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Quarks are known to be the constituents of all strongly-
interacting particles, including the proton and neutron, 
the pions and kaons, and and the heavy D and B mesons.

It seems that life needs only 2 of these quarks, u and d.

However, in reality, there are 6.

The last, most elusive and mysterious, is the top quark.



light and heavy quarks         light and heavy leptons

⌫e ⌫µ ⌫⌧
e µ ⌧

u c t
d s b

and, for every particle, an antiparticle



e 0.00051 d 0.0048 u 0.0023
µ 0.106 s 0.095 c 1.28
⌧ 1.777 b 4.18 t 173.

masses of the quarks and leptons, in GeV



What is the evidence that this heavy quark exists ?

As I explain this, it will also become clear why particle 
physicists are so obsessed by this particle. 



What does a quark look like in an experimental display ?

Except for u and d, all quarks are unstable with respect 
to decay through the weak interactions.

The weak interactions are mediated by the W boson, a 
particle with spin 1 and mass 80.4 GeV.  In an ordinary 
weak interaction decay, the W boson is barely visible.

Fermi’s famous theory of beta decay contracted its 
presence to an instant.





In fact, no progress could be made in the theory of beta 
decay for another 25 years, until the discovery that the 
weak interactions violate parity.



electron energy spectrum in µ ! e ⌫e ⌫µ



The top quark, if it is as heavy as I say, defies these 
expectations.  It is sufficiently heavy that it can decay 
to a physical W boson, which is then directly visible.
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Significant samples of the various types of 
top quark events were first discovered by 
the CDF and DO experiments at the 
Fermilab Tevatron in 1995,

                           20 years ago.
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ATLAS boosted top-
antitop event
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CDF  1-lepton + missing ET + b-tagged jet



ATLAS analysis of e + µ events





CMS events w. 6 jets, 2 b-tags



CMS events w. 6 jets, 2 b-tags
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So far, I have explained why the top quark is 
odd, and maybe why it is interesting, but not 
why it is important.

Its importance comes from its connection to 
the Higgs field, the field responsible for those 
interactions of quarks and leptons that are 
most poorly understood.



The Higgs field is supposed to be responsible for 
generating the masses of quarks and leptons.

Before continuing, I must explain why something is 
needed to give mass to these particles.



spin  1/2

spin  1





So,
  
   mass implies mixing of the L and R states

   to permit this, these states should have 
         the same quantum numbers

   but, they do not !    The W couples to L but not to R

        this is the essence of the parity violation of
          the weak interactions



solution:    (Weinberg, Salam)

The charge associated with the W boson is not conserved 
because the associated symmetry is spontaneously 
broken.

The order parameter of this spontaneous symmetry 
breaking is called the Higgs field.

L and R fermions mix through their couping to this field.
Larger masses come from larger couplings.



We now see that the top quark is 
heavy because it has a large coupling 
to the Higgs field.  

This coupling is the largest among all 
known elementary particles.



Hierarchy of coupings in nature:

↵ = e2/4⇡ = 1/137 at Q = 0

↵w = g2/4⇡ = 1/29.6 at Q = 90 GeV

↵ = e2/4⇡ = 1/128 at Q = 90 GeV

↵s = g2s/4⇡ = 1/8.5 at Q = 90 GeV

↵t = y2t /4⇡ = 1/12.7 at Q = 90 GeV

↵b = y2b/4⇡ = 1/42, 000 at Q = 90 GeV



massless spin 1  (photon)

massive spin 1  (W)

In fact, the large coupling of the top quark to the Higgs 
field is directly visible in experiment.



The  W(0) comes from the Higgs field !

So, we expect

or, 

          70% of top quark decays are to   W(0).

�(t ! W0 b)

�t ! WL b)
=

↵t

↵w
= 2.3
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Even before the discovery of the Higgs boson, 

this could be cited as evidence that the mass 
of the top quark is the result of spontaneous 
symmetry breaking.



Now we must address the interpretation of the value 
of       .

Is this a large value, signifying that the top quark has 
a special role in the theory of the Higgs field ? 

Or is it a small value, signifying that the top quark is 
no way special dynamically ?

In the latter view, the top quark is “ordinary” and the 
other quarks and leptons are “puny”.   (This point of 
view might be helpful to those particle physicists who 
are concerned about the physics of flavor.)

↵t



If          were large enough to be important in the 
dynamics of spontaneous symmetry breaking, the 
physics of the top quark could give us a clue as to 
why this symmetry breaking occurs.

At the present time, our understanding of this 
transition is on the same footing at the Landau-
Ginzburg theory of superconductivity.

We postulate a scalar field, assign 
it a potential unstable at the origin, 
and fit its properties to experiment.

↵t



In the theory of superconductivity, this attitude was 
always considered provisional.

Eventually, Bardeen, Cooper, and Schrieffer developed 
their fascinating theory of electron pairing at the 
Fermi surface.   This gave a clear explanation of why 
superconductivity occurs and allowed the calculation 
of the superconducting properties of metals and alloys.

Shouldn’t we expect this level of explanation also for 
the symmetry breaking in the weak interactions ?



Here is a first try at such a theory:

Introduce a Higgs scalar field, and couple top quarks to 
it.   At this level, the top quark is massless.

Give the Higgs field a potential energy that is neutral 
between 
                              and 

Then, I claim, there is an effect that drives the Higgs 
field to nonzero values.

h'i = 0 h'i 6= 0
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 hole

Energy
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This comes from the physics of the Dirac sea.



2 mc2



The problem is that the formation of a mass gap does 
not stabilize at a fixed value.   As we make the gap 
larger, the energy of the vacuum continue to decrease.

The problem here is actually a problem with the view of 
the Higgs boson as a scalar field.   If start with a scalalr 
field of small mass, and we compute the correction to 
this mass from Feynman diagrams, we find



So, to make sense of this calculation, we need a 
framework in which the Higgs field is not a simple scalar 
field but, rather, has more structure.  Here are some of 
the solutions proposed:

1.  

The Higgs field is a bound state of fermions, like the 
scalar field of the Landau-Ginzburg theory.  This solution 
is called “technicolor”.

This approach necessarily leads to a large mass for the 
scalar bound state.   The discovery of the Higgs boson as 
a resonance at 125 GeV -- which is a small value on the 
relevant scale -- eliminates this class of models. 



2.  

The Higgs field is a scalar field, but a symmetry forbids it 
from acquiring mass.  When the symmetry is broken, the 
mass correction can be finite.

The most successful theory along this line is called  
“supersymmetry”.  In this theory, there is a new scalar 
particle that is the partner of each quark and lepton.  In 
particular, there is a scalar top quark that balances the 
vacuum energy of the massive top quark.



3.    

The Higgs field can be composite, but not an ordinary 
bound state.  Instead, it is a Goldstone boson resulting 
from spontaneous breaking of a new symmetry at very 
short distances.  A Goldstone boson naturally has zero 
mass.

However, if the symmetry was not perfect, a small 
correction can give a mass to the Goldstone boson, and 
this mass term can be negative and give the Higgs 
instability.



I will now discuss the current status of these latter two 
ideas.

In each case, there is a beautiful theory in which the top 
quark plays an essential role in generating a finite and 
negative mass parameter       for the Higgs field.

In each case, the mechanism requires new elementary 
particles that ought to be found at the LHC.

µ2



Supersymmetry is not an manifest symmetry; the 
symmetry must be broken at some high energy.

Assume that the Higgs mass term is positive.  Also, 
positive masses are generated for the scalar quarks 
including the partners of       and      .

These mass terms are corrected by the diagrams

The corrections are negative !

They are multiplicative and modify the values of the 
masses as a function of distance scale.

tL tR



In fact, the masses of the three scalar particles are 
coupled, in the following set of differential equations.

The three mass terms race toward negative values as the 
energy scale Q decreases:

The winner is the Higgs boson.  The pattern of symmetry 
breaking predicted is then the one observed in nature.
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The mechanism is beautiful, but to make it work 
the scalar partners of the top quark must exist, 
and at values of the mass not so far from

h'i = 250 GeV



CMS search for pair production of et ! t� ! Wb�



CMS search for pair production of et ! Web ! Wb�



ATLAS  direct search for production of spin 0 particles 
along with       :tt
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If the Higgs particles are composite and Goldstone 
bosons, they arise from spontaneous symmetry breaking 
among some unknown, heavy particles.

If the symmetries among these particles are not exact, 
that can generate corrections that drive the Higgs mass 
term to be nonzero.

Such corrections can be generated when we try to 
incorporate the large value of the top quark mass into 
the framework.



For example, in the scheme of Arkani-Hamed, Cohen, 
Katz, and Nelson,  the massless  quark multiplets

mix with a massive fermion            

The Higgs mass is generated by diagrams

which are automatically free of quadratic divergences.

(tL, bL) , tR

TL , TR



One finds

where      is the compositeness scale and       is a 
quark-Higgs couplings related to        .

The negative sign here ultimately derives from 
the negative sign in the top quark loop diagram, 
but scale of the effect is set by the properties of 
the      .
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The mechanism is beautiful, but to make it work 
the heavy partners of the top quark must exist, 
and at values of the mass not so far from

h'i = 250 GeV



ATLAS search for pair production of T ! W b



ATLAS constraints on T ! W b , Z t , h t



Models with composite Higgs bosons and top quark 
partners have another interesting consequence, that the 

may receive small but measurable corrections.

The ideal tool to measure these couplings would be an  
electron-positron collider, for which the           couplings 
are an intrinsic part of the top quark production 
mechanism.

ttZ

ttZ



simulated angular distribution of                       at the 
International Linear Collider with polarized beams

e+e� ! tt



expected LHC and ILC measurements 
vs predictions of composite Higgs models



We still do not know the role of the top quark in a 
broader picture of the fundamental interactions.

Is the top quark ordinary, but just somewhat oversized ?

Does it play an essential role in the physics of the Higgs 
field ?

Either answer is possible.   The coming run of the LHC, 
and future experiments at e+e- colliders, will test these 
possibilities.


