das d consequence of spon'l'aneous symmefry breaking

Electromagnetic Strong

Photon A Gluons (8) m

e
$e9

Cuarks

"
Atoms Neutron decay i o - 3
Light Beta radioactivity e

Chemistry Meutrino interactions Mesons

Electronics Burning of the sun Baryons Nuclei

e Manifestation of this: Higgs boson, yet not found.
e That's why LHC has been built .. .



