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Ingredients	  of	  the	  Universe	  



New	  Improved	  Ingredients	  

+	  95%	  
Secret	  sauce	  



4	  Golden	  Lessons	  

•  No	  one	  knows	  everything,	  and	  you	  don’t	  have	  to.	  
•  Go	  for	  the	  messes	  –	  that’s	  where	  the	  ac$on	  is.	  
•  Forgive	  yourself	  for	  was$ng	  $me.	  
•  Learn	  the	  history	  of	  science.	  

Steven	  Weinberg	  (2003)	  



Structure	  of	  the	  lectures	  

•  Lecture	  1:	  An	  overview	  of	  par$cle	  physics	  
•  General	  Mo$va$on	  
•  Folk-‐history	  of	  Par$cle	  Physics	  

»  e,	  p,	  n	  
»  photons	  
»  Positron,	  …	  
»  from	  hadrons	  and	  mesons	  to	  quarks	  
»  neutrinos,	  …	  
» W/Z	  bosons,	  Higgs	  

•  Present-‐day	  understanding	  of	  the	  Universe	  
• What	  may	  lie	  ahead	  



Structure	  of	  the	  lectures	  

•  Lecture	  2:	  Basic	  tools	  and	  techniques	  
•  Preliminaries	  
•  Basic	  observables	  
•  Experiments	  

»  sources:	  why	  high-‐energy,	  high-‐luminosity,	  high-‐
weirdness	  

»  detectors:	  calorimetry,	  par$cle-‐id,	  …	  
»  so`ware:	  triggers,	  cuts,	  sta$s$cs	  

•  Theory	  
»  Represen$ng	  par$cle,	  interac$ons,	  and	  processes	  
»  Scabering	  and	  decay	  
»  Some	  examples	  



Structure	  of	  the	  lectures	  

•  Lecture	  3:	  Guided	  by	  Symmetry	  
•  Energy	  :	  Neutrinos	  
•  Charge	  :	  Global/Local	  symmetry	  
•  Spin	  :	  Neutrinos	  
•  Isospin	  :	  Flavor	  
•  Pauli-‐an$symmetry:	  	  Color	  
•  Asympto$c	  freedom	  and	  Confinement	  :	  	  Color	  
•  Parity,	  CP	  :	  Weak	  interac$on	  phenomena	  
•  Gauge	  symmetry	  :	  Z	  boson	  
•  Gauge	  symmetry:	  Higgs	  boson	  
	  



Units	   9

Natural Units

We will often make use of natural units. This means that we work in a system where
the action is expressed in units of Planck’s constant:

h̄ ! 1.055 " 10!34Js

and velocity is expressed in units of the light speed in vacuum:

c = 2.998 " 108m/s.

In other words we often use h̄ = c = 1.
This implies, however, that the results of calculations must be translated back to

measureable quantities in the end. Conversion factors are the following:

quantity conversion factor natural unit normal unit
mass 1 kg = 5.61 " 1026 GeV GeV GeV/c2

length 1 m = 5.07 " 1015 GeV!1 GeV!1 h̄c/ GeV
time 1 s = 1.52 " 1024 GeV!1 GeV!1 h̄/ GeV
unit charge e =

#
4!" 1

#
h̄c

Cross sections are expressed in barn, which is equal to 10!24cm2. Energy is expressed
in GeV, or 109 eV, where 1 eV is the kinetic energy an electron obtains when it is
accelerated over a voltage of 1V.

Exercise -1:
Derive the conversion factors for mass, length and time in the table above.

Exercise 0:
The Z-boson particle is a carrier of the weak force. It has a mass of 91.1 GeV. It can
be produced experimentally by annihilation of an electron and a positron. The mass of
an electron, as well as that of a positron, is 0.511 MeV.

(a) Can you guess what the Feynman interaction diagram for this process is? Try to
draw it.

(b) Assume that an electron and a positron are accelerated in opposite directions and
collide head-on to produce a Z-boson in the lab frame. Calculate the beam energy
required for the electron and the positron in order to produce a Z-boson.

(c) Assume that a beam of positron particles is shot on a target containing electrons.
Calculate the beam energy required for the positron beam in order to produce
Z-bosons.

(d) This experiment was carried out in the 1990’s. Which method do you think was
used? Why?



A	  Folk	  History	  of	  Par$cles	  



Electrons	  
•  1700s	  to	  1900:	  Many	  experiments	  with	  ionized	  gases.	  Some	  

kind	  of	  “rays”	  that	  were	  deflected	  by	  E	  and	  B	  fields	  
•  1897-‐1903:	  JJ	  Thomson	  a`er	  many	  years	  of	  experiments	  on	  

different	  gases	  concludes	  that	  mass/charge	  was	  constant,	  
small,	  and	  the	  rays	  were	  produced	  by	  most	  substances.	  

•  1906:	  Millikan	  confirms	  that	  charge	  is	  indeed	  quan$zed	  	  



Nucleus	  

1910:	  Geiger,	  Marsden,	  Rutherford	  discover	  that	  the	  
posi$ve	  charge	  in	  the	  atom	  is	  concentrated	  	  



Protons	  

1919:	  The	  “H”	  par$cles	  that	  are	  
emibed	  by	  all	  substances	  when	  
bombarded	  by	  alpha	  par$cles,	  must	  be	  
a	  common	  cons$tuent	  of	  all	  elements,	  
and	  must	  be	  the	  protons	  
	  
Rutherford	  



Neutron	  
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Discovery of neutron 
 

1920s Chadwick had a few unsuccessful attempts to find neutrons suggested by Rutherford… 
 
  Problem with Nitrogen nucleus spin: 2n=14 protons and n=7 electrons should make it half-integer, while it 

was known to be 1 (structure of spectral lines in N2). Note that O with Z=6 did not have the same problem. 
 
1930 Bothe and Becker bombard Beryllium Be9 with !-particles and find extremely penetrating radiation. "? 
 
1932 Joliot-Curie family (Irene Curie is the daughter of Pierre and Mary Curie) confirms the same radiation. 

They also observe that the radiation effectively knocks off protons from wax—the strange thing was in how 
readily this was happening for such heavy particles as protons). 

 
1932 Chadwick at the Cavendish Lab realizes right away that the new radiation looked like neutrons. He carries 

out a series of experiments with a cloud chamber filled with different gases, H, He, N, Ar and with different 
windows, Li, Be, C. He exposes the chamber to the new radiation particles and observes the range of 
recoiling nuclei. From the large range of the recoils (even for heavy elements), the new radiation could not 
be explained as gammas, but would be consistent with a hypothesis of a particle having the mass equal to 
the mass of a proton. It is the neutron!  
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 This requires  
a) 50 MeV photons to make H-recoils with the observed energy E=5 MeV, but  
b) the heavier elements then would have way too little energy to account for the level of ionization in the 

ionization chamber…   
c) Also, 50 MeV is too large, >> energy of initial !-particles 

 
 (*) Neutrons with a mass equal to the proton mass, on the other hand, need only 5 MeV to generate 5 MeV protons... 
 (*) The energy of neutrons was coming out just right from mass defect calculations: !+Be9 ! C13 + n: #=5 MeV! 
 (*) The energy transmitted to heavier elements was also in a good agreement with the data, assuming that 

the radiation was made of 5 MeV neutrons (m=1 GeV). Note that once both formulas above are tuned to 
reproduce results for H-recoils, they differ by a factor of 4 for elements with M>>m, 

 
1935 Chadwick receives Nobel Prize for discovering neutron 
 

 
 

1932:	  Bombarding	  Beryllium	  with	  alpha	  par$cles	  
produces	  invisible	  rays	  that	  however	  can	  knock-‐off	  
protons	  from	  wax.	  These	  rays	  have	  a	  lot	  of	  energy,	  and	  
must	  be	  carried	  by	  a	  par$cle	  as	  massive	  as	  the	  proton.	  
This	  is	  the	  neutron.	  
	  
Chadwick	  



Photon	  

•  1900:	  Planck’s	  Law	  E=hv	  
•  1905:	  Einstein’s	  Photoelectric	  effect	  E	  =	  hv	  -‐	  W	  
•  1923:	  Compton	  Scabering	  
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Discovery of photon 
 

1900 Planck explains the black body emission spectrum by assuming that the energy can be irradiated in quanta 
proportional to the electromagnetic wave frequency: h! 

 
1905 Einstein explains the fact that photoeffect onset depends not on the intensity of light irradiation, but rather 

on its frequency and relates that to the energy carried by light quanta: E=h! 
 
1923 Compton experiment of measuring the wavelength of scattered X-rays: 
 

From the classical Maxwell’s wave theory, an incident electromagnetic wave of 
frequency ! should cause electrons oscillate at the same frequency and re-emit waves 
in all directions (actually, dipole-like) again at the same frequency !. The observed 
effect was different: the larger the angle of scattering, the longer wavelength of re-
emitted rays was… The shift in the frequency of light scattered by electrons, 
""""####=####$$$$(1-cos%%%%), and the energy transferred to electrons, however, could be easily 
accounted for by assuming that light is composed of particles with energy E=h!, 
momentum p=h!/c, and mass m=0.  
 
 
  
                      

   
 
 
 
 
 
 
 
 
 
 
 
1917 Planck is awarded the Nobel Prize: 
1921 Einstein is awarded the Nobel Prize: 
1927 Compton is awarded the Nobel Prize: 
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Positron	  

Motivation and Introduction
Tools and Historical Foundations of particle Physics

Fundamental Forces and Fundamental Particles – afawk
The Standard Model – Shortly Before its End?

Tools of Particle Physics: Accelerators and Detectors
Some Historical Landmarks of Particle Physics

The Discovery of the Positron

Antiparticles were predicted by Dirac in 1927 (see later how he
predicted them)

Use very high B-field (1.5T)

Get the direction from dE/dx

Get momentum and charge
from curvature:
charge positive, p = 23MeV

Proton with same p would have
get stuck in Pb

highly relativistic particle
doesn’t get stuck

Must be new, yet unknown
positively charged light particle:
positron

P. Bechtle: Introduction to Particles DESY Summerstudent Lectures 01.08.2011 55
Curvature	  in	  B	  field	  tells	  	  
momentum	  and	  charge	  

The	  par$cle	  had	  mass	  =	  electron,	  but	  posi$ve	  charge!	  
Anderson	  (1932),	  just	  as	  predicted	  by	  Dirac	  (1930)	  
	  
An$proton	  discovered	  by	  Segre	  and	  Chamberlain	  (1955)	  
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Discovery of positron 
 
1932 Carl D. Anderson (Caltech) found evidence for an electron with a positive charge, or positron. Anderson 

discovered the positron while using a cloud chamber to investigate cosmic rays.  
 

Anderson's first picture of a positron track  
The positron goes upwards and loses some energy as it passes through a lead plate in the middle of the 
chamber. Its track is curved because there is a magnetic field in the chamber. The fact that it is curved more 
in the upper half tells that its momentum is smaller there and therefore it travels upward.  

 
 

 
 

 
1933 This work was continued in 

the Cavendish Lab by 
Patrick Blackett and 
Guiseppe P.S. Occhialini 
who showed that a positron 
was produced together with 
an electron, in line with an 
earlier theory of Paul 
Dirac's. According to this 
theory, a positron was a 
hole in a sea of ordinary 
electrons. The positron was 
the antimatter equivalent to 
the electron. As the 
appearance of cosmic rays is unpredictable it was standard practice to set up the chamber to take a 
photograph every 15 seconds, producing a vast amount of worthless material for analysis. To avoid this 
Blackett introduced in 1932 the counter-controlled chamber. Geiger counters were arranged above and 
below the chamber that when a cosmic ray passed through both, it activated the expansion of the chamber 
and photographing the ion tracks produced by the ray. Using this device they confirmed in Carl Anderson's 
discovery of the positron. They also suggested that the positron was produced by the interaction of gamma 
rays with matter, in which a photon is converted into an electron-positron pair. The phenomenon is known 
as pair production.  

 
1936 Anderson, at age 31, became the second youngest Nobel laureate “for his discovery of antimatter when he 

observed positrons in a cloud chamber”. 
 
1948 Blackett wins Nobel Prize “for his development of the Wilson cloud chamber method and his discoveries 

therewith in the field of nuclear physics and cosmic radiation”.  



Energy	  Loss	  Rate	  



What	  holds	  the	  nucleus?	  
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Yukawa particle 
 

1935 Yukawa hypothesized about existence of massive particles to account for the 
short-range strong force between protons and neutrons and proposed a 
formalism to describe such fields/particles (see lecture 9). 

 
1. New force is needed to keep protons and neutrons together in nucleus—thus, 

the name “nuclear force”. 
 
2. It must be stronger than Coulomb’s force to overcome repulsion of protons. 
 
3. Its range cannot be much shorter than the typical distance between nucleons; 

otherwise, it would not be able to hold them together:  
 

r m r0 01 1 200> ! < fm             MeV/ ~  
 
Question for further study: how did Yukawa know about the distance between protons and neutrons? 
 

4. It must give in to electrostatic forces at larger distances—there are no elements much heavier than uranium 
(A~240) 

 
R r m RU U~ ~ / ~240 6 1 303

0  fm             MeV! >  
 
5. Yukawa made a brave assumption that one could produce such particles via Bremsstrahlung radiation of, 

for instance, protons in the strong force field of nuclei similarly to electromagnetic Bremsstrahlung 
radiation of electrons in the electric field of nuclei; therefore, such hypothetical strong force particles may 
be present in cosmic rays—the only source of sufficiently high energy particles at that time. 
 
 
 
 
 
 
 
 
 
 

 
6. The name meson comes from middle in Greek, implying that such particles should have a mass somewhere 

between proton and electron masses. 
 
7. After some initial period of confusion with muons, such particles were finally discovered in 1947.  
 
8. In the framework of the today’s Standard Model, the carriers of the true strong forces are massless gluons 

with a non-trivial structure of “color” charges. Proton and neutron contain three quarks with the total 
“color” charge zero and the nuclear force between them can be paralleled to the van der Waals forces 
between electrically neutral atoms/molecules. The Yukawa meson, now known as a pion, is also “color”-
neutral object made from a quark-antiquark pair. Remarkably, at large distances and small momenta 
transfers, the force between protons and neutrons indeed can be often approximated as a force due to an 
exchange with pions (as well as some other resonances). 
 

1949  Yukawa receives the Nobel Prize "for his prediction of the existence of mesons on the basis of theoretical 
work on nuclear forces" 

g g 
p 

p 

meson, or Yukawa particle 

If	  there	  is	  a	  new	  force	  that	  
holds	  the	  protons	  in	  the	  
nucleus,	  it	  must	  be	  stronger	  
than	  the	  electromagne$c	  force	  
and	  be	  limited	  to	  the	  size	  of	  
the	  nucleus.	  
	  
From	  this,	  a	  new	  par$cle	  of	  
mass	  ~200	  MeV	  was	  predicted.	  	   Yukawa	  (1935)	  



Discovering	  the	  muon	  
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Great confusion:  discovery of muons (µµµµ±±±±) 
 
 
1937  Anderson and Neddermeyer  
 

• Cloud chamber, 1 cm platinum plate, magnetic 
field 

 
• Special selection of photos of low momentum 

particles (100-500 MeV) 
 
• Measure their momenta before and after they 

pass through the plate and, thus, evaluate the 
fraction of energy they lose… 

 
• Observed two kinds of particles: 

o “showering” particles (either as they 
enter the cloud chamber or after passing 
the platinum plate) 

o “penetrating” single-track particles 
 

 
! Showering particles lost 
their energy/momentum 
according to shower losses 
(!E ~ E) 
! Penetrating particles did 
not seem to lose much energy 
at all (and produced thin 
tracks consistent with 
minimal dE/dx losses in the 
volume of the cloud chamber) 
! These penetrating particles could not be protons: protons of 
100-500 MeV momenta would be very slow and have very 
short range due to the standard ionization losses and, also, 
produce very dense thick ionization dE/dx ~ 1/v2. 
! Note: earlier observations of penetrating particles could not 
exclude protons as they mostly were higher momentum tracks. 
! Note: also, physicists at that time had some doubts whether 
Bethe+Heitler formula could be applied to higher energy 
particles—after all it was already known that relativistic 
equations are plagued with divergencies… 

 
" THE ONLY VIABLE EXPLANATION IS EXISTENCE 
OF PARTICLES WITH INTERMEDIATE MASS BETWEEN 
MASSES OF PROTON AND ELECTRON (10-100 MeV?).  
" IS IT YUKAWA PARTICLE? 
 
" In about 10 years it would become clear that the answer was 
NO. WHAT THEY ACTUALLY OBSERVED WAS MUONS, 
heavy siblings of electrons!  
 
" Muons have a mass of 106 MeV and lifetime of 2.2 µµµµs. 

 
 

 
 

Measure	  energy	  loss	  rate,	  
and	  seen	  that	  there	  are	  
par$cles	  of	  mass	  ~100	  MeV	  
that	  do	  not	  lose	  much	  energy	  
	  
These	  were	  ini$ally	  thought	  
to	  be	  pions,	  but	  are	  muons.	  
	  
Who	  ordered	  that?	  



Discovering	  the	  charged	  pions	  

Pions	  decayed	  into	  a	  muon,	  
and	  so	  thus	  were	  slightly	  
more	  massive	  (140	  MeV)	  
	  
Usually	  not	  seen	  at	  sea	  level	  
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Just another nice picture showing its decay into photons… 
 
 
 

 

Can	  you	  guess	  what’s	  happening	  here?	  
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Just another nice picture showing its decay into photons… 
 
 
 

 



Strangeness	  

16 Lecture 1. Particles and Forces

Figure 1.4: A bubble chamber picture of associated production.

Some	  par$cles	  are	  always	  
produced	  in	  pairs,	  and	  by	  strong	  
interac$ons.	  
	  
On	  the	  other	  hand,	  they	  appear	  to	  
decay	  weakly.	  
	  
This	  is	  strange.	  



Resonances	  
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!!!!-resonance 
 
All of that can be explained via a process of creating a new very short lived particle ! (proton resonance, proton 
excited state) with the mass M=1232 MeV, "=120 MeV (#=1/"~0.5$10-23 s): 

2

max 2 2

/ 4~
( ) / 4E M

% %
"

& +"
 

 
Iz ('+ p) =3/2, so the particle must have I=3/2 or higher (it is 3/2), so there must be states with Iz=-3/2, -1/2, 1/2. 
 

 '+ p !  !++ ! '+ p 
 '+ n !  !+  !  '+ n 
 '+ n !  !+  ! '0 p 
 '- p !  !0  ! '0 n 

  '- p !  !0  ! '- p 
  '- n !  !-  ! '- n 
 
  
 
Referring to the zoo of emerging strange and resonance-like particles: 
 
Willis Lamb in his Nobel Prize speech in 1955 said: "… the finder of a new elementary particle used to be rewarded 
by a Nobel Prize, but such a discovery now ought to be punished by $10,000 fine…" 
 
 
 
 

More Nucleon Resonances 
 
Invariant mass of 'p system has many bumps! 

'''' 

N 

!!!! 

'''' 

N 
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Summary (early 1950s): 
 
1953 Conference at Bagneres-de-Biggorre, France 
First seen in Reported events Current interpretation 
   
 Mesons  
1943 (1946) Charged particle with M~500 MeV K+ 
1947 !0 ! "+ "-, V0

2 ! "+  "- K0 ! "+  "- 
1947 !+ ! "+  (neutral), #+ ! "+ (neutral) K+ ! "+ "0 
1949 $+ ! "+ "+ "- K+ ! "+ "+ "- 
1951 %+ ! µ+ (neutrals) K+ ! µ+ & 
   
 Baryons  
1950 V0

1 ! p  "- ' ! p  "- 
1953 V+

1 ! p  (neutrals) (+ ! p "0  
? '+ ! n "+ (+ ! n "+ 
( 1953) X- ! V0

1 "- )- ! ' "- 
 
Puzzle 1:  particles born in abundance !!!! strong force 
  decay into hadrons (strongly interacting particles),  

but live for too long! ~10-10 s (consistent with Weak Force),  
 instead of     ~10-23 s (time that would be typical for strong force) 
 
This gave rise to the name Strange Particles 
 

 
Puzzle 2: !+ ! "+ "0 JP=0-   
  $+ ! "+ "+ "- JP=0+ 
  but have the same mass:  

A) different particles with the same mass (~500 MeV) and spin (J=0)? 
B) same particle, but parity P can be violated in its decays? 
We will discuss this puzzle later (the answer turned out to be B) 

 



8-‐fold	  way	  	  

1.3. The Eightfold Way 17

In the years 1950 - 1960 many elementary particles were discovered and one started
to speak of the particle zoo. A quote: “The finder of a new particle used to be awarded
the Nobel prize, but such a discovery now ought to be punished by a $10.000 fine.”

1.3 The Eightfold Way

In the early 60’s Murray Gell-Mann (at the same time also Yuvan Ne’eman) observed
patterns of symmetry in the discovered mesons and baryons. He plotted the spin 1/2
baryons in a so-called octet (the “eightfold way” after the eighfold way to Nirvana in
Buddhism). There is a similarity between Mendeleev’s periodic table of elements and
the supermultiplets of particles of Gell Mann. Both pointed out a deeper structure of
matter. The eightfold way of the lightest baryons and mesons is displayed in Fig. 1.5
and Fig. 1.6. In these graphs the Strangeness quantum number is plotted vertically.
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Figure 1.5: Octet of lightest baryons with spin=1/2.
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Figure 1.6: Octet with lightest mesons of spin=0

Also heavier hadrons could be given a place in multiplets. The baryons with spin=3/2
were seen to form a decuplet, see Fig. 1.7. The particle at the bottom (at S=-3) had not
been observed. Not only was it found later on, but also its predicted mass was found to
be correct! The discovery of the !! particle is shown in Fig. 1.8.

1.3. The Eightfold Way 17

In the years 1950 - 1960 many elementary particles were discovered and one started
to speak of the particle zoo. A quote: “The finder of a new particle used to be awarded
the Nobel prize, but such a discovery now ought to be punished by a $10.000 fine.”

1.3 The Eightfold Way

In the early 60’s Murray Gell-Mann (at the same time also Yuvan Ne’eman) observed
patterns of symmetry in the discovered mesons and baryons. He plotted the spin 1/2
baryons in a so-called octet (the “eightfold way” after the eighfold way to Nirvana in
Buddhism). There is a similarity between Mendeleev’s periodic table of elements and
the supermultiplets of particles of Gell Mann. Both pointed out a deeper structure of
matter. The eightfold way of the lightest baryons and mesons is displayed in Fig. 1.5
and Fig. 1.6. In these graphs the Strangeness quantum number is plotted vertically.

n

! ! !

"

p

"

#

+

+0

! 0

!

Q=!1 Q=0

S=0

S=!1

S=!2

Q=+1

Figure 1.5: Octet of lightest baryons with spin=1/2.
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Figure 1.6: Octet with lightest mesons of spin=0

Also heavier hadrons could be given a place in multiplets. The baryons with spin=3/2
were seen to form a decuplet, see Fig. 1.7. The particle at the bottom (at S=-3) had not
been observed. Not only was it found later on, but also its predicted mass was found to
be correct! The discovery of the !! particle is shown in Fig. 1.8.

There	  are	  paberns	  in	  mesons	  and	  baryons	  



A	  Bold	  Predic$on	  



The	  Omega-‐Minus	  
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Figure 1.7: Decuplet of baryons with spin=3/2. The !! was not yet observed when
this model was introduced. It’s mass was predicted.

Figure 1.8: Discovery of the omega particle.



Quarks	  
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1.4 The Quark Model

The observed structure of hadrons in multiplets hinted at an underlying structure. Gell-
Mann and Zweig postulated indeed that hadrons consist of more fundamental partons:
the quarks. Initially three quarks and their anti-particle were assumed to exist (see Fig.
1.9). A baryon consists of 3 quarks: (q, q, q), while a meson consists of a quark and an
antiquark: (q, q). Mesons can be their own anti-particle, baryons cannot.

S=0

S=!1 Q=+2/3

Q=!1/3

s

d u S=+1 s

d

Q=+1/3Q=!2/3

S=0
u

Figure 1.9: The fundamental quarks: u,d,s.

Exercise 2:
Assign the quark contents of the baryon decuplet and the meson octet.

How does this explain that baryons and mesons appear in the form of octets, decu-
plets, nonets etc.? For example a baryon, consisting of 3 quarks with 3 flavours (u,d,s)
could in principle lead to 3x3x3=27 combinations. The answer lies in the fact that
the wave function of fermions is subject to a symmetry under exchange of fermions.
The total wave function must be anti-symmetric with respect to the interchange of two
fermions.

! (baryon) = ! (space) · " (spin) · # (flavour) · $ (color)

These symmetry aspects are reflected in group theory where one encounters expressions
as: 3 ! 3 ! 3 = 10 " 8 " 8 " 1 and 3 ! 3 = 8 " 1.

For more information on the static quark model read §2.10 and §2.11 in H&M, §5.5
and §5.6 in Gri!ths, or chapter 5 in the book of Perkins.

1.4.1 Color

As indicated in the wave function above, a quark has another internal degree of freedom.
In addition to electric charge a quark has a di"erent charge, of which there are 3 types.
This charge is referred to as the color quantum number, labelled as r, g, b. Evidence
for the existence of color comes from the ratio of the cross section:

R #
%(e+e! $ hadrons)

%(e+e! $ µ+µ!)
= NC

!

i

Q2
i

where the sum runs over the quark types that can be produced at the available energy.
The plot in Fig. 1.10 shows this ratio, from which the result NC = 3 is obtained.

All	  meson/baryon	  mul$plets	  can	  be	  made	  using	  these	  basic	  “triangles”	  
	  
Neutron/Proton	  has	  substructure!	  
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Proton Structure 
 

 
1956 McAllister and Hofstadter (Stanford linear 

accelerator Mark III) reported that scattering of 
electrons on protons deviated from the Rutherford 
formula (corrected for spin-1/2, Mott formula, and 
further corrected for proton's anomalous magnetic 
moment). This could be interpreted as if proton's 
charge was distributed over 0.7±0.2 fm distances… 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Charmonium	  Introduction to Elementary Particle Physics.                                  Note 21  Page 3 of 8 
 
Fall 
1975 Richter group proceeded scanning with a 100 times 

smaller step of 2 MeV and stumbled on an extremely 
narrow peak at the center of mass energy s=3.1 GeV (!).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Nov 11 (weekend) 
1974 Ting arrives to Stanford with intention to go public with the discovery and learns that Richter's group also 

sees probably the very same resonance.  
 
 Swarm of papers theorizing about what the narrow resonance might be—charm-anticharm bound state (J=1; 

Lqq=0, Sqq=1) is the winner… The particle is named J/!. Its width " is only 0.09 MeV. Such a width implies 
lifetime of 10-20 s. 

 
 
(in two weeks) 
1974  Richter group finds another narrow resonance at s=3.7 GeV (!'). 
 
 
 
1976 Ting and Richter are awarded Nobel Prize "for 

their pioneering work in the discovery of a heavy 
elementary particle of a new kind"  
 
 
 
 
 
 
 
 
 
 
 
 

Curious note: 
1974 Iliopoulos bet a case of wine on his prediction that the charm quark would be discovered within a year!  

This was at the summer conference of 1974, just a few months of what would have become known as 
November Revolution… 

Extremely	  narrow	  peak	  at	  ~3	  GeV	  
	  
	  
Seen	  by	  Sam	  Ting	  and	  Richter’s	  
groups,	  independently	  in	  1974	  
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Heavy	  quarks	  
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Bottom/Beauty Quark 
 
1975 !-lepton is discovered at SPEAR, Stanford 
 The 3rd generation of quarks is around the corner! 
 
1976 Leon Lederman, basically having missed J/" in his muon 

spectrometer at Fermilab, is now anxious to scoop out the 
bottom quark. The rush "discovery", PRL 36 (1976) 1236 
has become known as the "Oops-Leon" particle. 

 
1977 Leon Lederman, finally pins it down unambiguously 

(PRL 252 (1977) 39): #bb-bound state as µµ-resonance in 
p+N ! µ+µ- X. The particle is named ! (Upsilon1). It is in 
one-to-one correspondence to J/". Its mass is about 9.5 
GeV (and, therefore, mb~4.5 GeV)2. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1978 DORIS at DESY is upgraded to reach the energy needed to create ! in e+e- collisions. The resonance is 

confirmed to be very narrow and has mass 9.46±0.01 MeV. Further upgrades pushed s energy even higher 
and one more !' resonance showed up at s=10.00 GeV. Mass split between !' and ! is exactly the same as 
between "' and J/". 

 
1980 CESR at Cornell discovers another narrow !'' (10.32 GeV) and yet one more but now broad !''' (10.58 GeV) 

resonances. The broad one decays into open beauty B-mesons ("naked beauty" or "bare bottom"?).  Open 
beauty mesons live ~1 ps. Their decay modes are b ! c W- (dominant) and b ! u W-. 

 
 Charm and Beauty spectroscopy flourished: 

"#"$%$&"'(! (1s), !' (2s), !'' (3s), !''' (4s),  
p-states confirmed in radiative decays such as !' ! $b %) 
Heavy Quark Effective Field Theory, HQEFT, born.  
 

                                                 
1 And thus his 1976 "discovery" has become known as "Oops-Leon" particle… 
2 Lederman does not get Nobel Prize for this—he already has one for the muon neutrino discovery! 

Bobomonium	  
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Top Quark 
 
B-mesons live ~1.3 ps, which is actually longer than D-mesons (and this is despite the much larger phase space 
available in their decay channels). This lucky feature will be explained when we discuss the nature of phenomenon 
of quark mixing, GIM mechanism, and related physics. This is not the case for the top-quark. In combination with 
its much larger mass, it decays so fast that it never gets a chance to become a real hadron! The weak interaction 
decay actually has  
 
The fact that top-quark turned out to be somewhat higher (in log scale—see the pattern of the SM fermion masses) 
resulted in many unsuccessful searches and a lot of despair: faulty discovery at CERN by UA1, construction of 
TRISTAN collider in Japan, lengthy search at Tevatron… 
 
1994 Finally (in long 17 years after b-quark discovery!), the evidence for the top-quark existence of emerged at 

Tevatron, Fermilab.  CDF and D0 Collaborations reported signs of the top-quark with the mass of 175±5 
GeV—the heaviest elementary particle ever known (so far).  After 9 months of secrecy, cross-checks, 8 
drafts of 195-page paper with 65 graphs, CDF releases the news in April of 19943. The key words for the 
paper title considered by the collaboration were "study", "evidence", "discovery", "observation", … The 
choice goes for "evidence". The significance was below 3!… 
 

1995 Both CDF and D0 follow up with two papers now calling for "discovery of top-quark".   
 

• Top quarks are born in pairs: "t and t.  
• Top quark's dominating mode of decay is t ! W b: 

o b-quarks give b-tagged jets (jets with a secondary vertex displaced by ~100 µm or so and 
corresponding to a B-meson decay) 

o W can decay into either quark-antiquark or lepton-neutrino pair 
 
Therefore, "tt pair production can look like one of the following: 
 

• 3+3 jets, with two jets tagged as b-jets: most probable, but very large QCD background! 
• 2 leptons of different signs (and possibly flavors!), 2 b-jets, and missing energy: golden but rare event! 
• 1 lepton, 4 jets (two of which are b-tagged), and missing energy: more frequent with fair background 
 

Actually all these channels had to be used with proper weights to see "the evidence" and make "the discovery". 
 

 

                                                 
3 D0 publishes their results at the same time (not by accident, of course). 

Top	  quarks	  



Gluons	  
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Discovery of gluons 
 

1975 Hanson and co-workers at SPEAR, Stanford, report seeing dijets in e+e- ! hadrons.  
 Angular distribution of dijet axis with respect to beam line agrees with quarks being spin-1/2 particles. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The key was to prove that jet-like structure is not a simple statistically-driven combination… 
 
1979 Experiments at PETRA at DESY report 3-jet events. The angular distributions of jets and the rates of such 

3-jet events were consistent with the hypothesis of the third jet originating from spin-1 gluons. 
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Neutrinos	  

Beta	  decays	  had	  already	  shown	  that	  there	  ought	  to	  be	  a	  new	  par$cle	  



Neutrino	  Heartbeat	  
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Followed	  by	  detec$on	  of	  all	  3	  flavors	  of	  neutrinos,	  leptons	  



W,	  Z	  bosons	  



Higgs	  Boson	  



What	  we	  know	  today	  



Par$cle	  Physics	  in	  the	  Sky	  



We	  have	  reached	  a	  milestone…	  

•  What	  are	  the	  fundamental	  building	  blocks?	  
•  What	  are	  their	  interac$ons?	  
•  Why	  are	  there	  3	  genera$ons?	  Masses?	  
•  Why	  maber	  >	  an$maber?	  
•  What	  is	  Dark	  Maber/Energy?	  
•  Why	  is	  the	  Standard	  Model,	  the	  way	  it	  is?	  
•  …	  

but	  there	  is	  a	  long	  road	  ahead.	  



Structure	  of	  the	  lectures	  

•  Lecture	  2:	  Basic	  tools	  and	  techniques	  
•  Preliminaries	  
•  Basic	  observables	  
•  Experiments	  

»  sources:	  why	  high-‐energy,	  high-‐luminosity,	  high-‐
weirdness	  

»  detectors:	  calorimetry,	  par$cle-‐id,	  …	  
»  so`ware:	  triggers,	  cuts,	  sta$s$cs	  

•  Theory	  
»  Represen$ng	  par$cle,	  interac$ons,	  and	  processes	  
»  Scabering	  and	  decay	  
»  Some	  examples	  



Structure	  of	  the	  lectures	  

•  Lecture	  3:	  Guided	  by	  Symmetry	  
•  Energy	  :	  Neutrinos	  
•  Charge	  :	  Global/Local	  symmetry	  
•  Spin	  :	  Neutrinos	  
•  Isospin	  :	  Flavor	  
•  Pauli-‐an$symmetry:	  	  Color	  
•  Asympto$c	  freedom	  and	  Confinement	  :	  	  Color	  
•  Parity,	  CP	  :	  Weak	  interac$on	  phenomena	  
•  Gauge	  symmetry	  :	  Z	  boson	  
•  Gauge	  symmetry:	  Higgs	  boson	  
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