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Experimental Tests of the Standard Model (3)Experimental Tests of the Standard Model (3)

 Measurements of the Weinberg angle
 W± and Z0 discovery
 Precision measurements of the Z0

 Precision measurements of the W
 Discovery/measurements of the top
 Discovery of the Higgs
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CP violation CP violation 

 Well before the clear evidence of the quarks and the discovery of the J/ meson, an experiment 
 found a small violation of the CP invariance in the weak interaction of the neutral kaons.

In a small percentage, K0
2 are seen to decay into two pions (experiment made by Christenson, 

Cronin, Fitch, Turlay (1964))

In 1973 Kobayashi and Maskawa noted that the presence of the CP invariance in the 
weak interactions implies, in the context of the quark model of the hadrons, the presence 
of a complex phase in the matrix representing the transition probabilities. 

With 4 quarks, the matrix is 2x2 and the unitarity request implies  (n-1)2 = 1 free parameter: c     
(Cabibbo angle)
The  number of complex phases in a  unitary matrix is (n-1)(n-2)/2, therefore the minimum 
number of quark generation to have CP violation is 3. 

 The K.M. speculation becomes more credible after the discovery of the charm. 
 The following discovery of the tau lepton (Perl et al., 1975) makes more strong the hypothesis of 
the three quarks generation, and the hunt of the b quark starts. 
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b b quark quark discoverydiscovery

 Lederman et al. 1977: 400 GeV protons from the Fermilab synchrotron 
collide against a berillium target, final states with muons in the two 
magnetic spectrometers are analyzed. 
 The experiment finds a bump of events with an invariant mass of about 
9 - 10 GeV,  they were recognized as three distinct resonances:       
Y(1S,2S,3S).
 The properties of the new quark are studied also in the e+e- collider 
confirming the charge (-1/3, PLUTO/DASP), the increase of R, and the 
weak isospin (PETRA, 1983)
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3 generations: theoretical motivations3 generations: theoretical motivations

 At this point there are many experimental reasons to search for the top quark completing the 
third quarks family and explain the CP violation in a natural manner. 
From the theoretical side there are even more suggestions for the top existence: 

1) Cancellation of the  triangular anomalies
2) Weak isospin of the  b-quark
3) Non-existence of the FCNC of the neutral  B 
4) Frequency of the neutral B oscillations
5) Width of the W boson
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Phenomenology of the top quarkPhenomenology of the top quark

Decay mechanisms: 
Standard decay
FCNC decays (t → Bq with  B = g, , Z, H and q = u, c)

Production mechanisms at the hadronic colliders
Pair production 
Electroweak single-top production (qq' → t b, qb → t q' )

_ _
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top decaystop decays

 The “standard” decays of the  top always include         
a W boson and a b or s or d quark

From the values of |Vtb| and  |Vts| follows that  t 
Wb is dominant

B(t Ws):  0.2% only

The helicity conservation prevents the decay into W 
with h = +1

The decay is “semi-weak” because the top mass is 
huge and the width depends on the third power of 
the top mass    = 10-25 s
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Implications of Implications of (top) = 1.5 GeV(top) = 1.5 GeV

The big value of  works as a cut-off for the QCD dynamics, which is connected to the  = 150-
200 MeV

The angular distribution of the top decays follows the predictions of a ½ spin particle, because 
QCD has no time to modify the decay of a “free particle”. 

To be compared with the b-quarks decay, which happens inside the mesons (B>>1/), it is 
isotropic (does not depend on the b spin)
The  top quark is produced and decays as a free particle, QCD has no time to work

This implies the possibility:
to measure the spin of the top directly from the angular distributions of the decay product 
to measure the dynamics of the decays and verify  if it is governed by the V-A interaction 
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There are no There are no TT mesons mesons

 For the tt toponium:  (tt) = 2(t) = 3 GeV while the foreseen splitting  between the states 1S and 
2S is 1.2 GeV  there is no time for the building of the resonances 

 At Tevatron and LHC it is possible to study the characteristics of the top spin, at a linear collider 
one will observe the cross section increasing with s without any spike. 
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Top quark pair production Top quark pair production 
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Top quark pair production Top quark pair production 
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Top quark decay Top quark decay 
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Top quark decay Top quark decay 
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Motivations Motivations 



Experimental Subnuclear Physics 14

Finding top quark decay: kinematics Finding top quark decay: kinematics 

= summed transverse                        
   energy over all particles

Aplanarity = a collective variable 
which describes and quantifies 
the jettiness of an event
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Finding top quark decay: b-tagging Finding top quark decay: b-tagging 
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  Silicon DetectorsSilicon Detectors

Almost all detectors at the hadron colliders have microvertex 
detectors (CDF from1992, D0 from 2002)

Various concentric cylinders, built of “modules” - silicon layers, 
300 m depth , with strips at a distance of 50-60 m and with a  
positive bias of 100-200 V, charge (20000 electrons) is collected 

The  silicon is a pn junction inversely polarized  depleted of 
free  charge  all the charge produced by ionization is collected 
with low noise

The detector permits high precision in the position measurement of 
the charged particles passing the silicon layers   a  tracking of 
high precision is obtained  B tagging!
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Dilepton channel Dilepton channel 
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Dilepton channel Dilepton channel 
sy

st
em

at
ic

 u
n

ce
rt

ai
n

ti
es



Experimental Subnuclear Physics 19

lepton + jets channel lepton + jets channel 
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lepton + jets channel lepton + jets channel 

event kimematics  
                         

b-tag counting       
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TEVATRON combination TEVATRON combination 
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LHC results LHC results 
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LHC results LHC results 
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LHC results LHC results 

Differential cross sections 

Double Differential cross 
sections 



Experimental Subnuclear Physics 25

Mass measurement Mass measurement 
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Mass measurement Mass measurement 
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Mass measurement Mass measurement 
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Mass measurement Mass measurement 
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Mass measurement Mass measurement 
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Mass measurement Mass measurement 
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Mass measurement Mass measurement 
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Mass measurement Mass measurement 
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Mass measurement Mass measurement 
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Mass measurement Mass measurement 
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Mass measurement Mass measurement 
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Mass measurement Mass measurement 
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Mass measurement Mass measurement 
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Further material Further material 

● Ideogram method for mass determination: V.M. Abazov et al. (D0 Collaboration), 
Measurement of the top quark mass in the lepton+jets channel using the IdeogramMethod, hep-
ex/0702018.pdf

● Template method for mass determination: T. Aaltonen et al. (CDF Collaboration), Top quark 
mass measurement using the template method at CDF, arXiv: 1105.0192v3
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