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InvesMgates	the	“core”	of	visible,	
ordinary	maPer	(hadrons,	nuclei)	
and	the	mechanism	of	its	mass	
formaMon.	
	
Gives	the	basis	of	the		Cosmic				
creaMon	and	distribuMon	of	
elements	in	the	Universe.		
	
Shows	that	we	are	a	cosmic	
nuclear	accident.	
	
	

Nuclear	and	Hadron	
Physics	

	

Would	the	effecMve	nuclear	force	be	slightly	weaker,	we	would	not	
exist.	The	deuteron,	the	first	step	in	formaMon	of	all	elements,	would	
not	have	been	formed.				EB	=(2.22461	±	7x	10-5)	MeV;	Vnuclear=	40	MeV	
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			CERN							JLAB;						RadioacMve	Ion			
																					GSI															Beams	

	ENERGY						

TIME		

Experimental	faciliMes	are	Mme	travel	machines	

																															Nuclear	Astrophysics			3	



Odd	far-away	world	
	
			100			000		000	000	000	m	=		1014m	

	
0.000		000		000		000	001	m	=		10-15m	
	
	
	

Typical	inter-galacMc	
distances	

Distance	scale	of	the	
quarks	inside	the	proton	
	

Hadrons	mass	and	idenMty	emerge	from	a	very	crowded	
and	dynamic	vacuum.	
	
There	is	plenty	of	room	in	the	inner	space	of	maPer	to	be	
explored.		
	
	

4	



its fundamental equations (figure 1). You should not nec-
essarily be too impressed by that. After all, Richard Feyn-
man showed that you could write down the Equation of
the Universe in a single line: U = 0, where U, the total
unworldliness,3 is a definite function. It’s the sum of con-
tributions from all the laws of physics:

U = UNewton + UGauss + . . . ,

where, for instance, UNewton = (F – ma)2 and UGauss =
(∇!E – r)2.

So we can capture all the laws of physics we know,
and all the laws yet to be discovered, in this one unified
equation. But it’s a complete cheat, of course, because
there is no useful algorithm for unpacking U, other than
to go back to its component parts. The equations of QCD,
displayed in figure 1, are very different from Feynman’s
satirical unification. Their complete content is out front,
and the algorithms that unpack them flow from the
unambiguous mathematics of symmetry.

A remarkable feature of QCD, which we see in figure 1,
is how few adjustable parameters the theory needs. There
is just one overall coupling constant g and six quark-mass
parameters mj for the six quark flavors. As we shall see,
the coupling strength is a relative concept; and there are
many circumstances in which the mass parameters are
not significant. For example, the heavier quarks play only
a tiny role in the structure of ordinary matter. Thus QCD
approximates the theoretical ideal: From a few purely
conceptual elements, it constructs a wealth of physical
consequences that describe nature faithfully.4

Describing reality
At first sight it appears outrageous to suggest that the
equations of figure 1 or, equivalently, the pictures in the
box, can describe the real world of the strongly interacting
particles. None of the particles that we’ve actually seen
appear in the box, and none of the particles that appear in
the box has ever been observed. In particular, we’ve never
seen particles carrying fractional electric charge, which
we nonetheless ascribe to the quarks. And certainly we
haven’t seen anything like gluons—massless particles
mediating long-range strong forces. So if QCD is to
describe the world, it must explain why quarks and glu-
ons cannot exist as isolated particles. That is the so-called
confinement problem.

Besides confinement, there is another qualitative dif-
ference between the observed reality and the fantasy
world of quarks and gluons. This difference is quite a bit
more subtle to describe, but equally fundamental. I will
not be able to do full justice to the phenomenological argu-
ments here, but I can state the essence of the problem in
its final, sanitized theoretical form. The phenomenology
indicates that if QCD is to describe the world, then the u
and d quarks must have very small masses. But if these
quarks do have very small masses, then the equations of
QCD possess some additional symmetries, called chiral
symmetries (after chiros, the Greek word for hand). These
symmetries allow separate transformations among the
right-handed quarks (spinning, in relation to their
motion, like ordinary right-handed screws) and the left-
handed quarks.

But there is no such symmetry among the observed
strongly interacting particles; they do not come in oppo-
site-parity pairs. So if QCD is to describe the real world,
the chiral symmetry must be spontaneously broken,
much as rotational symmetry is spontaneously broken in
a ferromagnet.

Clearly, it’s a big challenge to relate the beautifully

simple concepts that underlie QCD to the world of
observed phenomena. There have been three basic
approaches to meeting this challenge:
! The first approach is to take the bull by the horns and
just solve the equations. That’s not easy. It had better not
be too easy, because the solution must exhibit properties
(confinement, chiral-symmetry breaking) that are very
different from what the equations seem naively to sug-
gest, and it must describe a rich, complex phenomenology.
Fortunately, powerful modern computers have made it
possible to calculate a few of the key predictions of QCD
directly. Benchmark results are shown in figure 2, where
the calculated masses5 of an impressive range of hadrons
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QED and QCD in Pictures.

The physical content of
quantum electrodynam-

ics is summarized in the
algorithm that associates a
probability amplitude with
each of its Feynman graphs,
depicting a possible process
in spacetime. The Feynman
graphs are constructed by
linking together interaction
vertices of the type at left,
which represents a point

charged particle (lepton or quark) radiating a photon. To
get the amplitude, one multiplies together a kinematic
“propagator” factor for each line and an interaction factor
for each vertex. Reversing a line’s direction is equivalent to
replacing a particle by its antiparticle.

Quantum chromodynamics can be similarly summa-
rized, but with a more elaborate set of ingredients and ver-
tices, as shown below. Quarks (antiquarks) carry one pos-
itive (negative) unit of color charge. Linear superpositions
of the 9 possible combinations of gluon colors shown
below form an SU(3) octet of 8 physical gluon types.

A qualitatively new feature of QCD is that there are
vertices describing direct interactions of color gluons with
one another. Photons, by contrast, couple only to electric
charge, of which they carry none themselves.

g

QED

3 colors

6 flavors
(u, d, s, c, b, t)

Makes
life
interesting
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Hadrons	only	exist	in	color	
charge	singlet	states.		
No	isolated	q	or	g	was	ever	seen.	
	
	

Quark bound-states: conventional and exotic states

Mesons in a Covariant Quark Model Sofia LeitãoISU, February 1, 2017 5

Illustration of the possible 
layout of the quarks in a 
Pentaquark particle such 
as those discovered at 
LHCb.  

Credit: Forschungszentrum Jülich/SeitenPlan (CC BY 4.0, http://creativecommons.org/licenses/by/4.0/) Credit: CERN / LHCb Collaboration 
Read more at: https://phys.org/
news/2015-07-cern-lhcb-exotic-
pentaquark-particles.html#jCp
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QCD	portrait:	the	elegance	of	simplicity	

Besides	2	electric	charges		
and	6	flavors,	in	QCD	there		
are	also	3	color	charges.	
	

In	contrast	to	photons	to	
QED,	in	QCD	gluons	carry	
unbalanced	color	charge,	
and	self-interact.	

Star	wars	laser	sword	fights	demand	
color	gluon	lasers.										
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Use	SimulaMons!	
They	solve	complex	systems.	This	is	called	LQCD.	
	
“They	are	not	the	end	of	desire	(…)	it	is	not	enMrely	
saMsfying	to	have	our	computers	acMng	as	oracles”,																													
Frank	Wilczek	
	
Number	crushing		is	important,	but	make	also	models.	
They	create	insight.		
Combine	models	with	LQCD	data.		

Answer	to	the	problem?	

Eqs.	of	QCD	are	not	analitycally	solved	in	the	low	
energy	limit	of	confinement.	
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Quark	self-interacMon	with	gluons		and	virtual	
quark	–anMquark	pairs	and	gluons	is	responsible	
for	the	mass	of	consMtuent	quarks	which	are	
effecMve	parMcles.	Huge	effect!	
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Quark	self-interacMon	with	gluons		and	virtual	
quark	–anMquark	pairs	and	gluons	is	responsible	
for	the	mass	of	consMtuent	quarks	which	are	
effecMve	parMcles.	Huge	effect!	

Two	body	equaMon	for	bound	state	
	is	consistent	with	one	body	equaMon		
for	self-energy,	in	the	chiral	limit.		
	
This	is	necessary	for	spontaneous	chiral		
symmetry	dynamical	breaking.	

Self-interacMon	is	consistent	with	
quark-anM-quark	interacMon	
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Extend	to	light	mesons		
(unified	model)	
	
	
	
	
Make	quark	masses	are	
dynamic:	self-interacMon	
consistent	with	quark-
anM-quark	interacMon	
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FIG. 1. Masses of heavy-light and heavy mesons with JP = 0± and 1±. The points depicted by the symbols � , 4, and
represent the 1CSE results calculated with the models discussed in the texted and with parameters shown in Tables ??, ??

and ??. Solid horizontal lines are the measured meson masses [? ]. The two dashed levels are estimates taken from Ref. [?
]. There is weak evidence (at 1.8�) that the ⌥(1D) has been seen [? ? ]. Both models predict a so far unobserved ⌥(2D)
between ⌥(3S) and ⌥(4S). Dashed horizontal lines across the figure indicate open flavor thresholds.

representing indistinguishably u and d quarks) are free as
well as the parameter y. The summary with the kernel
parameters and masses is given in Table ??. This fit only
takes into account a certain sample of pseudoscalar states
which are indicated for reference in Table ??.

The inclusion of 5 additional parameters in the calcu-
lations decreases the �rms, however the global �rms only
improves by less than 5 MeV. This proves that fitting the
quark masses is not absolutely necessary to have already
an overall good description of the spectrum.

The second Model PSV2, and labelled throughout the
work by the symbol 4 , includes now a set of pseu-
doscalar, scalar and vector states. This fit uses 24 states,
one less than the ones used in Model PSV1 of [? ], namely
the forth radial excited state of vector bottomonium. The

reason for leaving out this state is related to the di�culty
of having a good numerical accuracy for the highly ex-
cited states (it would be necessary a very large number
of splines the basis used in this work to have convergence
and thus making the calculations too time consuming).
The set of obtained parameters is given in Table ??. Once
again the parameters merely change and the improve-
ment of the �rms compared with the previous model is
marginal.
Lastly we considered Model PSVA and PSVAy0, la-

belled respectively by and . Both fits include the
wider set of states (all 39 states mentioned before) and
di↵ering only on the fact that in the last model the
parameter y is forced to be 0, i.e. assuming a pure
scalar+pseudoscalar Lorentz structure for the linear con-

Recent	results		 Next	developments	
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q Extension	of	current	model	to	the	light-quark	sector		
q CalculaMon	of	tensor	mesons	(spin	≥	2)	
q Effect	on	meson	spectrum	of	running	quark-gluon	
coupling		

q CalculaMon	of	self-consistent	dynamical	quark	masses	
q CalculaMon	of	meson	decay	properMes	
q SystemaMc	study	of	the	confining	interacMon	(Lorentz	
scalar	vs.	vector,	etc.)	

q CalculaMon	of	consistent	photon-quark	current	
q CalculaMon	of	(generalized)	parton	distribuMon	
funcMons	

q StarMng	a	new	project	to	derive	the	nucleon-nucleon	
interacMon	from	quark-gluon	dynamics	

Much	to	do:	Shopping	list	
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Friedrich	Wilhelm	Nietzsche		

“Art	exists	for	us	not	to	be	crushed	by	reality”	

Quantum	Chromo	Dynamics	QCD	is	the	theory	of	the	strong	
interacMon,	quarks	and	gluons.	
	
	
What	we	do:	Cold	QCD	
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3	colors	x	3	flavors	x	2	spin	projecMons		x	2	gluon	polarizaMons	
																															x	2	(quark/anM-quark)	=	
																																								52	dof’s		

Challenges and Opportunities

Mesons in a Covariant Quark Model Sofia LeitãoISU, February 1, 2017 6

Hadron Physics is a very active research field. 

• Why are single quarks not observed in isolation? 
• What is the origin of 98% of the mass of ordinary matter in the Universe? 

From the experimental side, access to the internal 
structure of hadrons is gained by: 

• creating hot hadronic matter in heavy-ion collisions 
and measuring induced emission of newly produced 
hadrons and decay products,  

• observing the reaction of “normal” cold hadronic 
matter exposed to electroweak or hadronic probes, 
etc. … 

From the theoretical side, focus lies on the description 
of such processes. 

Credit: Sandor Katz, Eotvos University 

experiments

confinement
dynamical chiral  

symmetry breaking

• Benefit from the progress in computational power of 
the past few years.

E		

Hot	QCD	
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Quarks	interact	via	all	forces.	
	
	
	
	
	
	
	
	
	
This		gives	us	tools	to	probe	the	structures	due	to	
confinement	by	observing	the	emissivity	of	maPer	
originated	by	reacMons	with	electroweak	or	hadronic	probes.	

The Standard Model

forces (bosons): electromagnetic, weak and strong interaction

matter (fermions): quarks and leptons

leptons interact via electromagnetic and weak force

quarks interact via all forces

Elmar Biernat (CFTP/IST Lisbon) Dressing Mexican style May 7, 2014 4 / 24 14	



Higher	order	diagrams	are	also	important	

Crossed	ladder	
diagrams	

Ladder	diagrams	
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Dyson-Schwinger-Bethe-	Salpeter	EquaMons	
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Quantum	Mechanics	:		
One	of	the	first	success	was	the	explanaMon	of	the	
half-lifes	of	nuclear	alfa	decay.	
Parity	ViolaMon	experiment	by	C.	S.		Wu.	
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