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Experimental particle physics: indirect searches for non-standard-model particles 
using weak interactions of quarks (so-called “flavor physics”).                                 


 Born, raised, and educated in Pisa (UniPI/SNS) till completion of my PhD on B 
physics in the CDF experiment at Fermilab


 2007-2011: Lederman fellow at Fermilab on CDF physics analysis (charmless 
B, bottom-strange mixing phase, CP violation in charm)


 2012-2016: CERN staff scientist on LHCb (track-trigger, D mixing, Bs lifetimes)


  2016— to date: scientist at INFN Trieste:  charmless B decays in Belle II



What
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Flavor 
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In particle physics, flavor is a technical word that identifies the *species* of 
elementary particles. 


Flavor physics is the study of the properties of particles and their interactions that 
depend on the species.


Early example: in 1932 Chadwick discovered the neutron: mass and behavior under 
strong-interaction similar to the proton’s (but no electric charge). Are neutron and 
proton “two flavors” of the same kind of particle? 


Heisenberg: proton and neutron are two quantum states of the same particle, the 
nucleon, differentiated by a new quantum number called isotopic spin


much like a spin-↑ and spin-↓ electrons are two quantum states of the same particle 

p: (I, I3) = (1/2, +1/2) n: (I, I3) = (1/2, –1/2)



Flavor 
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λ=0.22

The physics of matter at its most fundamental level. Deals with masses and 
transitions of fermions

Added bonuses: CP violation (dynamics not invariant for the mirror reversal of the 
spatial arrangement and the exchange of all particles with antiparticles); antimatter; 
flavor mixing (exquisite demonstration of QM at work)…



An important (and messy) part of the SM
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- 3 gauge couplings 


- 2 Higgs parameters


- 6 quark masses


- 3 quark mixing angles + 1 phase


- 3 charged lepton masses


- (3 neutrino masses)


- (3 neutrino mixing angles + 1 phase) 

Flavor parameters



Why
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Why we study flavor?
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Is such complexity fundamental? Or it suggests a deeper, simpler structure?  


Any fundamental motivation for the proliferation of fermions? And for their 
apparent organization into families/generations?


Is there any meaning for flavor symmetries and their violations?


Why the laws of physics are not invariant if one exchanges all particles with 
antiparticles and swaps their spatial configuration? 


Why is the universe made of matter if it started from symmetric conditions?

Follow a “reductionist” thinking similar to the one that promoted the concept of 
atoms as the “fundamental” units of matter aggregation, or of quarks as the 
fundamental constituents of the “zoo” of hadronic resonances observed in the 
60ies:

Understanding them may bring us to a deeper, more predictive understanding of 
matter and its interactions — but there’s more to that.



Where do we stand
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Symmetry


local gauge


Simplicity


 Few parameters


Naturalness


 Little fine tuning


Anarchy


 Whatever isn’t explicitly forbidden it’s allowed
www.youtube.com/watch?v=Unl1jXFnzgo

http://www.youtube.com/watch?v=Unl1jXFnzgo


1967-2012

10

The standard model is now complete. It is robust at the energies explored so far 
and technically up to 1010 GeV.                                                


Are we done?



No. Open questions
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Matter dominance in Universe?

Gravity at Planck scale?  

Dark matter?  

Dark energy?  

..........  

These and many other questions fuel the strong and wide-spread prejudice that 
the SM is completed at high-energy by new particles and interactions 

SM as we know it
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Discovery of a spin-0 boson 
consistent with the Higgs particle

Null results from searches well 
beyond 1 TeV

All non-SM physics searches ended up empty handed so far. 


Technically, the SM as we know it is “stable” up to energies of 1010 GeV. 
If that is the energy we need to reach to observe new phenomena, we better look 
for a career change already

Is “high energy” too high?



Two ways out
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A more powerful collider (not 
in sight soon)

Direct high-energy production 
of non-SM particles

Get smarter

Quantum probing of virtual non-SM particles that 
contribute to known lower-energy processes

E = mc2
ΔE Δt ~ h/4π



The indirect approach — precision frontier
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The amplitude that connects initial with final states receives contributions from *all* 
processes compatible with the symmetries of the dynamics: intermediate states 
include exchanges of all SM and *non-SM* particles with the right quantum numbers, 
irrespective of their mass, which can be much higher than the eV÷GeV scale of the 
process. If measured precisely and compared with equally precise predictions, such 
amplitudes can show discrepancies, revealing the existence of non-SM particles of 
masses much higher than directly accessible.

time

Emission and re-
absorption over an 
infinitesimal time of 

particles with masses 
possibly much larger of 

the energy at play. 
Energy-conservation can 

be violated for times 
short enough

Initial state

I know it because I produced it, 
or I can reconstruct it from the 

final state

O(eV÷GeV)  O(eV÷GeV)  

Final state

I know it because I observe it in 
the detector



Two roads to discovery
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Direct searches
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Indirect searches
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Flavor: a gateway to completing the SM
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Flavor offers O(100) processes 
experimentally accessible and 
theoretically predictable with 
similar precision that allow 
multiple, redundant 
determinations of a restricted 
set of few fundamental 
parameters.


This enables a very large set of 
precise and reliable consistency 
checks that probe generically 
non-SM dynamics at masses of 
up to 100 000 TeV



Flavor?
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These lectures
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Today: how flavor physics was instrumental in constructing the Standard 
Model as we know it today (1933–2001)


 Tomorrow: why flavor physics might be our best bet to uncover what lies 
beyond the SM (2001– to date)

Disclaimer: heavy quark physics is a huge subject. Impossible to efficiently 
condensate in three hours. In addition, approaches to introduce it are multiple, 
diverse, and biased by the lecturer's and students’ own interests and background.  


I attempt an approach that focuses on exposing and consolidating the general 
concepts building on past history to possibly inspire you toward this field and gloss 
over the specifics. Please let me know at the end what you did like and what you 
didn’t. In any case, do complement this with the excellent lectures by Karim Trabelsi 
given in previous installments of the school and others (CERN-Fermilab school etc). 
(references at the end).



Important caveat
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So far and in what follows we talk of “particles”. This facilitate descriptions and helps 
forming an intuitive mental picture of what’s going on.


However, what is really fundamental are quantum fields, not particles. Fields are 
quantities that are associated to each point in space-time. They have a resting state. 
When perturbed, their values start oscillating. These oscillatory states (excitations) 
have higher energy than the resting state and are called particles. 


Quantum: one cannot excite arbitrarily *any* oscillatory state, but only states 
associated with specific quantized values (cannot generate an excitation in the 
electron field that corresponds to half an electron with half electric charge etc..it’s 
either one/two/three/… electrons or nothing).


Quantum fields permeate the whole spacetime and overlap at each point. If different 
fields are coupled, excitation of one propagates an excitation in the others. Couplings 
of fields are constrained by the symmetries of nature and are studied experimentally 
with particle interactions 



Second caveat
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Look at A. Blondel’s 
lectures for neutrino 

phenomenology

Electric and magnetic dipole moments and 
charged-lepton flavor violation won’t be 

dicussed in these lectures

light-quark (mass < QCD 
scale) dynamics is usually 

the realm of nuclear 
physics

Top quark is so heavy that it 
decays before forming hadrons 

— this limits significantly the 
richness of the phenomenology 

for flavor

We will focus mostly on the interactions of charm and bottom quarks 



Birth and development of the quark-flavor sector of 
the SM
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Enters antimatter — Arthur Schuster
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Antimatter — Dirac

But why don’t all electrons emit photons and collapse into the (favored) negative-energy states? Because 
they are all occupied…
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Antimatter — Stückelberg/Feynman
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CPT
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difference in mass

Observed kaon-antikaon differences

Consistent with zero 
down to the 10-17 level!
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Does antimatter exist?
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Carl D. Anderson - 1933 

Discovery of a positively 
charged, electron-like particle. 
Dubbed “positron”

Charge + Charge -

PS: P. Blackett and G. Occhialini observed positrons simultaneously to Anderson, but delayed 
publication of the results missing the Nobel Prize — Blackett got it anyways in 1948).
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Antimatter is real
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Manufacturing antimatter - Piccioni-Chamberlain-
Segré ‘55

The hunt starts for other antimatter 
particles: antiproton is next.


However, its large mass makes it hard to 
be observed in cosmic rays.


Need to wait another 20 years and the 
advent of accelerator physics (generously 
financed post WWII thanks to the success 
of the Manhattan project)


Bevatron 1955: protons on protons at 
high energy produce additional proton-
antiproton pair
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…to this day: antiatoms

Antimatter research continues to this day. In 
1996 the first antiatoms are formed at CERN.


Currently studying if they have the same 
properties as matter: e.g., are they attracted or 
repelled by gravity?
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[Big science question excursus]

(
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Big Bang* — G. Gamow 1948

The Universe starts from an initial state at very high density 
and temperature


Then it exapnds rapidly and colling off


At the beginning it’s dominated by radiation. During the 
cooling the various particles form


There has to be an echo of that primordial heat, that we call 
primordial background radiation


* the process was christened Big Bang by Fred Hoyle in a TV show in 1948 to ridiculize Gamow’s theory, in which he 
didn’t believe…
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Big bang
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Cosmic antimatter
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Searching for cosmic antimatter: Pamela, Fermi-
LAT, AMS-02
Send “small” particle detectors in **space**

And look for elements, like anti-He, which are unlikely to form in secondary collisions 
and would be suggestive of primordial antimatter
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Searching for cosmic antimatter: bottomline
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The big science question

Since vacuum has null baryon number, Big-Bang presumably creates same 
amounts of matter and antimatter. But somewhere along the evolution matter gets 
favored and we are left with no antimatter, a bit of matter, and 1010 more photons. 
How did it happen? 
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Enters CP violation…
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[End of big science question excursus]

)
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Symmetries in physics
Symmetries have an essential role in bulding a reductionist picture of the 
fundamental particles and their interactions. 


“The root to all symmetry principles relies in the assumption that it is impossible 
to observe certain basic quantities; the non-observables” 
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Discrete symmetries
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Conservation of parity - stated in 1928

E. Wigner

O. Laporte 1924:  1-photon (electric dipole) transitions between energy levels in 
complex atoms occur only btw states he classified as “even” and “odd” and 
viceversa (Die Struktur des Eisenspektrums, Zeit. Phys. 23, 135 (1924).)  Shortly later, similar results from 
Russel (H.N. Russell, A New Form of Exclusion Principle in Optical Spectra, Science 49, 512 (1924). First evidence of 
a parity quantum number.   Wigner in 1927 formalized this into the law of 
conservation of parity using the x → -x invariance of the Schrödinger equation
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θ-τ puzzle….
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Block proposed that in the weak interactions parity was not conserved, which 
would then explain the tau/theta puzzle, a subject of great actuality in those 
days, but he did not dare to formally transmit his view to the participants at 
the conference.

Richard Feynman, however, communicated Block’s idea to the
participants,: “Anyway, I was sharing a room with a guy named Martin Block,
an experimenter. And one evening, he said to me: ‘Why are you guys so
insistent on this parity rule? Maybe the tau and theta are the same
particle. What would be the consequences if the parity rules were wrong?’

I thought a minute and said: ‘It would mean that nature’s laws are different
for the right hand and the left hand, that there’s a way to define the right
hand by physical phenomena. I don’t know that that’s so terrible, though
there must be some bad consequences of that, but I don’t know. Why
don’t you ask the experts tomorrow?’ He said: ‘No, they won’t listen to me.
You ask.’ So the next day, at the meeting … I got up and said, ‘I’m asking
this question for Martin Block: What would be the consequences if the
parity rule was wrong?’ Murray Gell-Mann often teased me about this,
saying I didn’t have the nerve to ask the question for myself. But that’s not
the reason I thought it might very well be an important idea.”

The “straight experimenter’s question”

M. Block
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..leds Lee and Yang to postulate P violation
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Experimental closure test   - C.S. Wu
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Dr. Wu experimental setup
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Forward-vs-backward electrons

parity transformation

If the interaction is invariant under parity, rates in the two configurations are equal
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Rates are *not* equal: parity is maximally violated
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From another angle
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Concept

Look at weak decay π⁺ → μ⁺ν. 


Pion has spin zero. μ⁺ and ν have both spin 1/2. Spins of μ⁺ 
and ν should be oppositely aligned to conserve angular 
momentum. There are 4 configurations that satisfy this, 
related by P and C transformations. Are they all realized?
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C is violated too

Curiosity: this was also the first determination of the magnetic moment of the muon, 
whose Fermilab result a few months ago attracted lots of attention
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Could have been discovered it 25 years earlier…

Cox and Chase early findings of “anomalous polarizations” from β decay were 
early indications of P violation, but scientists were not yet prepared to the idea 
that P might be violated and preferred to attribute the results to insufficient 
understanding of their experiments. 
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A posteriori, it is evident that Cox and Chase early findings of “anomalous 
polarizations” from β decay were early indications of P violation, but scientists 
were not yet prepared to the idea that P might be violated and preferred to 
attribute the results to insufficient understanding of their experiments. 

Be implacably critical and skeptical when 

scrutinizing the measurement process, but 

then accept the results -  h
owever surprising

Could have been discovered it 25 years earlier…
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The CP ansatz — Landau

Lev D. Landau reacts to C 
and P violation by 
postulating CP conservation 
for the weak interactions
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Cronin and Fitch
Essential idea: if CP is conserved, K2 cannot decay 
into two pions, but only to three pions. 

Look for K2 →ππ with an ingenuous, low-cost setup
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Cronin and Fitch
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Old school: paper, pencil, eraser…
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Triumph of experimental skepticism
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Others had almost gotten there 3 years earlier..

“[…] A special search at Dubna was carried out by Okonov and his group. 
They did not find a single KL → π⁺π⁻ event among 600 decays into charged 
particles (Anikira et al., JETP 1962). At that stage the search was terminated 
by the administration of the lab. The group was unlucky.”                                         
L. Okun, “Spacetime and vacuum as seen from Moscow”
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Others had almost gotten there 3 years earlier..

“[…] A special search at Dubna was carried out by Okonov and his group. 
They did not find a single KL → π⁺π⁻ event among 600 decays into charged 
particles (Anikira et al., JETP 1962). At that stage the search was terminated 
by the administration of the lab. The group was unlucky.”                                         
L. Okun, “Spacetime and vacuum as seen from Moscow”

Be persistent! Push precision!



How all of this fits in the then-emerging theory?
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HEP in the sixties
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Weak interaction strenght is process dependent?
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The Cabibbo angle

What if, instead of three constants, we have one constant g and one angle?
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Restoring weak-interaction universality
Restore universality by moving the angle from the interaction coupling to the 
particle fields
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Restoring weak-interaction universality
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Is it rather the Gell-Mann-Levy angle?

Three years before the 
Cabibbo paper, Gell-Mann 
and Levy had a similar 
intuition. Not clear if they 
realize the impact as it’s just 
mentioned in a footnote of 
their 1960 paper.


Cabibbo knew and cited that 
work, but Gell-Mann never 
got over the discomfort 
toward acknowledging this as 
the “Cabibbo angle”
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Curiosity: was it rather the Gell-Mann-Levy angle?

Three years before the 
Cabibbo paper, Gell-Mann 
and Levy had a similar 
intuition. Not clear if they 
realize the impact as it’s just 
mentioned in a footnote of 
their 1960 paper.


Cabibbo knew and cited that 
work, but Gell-Mann never 
got over the discomfort 
toward acknowledging this as 
the “Cabibbo angle”

Having a smart insight is not enough. It 

should also be identified as such and 

communicated efficiently
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…a problem
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GIM mechanism — predicting charm
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GIM mechanism — predicting charm

Original amplitude

Posited existence of new, 2 GeV quark, called charm — which generates an amplitude  
almost identical to the original one, but that contributes with a minus sign (destructive 
interference) thus suppressing the total rate down to the unobservable level

Additional amplitude

There was just a “minor” problem: no evidence of any charm quark existed then
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Or was it? The Lederman shoulder

In 1968–1968, Lederman et al studied the dimuon mass 
spectrum produced by colliding protons on uranium. 


The measurement of muon energy was coarse: based 
on observed range in various meters of steel 
interspersed with scintillator.


"Indeed, in the mass region near 3.5 GeV, the observed 
spectrum may be reproduced by a composite of a 
resonance and a steeper continuum.”

background

signal?The lack of resolution caused the group to miss a 
Nobel-prize-like discovery
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Or was it? The Lederman shoulder

In 1968–1968, Lederman et al studied the dimuon mass 
spectrum produced by colliding protons on uranium. 


The measurement of muon energy was coarse: based 
on observed range in various meters of steel 
interspersed with scintillator.


"Indeed, in the mass region near 3.5 GeV, the observed 
spectrum may be reproduced by a composite of a 
resonance and a steeper continuum.”

background

signal?

Resolution is essential! Design carefully 

your apparatus

The lack of resolution caused the group to miss a 
Nobel-prize-like discovery
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The first (and unnoticed) discovery of charm

remount it. This stripping and remounting caused
greater distortion.

The second way was to use a new type of
detector, called the Emulsion Cloud Chamber
(ECC). The first design of the ECC was a sandwich
of a brass plate and thin emulsion plates. By using
the ECC, an emulsion plate was placed perpendic-
ular to incoming particles as a track detector. When
using the emulsion plate as a track detector, it was
possible to have a spatial resolution of up to 1 mm.
This type of detector was first developed by M.F.
Kaplon et al., and was used very e!ectively to study
heavy primaries.8) The ECC was also very cost-
e!ective because most of the chamber’s volume
consisted of metal plates and backing glass, which
were far cheaper than nuclear emulsion material.
Moreover, J. Nishimura predicted the potential in
the ECC to regulate the development of electron
showers from !0 decays by choosing plates made
from the most appropriate material.9) Our group,
led by J. Nishimura, felt that this potential was the

most important advantage of the ECC, which could
not be realized with conventional homogenous
pellicle stacks.

Our improved design of the ECC combined
low- and high-z materials in order to observe two "
rays from a !0 decay as laterally separated electron
showers initiated by these " rays in the detector.
A nuclear emulsion chamber consisting of a layer
for producing cosmic-ray interactions and a layer
for observing secondary electron showers was
constructed. The former was a sandwich of low-z
material (carbon) plates and emulsion plates, while
the latter was a sandwich of high z-material (lead)
plates and emulsion plates. Since that time, our
group has called this type of detector an Emulsion
Chamber. Our group specialized in placing the
emulsion plate perpendicular to incoming particles
as a track detector to take advantage of the 1 mm
spatial resolution of emulsion plates. This resolving
power is still unsurpassed by any other type of track
detector. In 1956, seventeen emulsion chambers

Fig. 3. Pair production and decay of naked charm particles discovered in 1971 in a cosmic-ray interaction. Particle B decayed at B
into B0 and a !0. Two " rays, daughters of the !0, initiated electron showers at plate no. 12 and no. 10, respectively. Particle C
decayed at C into C0 and unseen neutral hadron(s). Niu, Mikumo, Maeda (1971) Prog. Theor. Phys. 46, 1644.

No. 1] Discovery of naked charm particles 3

1971 — Evidence of kinks from decays of long-lived 
heavy particles in cosmic rays recorded with 
emulsions. Went unnoticed in the western world as it 
was published on a Japanese journal.
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The first (and unnoticed) discovery of charm

remount it. This stripping and remounting caused
greater distortion.

The second way was to use a new type of
detector, called the Emulsion Cloud Chamber
(ECC). The first design of the ECC was a sandwich
of a brass plate and thin emulsion plates. By using
the ECC, an emulsion plate was placed perpendic-
ular to incoming particles as a track detector. When
using the emulsion plate as a track detector, it was
possible to have a spatial resolution of up to 1 mm.
This type of detector was first developed by M.F.
Kaplon et al., and was used very e!ectively to study
heavy primaries.8) The ECC was also very cost-
e!ective because most of the chamber’s volume
consisted of metal plates and backing glass, which
were far cheaper than nuclear emulsion material.
Moreover, J. Nishimura predicted the potential in
the ECC to regulate the development of electron
showers from !0 decays by choosing plates made
from the most appropriate material.9) Our group,
led by J. Nishimura, felt that this potential was the

most important advantage of the ECC, which could
not be realized with conventional homogenous
pellicle stacks.

Our improved design of the ECC combined
low- and high-z materials in order to observe two "
rays from a !0 decay as laterally separated electron
showers initiated by these " rays in the detector.
A nuclear emulsion chamber consisting of a layer
for producing cosmic-ray interactions and a layer
for observing secondary electron showers was
constructed. The former was a sandwich of low-z
material (carbon) plates and emulsion plates, while
the latter was a sandwich of high z-material (lead)
plates and emulsion plates. Since that time, our
group has called this type of detector an Emulsion
Chamber. Our group specialized in placing the
emulsion plate perpendicular to incoming particles
as a track detector to take advantage of the 1 mm
spatial resolution of emulsion plates. This resolving
power is still unsurpassed by any other type of track
detector. In 1956, seventeen emulsion chambers

Fig. 3. Pair production and decay of naked charm particles discovered in 1971 in a cosmic-ray interaction. Particle B decayed at B
into B0 and a !0. Two " rays, daughters of the !0, initiated electron showers at plate no. 12 and no. 10, respectively. Particle C
decayed at C into C0 and unseen neutral hadron(s). Niu, Mikumo, Maeda (1971) Prog. Theor. Phys. 46, 1644.

No. 1] Discovery of naked charm particles 3

1971 — Evidence of kinks from decays of long-lived 
heavy particles in cosmic rays recorded with 
emulsions. Went unnoticed in the western world as it 
was published on a Japanese journal.

Making a discovery (or a beautiful 

measurement ) is
 not enough. It s

hould 

also be communicated efficiently
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The (second and third) discovery of charm

November 1974 — simultaneous 
publication (back-to-back) of observation 
of 3 GeV resonance consistent with a 
bound c-cbar state by BNL experiment 
that collided protons on Beryllium pp-> 
e+e- + anything (“J particle”, by S. Ting 
and collaborators) and SLAC experiment 
that scanned the e+e- collision energy from 
2.4 GeV in 0.2 steps (“psi particle”, by B. 
Richter et al., after the event display below) 
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BNL’s J particle SLAC’s psi

November revolution

The discovery of charm four years after its prediction by GIM was, and still is, one 
of the most striking examples of the power of the indirect approach in probing 
physics at higher energy scales before direct detection reaches them.
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But CP violation remains a deep mystery
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Two young postdocs postulate the existence of a third family of quarks (before 
even that the charm was discovered!) to accommodate the observed 
phenomenon of CP violation into the standard model

In the meantime, two young punks in Kyoto, circa 1973

Makoto 
Kobayashi

Toshihide 
Maskawa
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Made in Japan —  postulating 3 generations
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The Nobel-prize winning part

For CP violation to occur there 
needs to be a complex coupling 
between quarks.

W+

b
_

u
_

Vub*

W -

b uVub

CP

Vub ≠ Vub*

Kobayashi and Maskawa observed that if quark families were three or more such 
complex coupling could naturally arise without violating any of the global constraints 
between quark couplings (conservation of probability etc.)

But at the time of the work, only two quark families were known.
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Are there really 3 generations? …the first 
(mistaken) discovery of the fifth quark.

In 1976, Lederman and collaborators announced the observation of a 
new particle produced by a beam of protons on Beryllium and decaying 
into e+ e- pairs, with a mass of about 6 GeV. 
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Upsilon? “Ooops-Leon”

Invariant ee mass

86

This was published and provided a very strong 
candidate for the Upsilon, the bound state of a 
(not yet observed) fifth quark.


The experiment took more data. Could not 
confirm the finding.


The erroneous first claim has been later tracked 
down to a mistake in the statistical evaluation of 
the significance of the signal (neglected the 
look-elsewhere-effect)


This, along with other “false discoveries” at 
those times, contributed to raise the attention 
toward the need for a proper education in 
basics statistics for HEP physicists. 
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Upsilon? “Ooops-Leon”

Invariant ee mass

87

This was published and provided a very strong 
candidate for the Upsilon, the bound state of a 
(not yet observed) fifth quark.


The experiment took more data. Could not 
confirm the finding.


The erroneous first claim has been later tracked 
down to a mistake in the statistical evaluation of 
the significance of the signal (neglected the 
look-elsewhere-effect)


This, along with other “false discoveries” at 
those times, contributed to raise the attention 
toward the need for a proper education in 
basics statistics for HEP physicists. 

Proper statistical analysis is important (as 

well as awareness of our unavoidable 

cognitive biases)
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Are there really 3 generations? Yes — the (second 
and real) discovery of the fifth quark.
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The sixth needed the world’s most innovative and 
powerful collider

Helen T. Edwards
Robert R 
Wilson

Leon M. 
Lederman

Alvin Tollestrup

In the mid-70ies, Fermilab started planning 
the construction of the Tevatron proton-
antiproton collider to gain the energy frontier:

Extensive use of superconducting magnets 
(1000 of them) to reach 2 TeV of collision 
energy (3x CERN’s SppbarS energy)

The pioneering work by A. Tollestrup of 
systematic characterization of 
superconducting magnets needed for 
mass production paved the ground for 
the LHC technology
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And the world’s most advanced detectors - CDF

World’s first proposal, design, construction 
and usage of silicon vertex detector in hadron 
collisions.

Instrumental in identifying the top quark from 
background. 

Top always decays in a b quark. Its 1.5 ps 
lifetime, much longer than light-quark bckg, 
induces a displacement of its decay products 
that is observed in the silicon microvertex 
detector. 

Aldo Menzione 
(and Carl Haber)

Paolo Giromini

Alvin Tollestrup, Roy Schwitters
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And then the sixth…
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Are there more than 3 generations? No…
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Kobayashi-Maskawa idea remains an ansatz

The KM structure with 3 families would certainly accommodate into the SM the 
1964 observation of CP violation —  but no further experimental validation that 
this was genuinely the picture realized in Nature was available for 30+ years 

J. Cronin (1980)
L. Wolfenstein (1989)

Observing CP violation in B decays was the last missing piece to establish KM
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Theory pushes for studying CP violation in b-quark

All say large CPV plausible in B decays!
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CPV in *decay* of kaons show that CPV is instrinsic to 
the weak force

Italo Mannelli

Bruce Winstein
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B factories

Produce B-Bbar pairs from the 
decays of Y(4S) mesons produced 
in e+e- collisions


Y(4S) mass just above the B-Bbar 
kinematic threshold: 96% of Y(4S) 
decay strongly into B0anti-B0 or 
B+B- pairs (and nothing else, low 
background)

Low-background production of BBbar pairs that evolve coherently as particle-
antiparticle until one decays.

Coherence: Y(4S) is spin-1. B mesons are spin-0, hence L=1 (antisymmetric two-
particle state) to conserve angular momentum. Simultaneous presence of two B 
or two Bbar forbidden as two identical bosons in an antisymmetric state violate 
Bose statistics. B and Bbar evolve as a particle-antiparticle pair until one decays, 
allowing flavor identificatio.
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CLEO at CESR (and DORIS II) showed that it worked

But there was a problem.

 Produce and reconstruct large samples of B0 mesons


Identify if a B0 or anti-B0 had decayed


 Have them fly a measurable distance

Production at BBbar threshold is efficient and low-background, but the Y(4S) is 
nearly at rest, which means that B mesons are slow: m(Y(4S)) = 10.56 GeV and 
m(B) = 5.28 GeV. Hence, p*(B) = 340 MeV, which means (βγ)* = 0.064 yielding 
30 micron decay length for 1.5 ps lifetime. This is hardly measurable.

M. Tigner

The CESR collider exploited the concept and the associated CLEO experiment 
pioneered  many of the techniques later used and perfected at BaBar/Belle
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Asymmetric beam energy

1988: Pier Oddone proposes using energy-asymmetric 
electron-positron beams so that the Y(4S) is not at rest and 
B decay lengths are dilated from (unmeasurable) 20 microns 
to 200 microns, which is measurable with typical 30 micron 
resolution of silicon detectors
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CP violation happens in the B meson system

Belle

BaBar
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Epilogue
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