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Quark	Colour	and	Flavour	
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The	mass	of	the	only	free	quark	
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Deep	Inelas]c	Sca4ering	
Freedom	inside	the	
proton:	scaling,	and	
viola]ons	
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J.	I.	Friedman	and	H.	W.	Kendall,	Ann.	Rev.	Nucl.	Sci.	22,	203	(1972)	
(SLAC)	
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From	Proton	to	PDF	
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Scaling	and	Scaling	Viola]ons	
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Quark	mixing	and	CP	viola]on	
•  The	weak	eigenstates	of	quarks	are	not	the	mass	eigenstates:	weak	

interac]on	mediates	mixing,	and	thus	CP	viola]on	
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Quark	Masses	
Generation Particle Mass Q/e S C B̃ T

1 ur, ub, ug 1.7 to 3.1 MeV 2/3 0 0 0 0
dr, db, dg 4.1 to 5.7 MeV -1/3 0 0 0 0

2 cr, cb, cg 1.15 to 1.35 GeV 2/3 0 1 0 0
sr, sb, sg 80 to 130 MeV -1/3 -1 0 0 0

3 tr, tb, tg 172 to 174 GeV 2/3 0 0 0 1
br, bb, bg 4 to 5 GeV -1/3 0 0 -1 0

Table 2. Standard Model quark properties.

such interactions. For example, from a zero strangeness initial state, the strong interaction can only
produce pairs of strange particles, with canceling strangeness. This is the phenomenon of ‘associated
production’, known since the early days of strange particle physics in the 50’s. Similar rules hold for
the other flavours: for example, the t quark, once produced, cannot decay to a lighter quark via a
strong interaction, since this would violate T -conservation.

In weak interactions, by contrast, quark flavour is generally not conserved. For example, in the
semi-leptonic decay

Λ0 (uds) → p (uud) + e− + ν̄e ,

an s quark changes into a u quark. The rather complicated flavour structure of weak interactions which
remains an active field of study, will be discussed later in the course. However, one very important,
though technical, point must be made about the weak interactions of quarks and leptons. It is natural
to wonder whether a new generation of quarks might appear, unaccompanied by the corresponding
leptons — or vice versa. Within the framework of the Standard Model interactions, the answer is
no. It turns out that subtle quantum field theory effects called ‘anomalies’, to be discussed toward
the end of the course (time-permitting), would spoil the renormalizability of the weak interactions
(renormalizability is to be discussed toward the end of these first four lectures), unless there are equal
numbers of quark and lepton generations.

We end this section with some comments about the quark masses; the values are listed in table
2. As we have already noted, the t quark is the only one whose mass can be directly measured. All
the others are (it would appear) permanently confined inside hadrons. It is therefore not immediately
obvious how to define — and measure — their masses. In a more familiar bound state problem, such as
a nucleus, the masses of the constituents are those we measure when they are free of nuclear binding
forces — i.e. when they are far apart. For the QCD force, the situation is very different. There
it turns out that the force is very weak at short distances, a property called asymptotic freedom (a
concept to be discussed later in the course). We may think of the force as very roughly analogous to
that of a spring joining two constituents. To separate them, energy must be supplied to the system.
So when the constituents are no longer close, the energy of the system is greater than the sum of
the short distance (free) quark masses. In potential models, the effect is least pronounced for ‘heavy’
quarks (mq ! 1 GeV). For example, the ground state of the Υ

(
bb̄

)
lies at about 9.46 GeV, which

is close to the average value of 2mb as given in table (2). For ψ (cc̄) the ground state is at about 3
GeV, somewhat greater than 2mc. For the lightest quarks, and especially for the u and d quarks, the
position is quite different: for examples the proton (uud) with a mass of 938 MeV is far more massive
than 2mu +md. Here the QCD force / ‘spring’ is responsible for about 300 MeV per quark.

– 10 –
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Course	Outline	
•  Introduc]on:	Ma4er	and	Forces	
•  Ma4er	par]cles:	fermionic	content	of	the	SM	
•  Renormaliza]on	and	the	Higgs	sector		
•  Gravity		
•  Experimental	concepts	
•  Special	Rela]vity	
•  Rela]vis]c	Quantum	Mechanics		
•  Towards	Quantum	Field	Theory	
•  Calcula]ng	a	cross	sec]on		
•  …over	to	Robert.	
•  QCD	&	Electroweak	collider	phenomenology		
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Renormaliza]on,	and	the	Higgs	sector	
of	the	Standard	Model		
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Renormaliza]on,	and	the	Higgs	sector	
of	the	Standard	Model		
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Electroweak	symmetry	breaking	
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Tevatron	(CDF/D0)	



Sept	2019	 Jon	Bu4erworth:	London	PG	lectures	 28	





h4ps://natronics.github.io/science-hack-day-2014/lhc-map/	
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13/4/2018	 JMB,	M4L:	 33	Z(⇤)
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Precision	Higgs	
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•  Into	the	unknown…		
– Well-defined,	precise	
measurements	and	
calcula]ons.	

– High	mul]plici]es	
– High	boosts,	even	for	
electroweak-scale	
objects	
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To	the	TeV	scale	and	beyond…	
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