
QCD	and		Modern	Theore.cal	Nuclear	Physics	

Strong	interac,ons	generate	the	energy	in	stars	
	

Strong	interac,ons	generate	the	masses	of	nucleons	and	therefore	the	visible	mass	of	the	universe	
	

Control	the	interac,ons	of	par,cles	at	the	highest	energies	
	

Quarks	and	gluons	combine	together	to	make	various	forms	of	ma;er:		
Some	imagined	and	some	not	

	
Many	manifesta,ons	of	QCD	are	can	be	computed	with	precision.	

Some	cannot	at	present	

This	talk	outlines	forefront	areas	where	there	is	much	to	be	learned	



QCD	is	the	theory	of	interac,ons	of	quarks	and	gluons	
Quarks	have	color	charge,	frac,onal	electric	charge,	and	frac,onal	baryon	number.		

		
For	light	mass	quarks:	

	
	
	
	
	
	
	
	

Their	existence	was	argued	as	a	simple	way	to	explain	the	spectroscopy	of	light	hadrons.	
They	were	observed	in	the	electromagne,c	sca;ering	of	electrons	on	nucleons	at	the	

Stanford	Linear	Accelerator	Center	

Quark	 Charge	 Baryon	
Number	

up	 	2/3	 1/3	

down	 -1/3	 1/3	

strange	 -1/3	 1/3	
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Quarks	in	very	high	energy	electron-positron	collisions	
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Quarks	always	end	up	bound	into	mesons	and	nucleons	before	they	get	to	
detectors.		There	has	never	been	a	frac,onally	charged	quark	ever	seen.		This	
property	of	strong	interac,ons	is	called	confinement.		It	is	caused	because	QCD	
predicts	a	long	range	liner	force	between	quarks.		This	force	is	caused	by	a	spin	
one	colored	par,cle,	the	gluon.		QCD	is	a	theory	of	the	interac,ons	of	quarks	and	

gluons	
	

Color	for	quarks	was	proposed	to	solve	the	problem	associated	with	the	
symmetry	of	the	quark	wavefunc,on	for	the	nucleon,	and	the	value	of	the	cross	

sec,on	in	electron-positron	annihila,on	



The	Gluon:	
Generates	the	singular	long	range	force	that	confined	quarks	into	hadrons	

Spin	1	
8	color	charges	
Gluon	is	confined	

Quarks	and	Gluons	are	described	by	Quantum	Chromodynamics	
	

In	the	equa,ons	of	mo,on	for	QCD,	gluons	are	massless.		
		

If	quarks	have	very	small	masses	(a	few	MeV),		a	good	descrip,on	of	mesons	and	baryons	results.	
	

The	mass	of	the	nucleon	is	two	orders	of	magnitude	larger	than	the	mass	of	its	cons,tuents.				
	

The	gluon	is	a	fundamental	par,cle	that	is	responsible	for	99%	of	the	visible	mass	of	the	universe.	
	

We	understand	very	li;le	of	its	proper,es	
	



LaWce	Gauge	Theory:	
Path	integral	formula,on	of	quantum	mechanics:	

Z
[dq] eiS

where	

S =

Z
dt L[q(t)]

In	quantum	field	theory,	the	coordinates	are	the	quantum	fields	
describing	par,cles	at	each	point	in	space.		If	we	discre,ze	space	and	
,me,	then	the	path	integral	is	a	very	large,	but	finite	dimensional	

integral.	
	

But	it	is	oscilla,ng	and	very	hard	to	compute	

q = �(ti, ~xi)



Rotate	to	Euclidean	space	
Z

[dq] e�S

Is	a	representa,on	for	

Tr e��H when	 � ! 1

(For	finite	beta	one	is	compu,ng	thermal	proper,es)	

Is	used	to	compute	correla,on	func,ons	such	as	

< q(t)q(0) >= | < 0|q(0)|n > |2e�Et

E	is	the	energy	it	takes	to	make	the	state	of	lowest	energy	from	
the	ground	state	with	the	operator	q	

In	the	limit	of	large	t,	this	projects	onto	the	lowest	energy	intermediate	state:	

< q(t)q(0) >=
X

n

| < 0|q(t)q(0)|n > |2e�Ent



Non-oscillatory	integrals	can	be	computed	using	Monte-Carlo	methods	
Can	compute	energy	an	wavefunc,ons	of	lowest	energy	states	(Creutz)	

Spectroscopy	of	QCD	is	now	a	precision	science:	

Fodor	et.	al	2009	



Wide	variety	of	
hadron	

observable	are	
being	

computed	to	
greater	

precisions.	
	

Some	of	
intrinsic	

interest,	some	
for	other	

applica,ons	



One	of	the	first	exploratory	computa,ons	done	using	laWce	gauge	theory	is	QCD	at	finite	temperature.	
(Great	uncertainty	at	finite	density	since	at	finite	baryon	density,	the	path	integral	remains	oscillatory)	

	
First	results	from	Creutz	showed	that	in	QCD	with	only	gluons,	the	force	is	linear.	

At	high	temperature	there	is	a	confinement-deconfinement	phase	transi,on	where	confinement	disappears	
	

Poten,al	energy		between	quarks:	Open	symbols	for	QCD	
without	quarks	at	low	temperatures;	Solid	symbols	at	with	

quarks	at	various	temperatures	(Karsch	et	al)	

Energy	density,	pressure	and	entropy	density	
tend	to	ideal	gas	of	quarks	and	gluons	at	high	

temperature	



Chiral	Symmetry	Restora,on:	

In	equa,ons	of	mo,on	for	QCD,	up	and	down	quark	masses	are	very	small,	a	few	MeV.		In	
real	world,	cons,tuent	masses	of	quarks	are	of	the	order	of	the	typical	QCD	scale,	300	MeV	
A	chiral	symmetry	protects		these	masses,	and	achieving	cons,tuent	masses	requires	the	
symmetry	is	broken.		This	is	accomplished	by	genera,ng	a	chiral	condensate.		At	high	

temperatures,	this	condensate	evaporates,	and	quarks	become	small	mass.	

Chiral	condensate	as	a	
func,on	of	temperatures	for	
increasingly	refined	laWce	

computa,ons	
	

Forma,on	of	the	condensate	
breaks	a	chiral	symmetry.		A	
low	mass	pseudo-scalar	
boson,	the	pion	results	



Future	Direc,ons	with	Much	Larger	Machines:	

Precision	matrix	elements	for	hadronic	and	semi-hadronic	processes	
Structure	func,ons,	Imaging	

	
	Mystery	of	why	the	binding	energy	of	nuclear	ma;er	is	so	small:		In	
QCD	it	is	naturally	of	order	of	the	proton	mass	but	is	really	15	MeV?	

Nucleon	Forces?	
Binding	energy	of	nuclei?	

	
Quantum	compu,ng?			

Example:		Fourier	transforma,on	
NlnN	for	N	values	

For	p	qbits	(p	2	component	states),		
	

Ordinary	compu,ng:																Quantum	compu,ng		
N = 2p

p 2p p2



Our	understanding	of	proper,es	of	
ma;er	at	high	energy	densi,es	is	

now	quite	involved:	
	

Hadronic	Phase:			
Quarks	and	gluons	confined	into	

hadrons	
	

Quark	Gluon	Plasma:	
Deconfined	massless	quarks	and	

gluons	
	

Quarkyonic	Ma;er:	
Fermis	gass	with	quarks	massless	
and	deconfined	in	the	Fermi	Sea,	
but	confinement	of	mesons	and	

Fermi	surface	baryons	
	

Color	Superconduc,vity:	
Qarks	bound	into	Cooper	pairs	at	

Fermi	Surface	
	
	

Difficult	to	compute	at	finite	density	because	unlike	the	case	at	
zero	baryon	density:		the	path	integral	which	one	needs	to	

compute	is	of	various	signs,	and	there	is	no	good	exis,ng	Monte	
Carlo	Method	

A	variety	of	machines	at	FAIR,	BNL	and	DUBNA	can	
study	the	high	density	region	



Constraint	for	measured	masses	of	neutron	stars:	
Sound	velocity	at	some	baryon	density	must	
exceed	1/3	(blue	is	low	sound	velocity,	yellow	

higher)	

Measurements	of	quadrupole	polarizability	of	
gravita,onal	radia,on	measured	in	neutron	star	

collisions	will	give	radii	of	neutron	stars	in	
collisions:		This	will	imply	strong	constraint	on	
the	equa,on	of	state	of	high	density	ma;er	



Ordinary	supernova	could	never	account	for	abundances	of	heavy	nuclei	(explosion	begins	with	lighter	
elements);		Neutron	star	collisions	can	do	this	since	begin	with	heavier	more	neutron	rich	ma;er;		Correctly	

predicts	observed	light	seen	from	collisions	



For	problems	in	real	,me	or	finite	density	systems:		
Path	integral	is	oscilla,ng	

Basar	

Solved	by	looking	for	sta,onary	phase	
points	in	complex	plane	of	fields	

	
Progress	in	understanding	how	to	do	
this	using	Monte	Carlo	techniques	

	
Need	to	find	the	contour	in	the	
complex	field	space	and	evaluate	

integral	along	contour	using	
stochas,c	methods	

	
Alexandru,	Basar,	Bedaque	and	Ridgway	

	



Proper,es	of	Ma;er	at	Very	High	Energy	Density:	

CGC	 Glasma	Ini,al	
Singularity	

Thermalized		
QGP	

Hadron	Gas	

Heavy	Ion	Collision	at	RHIC	and	LHC	are	successfully	
probing	proper,es	of	Quark	Gluon	Plasma		

	
Other	forms	of	ma;er	such	as	Color	Glass	Condensate	
and	Glasma	play	important	role	in	such	collisions	and	

might	be	studied	in	an	electron-ion	collider	
	

Controls	proper,es	of	highest	energy	cosmic	ray	
interac,ons	



Making	Quark	Gluon	Ma;er	in	Heavy	Ion	Collisions	

Hadron	at	rest	

The	part	of	the	
wavefunc,on	of	an	

ultra-rela,vis,c	nucleus	
responsible	for	high	
energy	sca;ering	is	
Lorentz	contracted	

down	to	some	typical	
QCD	size	scale	~	1	Fm	

A	rela,vis,c	hadron	with	high	
momentum	is	composed	of	

many	gluon	and	quark	
cons,tuents	with	much	lower	
momentum	along	its	direc,ons	

of	mo,on.		The	lowest	
momentum	cons,tuents	are	

what	make	the	longitudinal	size	
of	the	hadron		



Color	Glass	Condensate:	
	

Made	from	colored	par,cles	such	as	gluons	and	quarks	
Condensate	because	the	density	of	gluons	is	high	and	the	gluons	are	highly	coherent	
Glass	because	Lorentz	,me	dila,on	of	the	sources	that	generate	the	Color	Glass	

Condensate	slows	,me	scales.		Glasses	are	liquids	that	evolve	so	slowly	they	are	for	
many	purposes	solids.		CGC	is	mathema,cally	like	a	spin	glass.	

McLerran-Venugopalan	

Glasma:	
	

Ma;er	produced	aier	the	collision	singularity	that	is	ini,ally	longitudinal	color	electric	and	
color	magne,c	fields.		These	fields	evaporate	into	gluons	which	undergo	a	turbulent	

cascade	to	eventually	make	a	thermalized	Quark	Gluon	Plasma.	Because	of	the	coherence,	
the	Glasma	is	a	strongly	interac,ng	Quark	Gluon	Plasma	

Kovner,	McLerran,	Weigert	

(Ideas	built	from	satura,on	observa,ons	of	by	Gribov,	Levin,		Ryskin;	Mueller	and	Qiu)	



Before	the	collision,	the	CGC	color	electric	
and	color	magne,c	fields	are	perpendicular	
to	direc,on	of	mo,on.		They	are	analogous	
to	high		fields	of	an	electromagne,cally	

charged,	ultrarela,vis,c	par,cle	

The	collision	dusts	the	colliding	
sheets	with	color	electric	and	
magne,c	charges,	and	makes	
strong	but	weakly	coupled	
longitudinal	color	fields	

It	is	believed	the	Glasma	thermalizes	by		
turbulent	interac,ons	of	classical	fields,	
possibly	with	Bose	condensa,on.		Bose	
condensa,ons	issue	is	not	fully	resolved	

	
Blaizot,	Liao,	Gelis	Venugopalan,	Berges,	Schlich,ng,	
Eppelbaium,	Morre,	Kurkela,	Greiner,		Xu,	Zhao,	

Zhuang		

Hydrodynamic	evolu,on	of	thermalized	QGP	is	fairly	well	
understood	as	evolu,on	of	an	almost	perfect	fluid.	



Summary:	
	

QCD	is	a	rich	theory	with	many	unexpected	proper,es	
	

It	is	now	possible	to	compute	many	object	with	precision	
	

Many	others	await	new	developments	
	
	

There	is	a	fundamental	par,cle,	the	gluon,	that	is	responsible	for	this	wide	variety	of	phenomenon	
	

It’s	proper,es	are	not	understood.	
	

Its	role	in	mass	genera,on	and	confinement	is	tangible	and	accessible	


