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Flavor

• The Standard Model is a kind of periodic 
table of the elements for particle physics. 

• It can describe three of the four known 
fundamental forces (the electromagnetic, 
weak, and strong interactions, and not 
including the gravitational force) in the 
universe.

• The theory developed throughout the latter 
half of the 20th century, as collaborative 
effort of scientists around the world. The 
current formulation was finalized in the mid-
1970s. 

• It took actually 115 years to build the 
complete Standard Model. Physicist J. J. 
Thomson discovered the electron in 1897, 
and scientist at the LHC found the final piece 
of the puzzle, the Higgs boson, in 2012. 



Standard Model of Particle Physics (continue)





Mysteries of Flavor physics

● Why are there so many different fermions?

● What is responsible for their organisation into 
generations / families?

● Why are there 3 generations / families each of quarks 
and leptons?

● What causes matter–antimatter asymmetry?

● …



Antimatter?
An anti-electron (also called “positron”) and an 
antiproton could form an antihydrogen atom in 
the same way that an electron and a proton form 

a normal hydrogen atom.

The modern theory of antimatter begins in 1928 with a 
paper by Paul Dirac. He realized his version of 
Schrodinger equation for electron was predicting the 
possibility of antielectrons.  These antielectrons were 
latter discovered by Anderson in 1932 and named 
positrons.



Antimatter?
• Annihilation  occurs when a subatomic 

particle collides with its respective 
antiparticle. 

• Special device needs to store the 
antimatter.

• 1 gm of antimatter can produce twice as 
much energy as the bomb dropped on 
Hiroshima.

• However, It is too expensive.  Roughly 100 
billion dollar for 1 milligram of antimatter.

• With today’s technology, antimatter is 
being considered for medical and rocket 
propulsion purposes. 

Penning trap uses a homogeneous axial 
magnetic field and inhomogeneous 
quadrupole electric field.



• During big bang matter and antimatter 
was created in equal proportion.
• But due to some unknown reasons 

matter overtook antimatter and what’s 
left is mostly matter! (baryon 
asymmetry).
• This is one of the greatest unsolved 

problem in physics.

Matter-antimatter asymmetry



Why I do Flavor physics?

• To learn something about 
the mysteries. 
• To search for New Physics 

beyond the Standard 
Model. 



Early discoveries (before 1932)
• The first particle – electron has been 

discovered by J. J. Thomson at Cavendish 
Laboratory, Cambridge more than 100 years 
ago in 1897.

• Proton as constituent of nucleus was 
identified by Rutherford in 1919.

• Neutron has been discovered by Chadwick in 
1932.

Cosmic Rays



Positron discovery in cosmic rays (1932)
This is the first 
evidence of antimatter. 

In 1936



! discovery
• Muons were discovered by Carl Anderson and Seth Neddermeyer in a cloud chamber 

experiment at Caltech in 1936. 
• They noticed particles in the cosmic radiations that curved differently from electrons and 

other known particles when they passed through a magnetic field. 
• The particles were positively and negatively charged and curved less sharply than 

electrons, but more sharply than protons for the same energy. To account for the 
difference in curvature, it was supposed that their mass was greater than that of an 
electron but smaller than that of proton.

• The observed feature can be explained if the particle has mass about 1/10 of the proton 
mass.

• It is unstable and decays in about 2"#.
• Anderson initially called the new particle a mesotron; Greek “meso” means mid. It later 

become mu-meson and now muon. 
• The existence of such particle was confirmed in 1937 by J. Street and and   E. Stevenson.



Pion discovery

qNeutral pions do not 
leave tracks in 
photographic emulsions, 
and neither do they in 
cloud chambers. They 
were identified 
definitively at the 
University of California's 
cyclotron in 1950 by 
observing its decay into 
two photons.

q Yukawa awarded the 
Nobel prize in 1949 for his 
prediction of Yukawa 
particle in 1935, which 
mediates nuclear 
interaction. The 
properties of pion was in 
agreement with the 
Yukawa theory prediction!



Discovery of Strange flavor
• K meson (first in series of strange particle) have been 

discovered by the Manchester cosmic rays group (Rochester, 
Butler) in 1947.

• Decays of new particles  have been observed in cloud 
chamber. Curvature and thickness of tracks observed showed 
that they corresponds to the nonrelativistic particle with mass 
in between pions and protons which were just like pions
except for strangely long lifetime (decays to pions or a muon 
and neutrino)

Some peculiar features are
• Always produced in pair
• They had lifetime of around 10#$%s, 

however they were produced in 
strong reactions, predicting particle 
lifetime of 10#&'s

• Decay weakly

The peculiar properties led to the new 
quantum number: strangeness.
• Strangeness is conserved in strong 

and electromagnetic interactions
• Since K mesons are lightest strange 

particles, they can not decay with 
conservation of strangeness. Of 
course, heavier strange particle can 
decay via strong interaction  with 
strangeness conservation.

N + p -> K+ K- X



Introducing Quark
• In the three decades following 1932, the use of the higher 

and higher energies in particle detector led to the discovery 
of number of particles. 

• In 1964, Murary Gell-Mann and George Zweig attempted to 
simplify the matter.

• They proposed that protons, neutrons and all the other 
hadrons were not  as fundamental as once thought. Instead, 
they suggested that smaller particles called quarks are the 
true fundamental particles that make up hadrons. 

Gell-Mann received 
Nobel in 1969

Gell-Mann  borrowed the word from Finnegan’s Wake by 
James Joyce. At one point in the novel, a character, 
presumably drunk, exclaims 



Quarks
• Despite its stunning theoretical success, 

particle physicist were  initially unwilling 
to accept the quark model.

• It was confirmed experimentally by deep 
inelastic scattering of electrons on 
protons and bound neutrons at SLAC in 
1968. 

• Jerome Friedman, Henry Kendall, Richard 
Taylor received Nobel in 1990.

• Friedman described their story “in which 
theory and experiment intermix”.



Discovery of Charm flavor
• It is associated with the discovery of !/# meson, identified as the 

composite of $$ quarks. [Nov. 1974]
• J  :  Samuel Ting, BNL 
• # :  Burton Richter, SLAC

MIT Professor Samuel Ting at 
BNL

Richter and Ting shared the 1976 
Nobel Prize in physics

# discovery at SLAC 

%(!/#) = 3.1 GeV
%($)~ 1.5 GeV



Discovery of Charm flavor

2 Observations and 1 
confirmation in the same 
issue of Physical Review 
Letter: Volume 33, Issue 
23,  December 2, 1974.



Discovery of Charm flavor

Discovery of  Charmonium (J) at BNL: protons have 
been accelerated by BNL synchrotron up to  28.5 GeV 
and interacted with Beryllium target.
p + Be -> e+ e- X ; X represent the system of hadrons. 



Discovery of Charm flavor

Discovery of  Charmonium (!) at SLAC: the annihilation 
of "#"$ pair into hadrons, "#"$ , %#%$. This is inverse 
process to that of S. Ting at BNL.



Confirmation of Charm flavor

Confirmation of  Charmonium (J/#) at Laboratori
Nazionale di Frascati: the annihilation of $%$& pair into 
hadrons, $%$& , '%'&.  Similar  as SLAC experiment.



! lepton discovery 
• In 1975, in SLAC Martin Perl and collaboration used the same machine as 

was used for "/$. They have studied  production of leptons in e+e-
annihilation. 

Physical Review Letters V35, Issue 22, page 1489
This events have the following properties

• Energy and momentum loss
• Apparent violation of lepton flavors
• The events appear above certain 

threshold energy > 3.6 GeV

The new particle pair  is  %&%'. Greek % is third in 
English; % is the third charged lepton discovered. 

Martin Perl 

20 years later, Perl awarded the Noble Prize in 1995 for this 
discovery together with the discovery of neutrino with 
Frederick Reines.  



Discovery of Beauty/Bottom flavor
• Bottom quark has been introduced theoretically in 1973 by 

Kobayashi and Masakawa in attempts to explain the matter-

antimatter asymmetry  in Standard Model.

• The discovery of b-quark was similar to the discovery of the c-quark.

• In 1977 the Υ mesons have been observed at Fermilab and 

interpreted as the composite state of "" quarks. 

• Each quark has the same mass ~4.5 '() and the mass Υ meson is 

about double of the b-quark mass.

Leon 

Lederman, 

who is also 

famous for 

his book 

”The God 

Particle” 

published in 

1993

The proton beam had the energy 

about 400 GeV. Instead of electrons 

and positrons, muons were detected .

p + Be -> + *+*, X ; X represent the 

system of hadrons. 

In 1978 Υ has been discovered also 

in e+ e- channel by measuring the 

total cross-section. 



Top quark discovery
• The history of the top was dramatic. After b-

quark discovery it was clear that  the top quark 
should exists.  Predictions of mass of this quark 
changed many times being 20, 40, 60, 100, 180 
GeV.

• Discovered at Fermilab (CDF and D0 at Tevatron) 
in 1995.

• CDF found 37 top candidate events (12 
background events), D0 found 17 top candidate 
events (4 background events). 

• !~172 &'(.
• Single Top  first produced in 2006 at D0. 
• The top quark has its own phenomenology; it 

does not hadronize. 

Although top is one of the quark flavor, it is 
studied separately under “TOP Physics” not 
under “Flavor Physics”.



Flavor physics experiment



Flavor Physics experiments (not the full list) 

BaBar at SLAC

D0 and CDF at FermiLab

CLEO at Cornell 

ATLAS, CMS, LHCb and ALICE at 
CERN (Europe)

Belle at KEKB (JAPAN)

BESIII at Beijing 
(China)

Neutrino experiments are 
not mentioned here.

STAR and PHENIX at RHIC (BNL)



Belle II experiment • Belle means beauty; the main purpose of the Belle 
experiment is to study the properties of B mesons 
(heavy mesons containing a beauty/bottom quark). 

• Belle II is the successor to the Belle experiment, aim 
is to take 50 times more data than Belle.

• It is an international collaboration hosted by KEK in 
Tsukuba, Japan.

• Using the same old KEK tunnel, but most of the 
parts are new. 

• Electron and positron beams travelling close to the 
speed of light with 7 GeV and 4 GeV, respectively  
collide in  KEK.

• Data taking started without a central subdetector: 
this is to understand the background, calibration 
etc. Early next year, we plan to take data with all the 
subdetectors installed. 

• BNL is responsible for Computing and Physics 
analysis

• 16 BNL members



Belle II experiment How powerful  Belle II collision is?
• An electron volt (eV) is a unit of energy, like 

a calorie or a joule.  We use eV for the energy 
of motion of really small things, such as 
particles/atoms.

• One photon of infrared light (longer 
wavelength than the visible light) has about 1 
eV of energy. A flying mosquito has about 4 
TeV of energy.

• 7+4 = 11 GeV is ~350 times lower than the 
energy of a flying mosquito.

• But remember that, an electron or a 
positron is 1000 trillion times smaller than a 
mosquito.

• Nowhere else on Earth can we concentrate 
energy that much. 



Belle II experiment
What happened if we collide two apple instead 
of electron and positron?
• We get a special juice with huge energy.
• This energy is close to 10^20 Joule.
• This is approximately same amount of energy 

that was released  when a 1.2 miles diameter 
space object (either an asteroid or a comet) 
hit Canada 39 million years ago. The impact 
of that collision resulted in the Haughton 
Crater, which is about 14 miles across.

• In reality, we can not accelerate two apples in 
Belle II. 



Rediscoveries from brand new Belle II

Neutral pion rediscovery
Neutral kaon rediscovery



Some experimental results  



Pentaquark
Ø A pentaquark, as the name suggests, is made up of five quarks. The 

existence of pentaquarks was theorized half a century ago in 1960s by 
Murray Gell-Mann.

Ø Pentaquarks have been reported several times in the past, but they all 
appeared to be fakes.

Ø In 2015, two pentaquarks were discovered at CERN’s LHCb experiment, 
but accidently. 



Pentaquarks

Belle experiments search for 
pentaquark in Lambda_c decays. But 
no significant signal is found. 

Many searches ongoing.



Many contents are taken from www. 
Apologies not to cite them properly. 


