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The	Physics	of	the	Strong	Interaction	
in	the	21st Century



Nuclear	Physics	in	Context

…and	applications!



The	Structure	of	Matter



Applications	of	Nuclear	Physics

• Nuclear	Power
• Isotope	dating,	Forensics,	Archeology,	Art
• Radiation	protection	
• Defense

• Radiation	Detectors	->	
Medicine,	materials,	climate,	security

• Accelerators;	gamma	ray	and	synchrotron	
sources,	FELS

• Radioactive	elements	for	medicine	and	
industry
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Scale Transformations

• Isomorphism of SO(4, 2) of conformal QCD with the group of isometries of AdS space

SO(1, 5)

ds2 =
R2

z2
(�µ⇥dxµdx⇥ � dz2),

xµ ⇤ ⇥xµ, z ⇤ ⇥z, maps scale transformations into the holographic coordinate z.

• AdS mode in z is the extension of the hadron wf into the fifth dimension.

• Different values of z correspond to different scales at which the hadron is examined.

x2 ⇤ ⇥2x2, z ⇤ ⇥z.

x2 = xµxµ: invariant separation between quarks

• The AdS boundary at z ⇤ 0 correspond to theQ⇤⌅, UV zero separation limit.
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Beyond the Constituent Quark Model ∗

Eric S. Swanson
Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh, PA 15260

and Jefferson Lab, 12000 Jefferson Ave, Newport News, VA 23606

Abstract

Modern experiment requires a reliable theoretical framework for low energy
QCD. Some of the requirements for constructing a new model of QCD are
presented here. Progress toward these requirements are highlighted.

I. INTRODUCTION

The constituent quark model has a long and distinguished history of service to hadronic
physics [1]. However, its utility is restricted to quark-number conserving hadronic processes
– it has nothing to say about channel coupling, or about gluonic physics in general. And
its connection to QCD is tenuous at best. Indeed, it is clear that present day experiment
is outstripping theory and that new reliable and tractable continuum models of QCD are
required to interpret and guide the new generation of hadronic experiments.

For example, it is very likely that resonant structure is seen in the exotic JPC = 1−+

channel at 1600 MeV; and something is seen at 1400 MeV at BNL, CERN, and VES.
Proving that these states are mesonic hybrids will require a substantial improvement in our
understanding of the dynamics of soft glue, both in terms of the structure of the putative
resonance and in terms of its coupling to ‘canonical’ mesons. Similarly, it is tempting to
interpret the extensive Crystal Barrel data on the f0(1500) as evidence for a scalar glueball.
However, state mixing in the scalar sector is notorious for its strength and its obscurity. This
mixing must be thoroughly mastered before we can claim the discovery of a glueball and this
task will require a reliable model of soft glue. As a final example, consider the extraction of
baryonic resonance parameters from Jefferson Lab, BNL, GRAAL, and Bonn. At modern
energies, one must analyse data using coupled channel methods; thus πN , ππN , πππN , ηN ,
ρN , etc channels become important and one must have a trustworthy method to parameterise
the couplings between the different channels. It will also become increasingly important to
have reliable estimates of background amplitudes. A moments’ reflection reveals that this
is a difficult problem in strong QCD: quark exchange diagrams contribute, but may also be
present at the effective meson-exchange level. More perplexing is the possibility of quark-
antiquark annihilation to intermediate states with excited gluonic content1.

∗Based on a plenary talk presented at Hadrons 2001, Aug 25 - Sept 1, Protvino, Russia.

1There is compelling evidence for this in meson-meson and meson-baryon scattering data [2].
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Matter	Particles
x2	for	R,	x2	for	antiparticles

3	“colors”	=	3	
different	charges:	
red,	green,	blue

0.002	– 178	GeV

Force	Carriers

Note:	gluons	come	in	8	possible	combinations	of	
color/anticolor (9th is	“sterile”	– doesn’t	exist)
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are compared with their measured values. The agreement
is encouraging.

Such calculations clearly demonstrate that confine-
ment and chiral-symmetry breaking are consequences of
solving the equations of QCD. The calculations show us no
massless gluons, nor any fractionally charged particles,
nor the enlarged multiplets that would indicate unbroken
chiral symmetry. Just the observed particles, with the
right properties—neither more nor less.

While these and other massive numerical calcula-
tions give impressive and useful results, they are not the
end of all desire. There are many physically interesting
questions about QCD for which the known numerical
techniques become impractical. Also, it is not entirely sat-
isfying to have our computers acting as oracles, delivering
answers without explanations.
! The second approach is to give up on solving QCD
itself, and to focus instead on models that are simpler to
deal with, but still bear some significant resemblance to
the real thing. Theorists have studied, for example, QCD-
like models in fewer dimensions, or models incorporating
supersymmetry or different gauge groups, and several
other simplified variants. Many edifying insights have
been obtained in this way. By their nature, however, such
modelistic insights are not suited to hard-nosed con-
frontation with physical reality.
! The third approach, which is the subject of the rest of
this article, is to consider physical circumstances in which
the equations somehow become simpler.

Extreme virtuality
The most fundamental simplification of QCD is illustrat-
ed in figure 3. There we see, on the left, the jet-like
appearance of  collision events in which strongly interact-
ing particles (hadrons) are produced in electron–positron
annihilations at high energy. One finds many particles in
the final state, but most of them are clearly organized into
a few collimated “jets” of particles that share a common

direction.6 In about 90% of these hardron-producing
events, there are just two jets, emerging in opposite direc-
tions. Occasionally—in about 9% of the hadronic final
states—one sees three jets.

Compare those multiparticle hadronic events to colli-
sions in which leptons, say muons, are produced. In that
case, about 99% of the time one observes simply a muon
and an antimuon, emerging in opposite directions. But
occasionally—in about 1% of the muonic final states—a
photon is emitted as well.

If history had happened in a different order, the
observation of jet-like hadronic final states would surely
have led physicists to propose that they manifest under-
lying phenomena like those displayed on the right-hand
side of figure 3. Their resemblance to leptonic scattering
and QED would be too striking to ignore.

Eventually, by studying the details of how energy was
apportioned among the jets, and the relative probabilities
of different angles between them, the physicists would
have deduced directly from experimental data that there
are light spin-1/2 and massless spin-1 objects lurking
beneath the appearances, and how these covert objects
couple to one another. By studying the rare 4-jet events,
they could even have learned about the coupling of the
spin-1 particles to each other. So all the basic couplings we
know in QCD might have been inferred, more or less
directly, from experiment. But there would still be one big
puzzle: Why are there jets, rather than simply particles?

The answer is profound, and rich in consequences. It
is that the strength with which gluons couple depends
radically on their energy and momentum. “Hard’’ gluons,
which carry a lot of energy and momentum, couple weak-
ly; whereas the less energetic “soft’’ gluons, couple strong-
ly. Thus, only rarely will a fast-moving colored quark or
gluon emit “radiation” (a gluon) that significantly redi-
rects the flow of energy and momentum. That explains the
collimated flows one sees in jets. On the other hand, there
can be a great deal of soft radiation, which explains the

.

FIGURE 1. THE QCD LAGRANGIAN ⇒ displayed here is, in principle, a complete description of the strong interaction. But, in
practice, it leads to equations that are notoriously hard to solve. Here m

j
and q

j
are the mass and quantum field of the quark of jth

flavor, and A is the gluon field, with spacetime indices m and n and color indices a, b, c. The numerical coefficients f and t guaran-
tee SU(3) color symmetry. Aside from the quark masses, the one coupling constant g is the only free parameter of the theory.



Hadronic Particle	Zoo
- what	can	one	build	from	quarks?



The	Structure	of	Matter
Ø What	is	the	Universe	made	off?
Ø What	are	the	most	fundamental	objects	in	Nature?
Ø What	particles	where	there	in	the	beginning	(right	

after	the	big	bang)?
Ø How	do	they	interact?
Ø How	do	they	form	composite	objects?



All	the	nuclei	in	the	universe

H,	4He,	Li,…
C,	N,	O,	…

Fe,	Ni,…

superheavies?

Challenge:	Most	nuclear	reactions	in	the	Universe	are	at	low	
energies	or	involve	the	weak	interaction	(tiny	cross	sections)	=>	
Experiments	and	Theory	are	HARD!	(subtle	effects	play	big	role!)

n	stars



Hadron	Structure
• Simple-most	(constituent

quark)	model	of	nucleons
(protons	and	neutrons)

• …	becomes	much	more	
complicated	once	we	
consider	the	full	
relativistic	quantum	field	
theory	called	QCD

valence quarks
sea quarks, gluons 

orbital angular momentumcorrelations

meson cloud

quark spin and motion

QCD	=	Quantum	Chromo	
Dynamics	=	theory	of	strong	
interactions	between	quarks	
and	gluons



⇒ Our 1D View of the Nucleon
(depends on energy n and wave length of the virtual photon ∼ 1/Q2)

.	.
	.

W =	final	state	invariant	mass	= M 2 + 2Mν −Q2

• Elastic scattering
(Whole system recoils, x = 1, W = M)

• Resonances 
(x < 1, W < 2 GeV)

• Valence quarks
(x ≥ 0.3, W > 2 GeV)

• Sea quarks, gluons
(x < 0.3)

• “Wee Partons”
(x® 0, Diffraction,
Pomerons)

12

x =	energy	fraction	of	hit	object	=	Q2/2Mn



The	Future:	3D	Partonic
Structure	(Holography)

Traditional	“1-D”	Parton	
Distributions	(PDFs)	
(inclusive,	integrated	over	many	
variables)	

h = ±1

s


k⊥

k

3-D	Picture	of	parton flavor,	spin	
and	momentum	(TMDs)

q(H,

S⊥, x,


k⊥,,h,

s⊥;Q
2 )

q(

S, x, r⊥,,

s;Q2 )

3-D	parton orbits	(GPDs)

q(x;Q2 ), h ⋅H q(x;Q2 )

• From	1-D	to	3-D:
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Nuclear	Structure
• Even	more	complicated!

• Nuclei	effectively	look	like	a	
bunch	of	nucleons,	mesons,	
nucleon	resonances…
bound	together	by	the	strong	
interaction

• Ultimately,	must	be	explained	in	
terms	of	quarks	and	gluons,	as	
well!

• Quark	structure	might	be	
modified	(EMC	effect)	and	in	
turn	affects	nuclear	binding

14



Some	PPPs	(particle	physics	puzzles)

• What’s	up	with	neutrinos?
• What	is	dark	matter?
• What	is	dark	energy?
• Where	does	inflation	come	from?
• Why	is	there	more	matter	than	antimatter?
• Are	there	even	more	fundamental	entities	
than	quarks	and	leptons?

• Are	there	unknown	forces?
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Nuclear/Hadronic	Research	in	the	U.S.
• APS	

– Division	of	Particle	and	Fields
– Division	of	Nuclear	Physics	->	https://www.aps.org/units/dnp/
– Topical	Group	on	Hadronic	Physics	->	https://www.aps.org/units/ghp/

• Publications
– PRC ->	https://journals.aps.org/prc/	; PRD;	PRL
– https://inspirehep.net
– https://arxiv.org

• nucl-ex,	nucl-th,	hep-ex,	hep-lat,	hep-ph,	hep-th

• Funding	Agencies
– DOE	->	https://science.energy.gov/np/
– NSF	->	https://www.nsf.gov/funding/programs.jsp?org=PHY



Facilities	operated	by	NSF

• National	Superconducting	Cyclotron Laboratory	
(NSCL)	atMichigan State	University

• Physics	Frontier	Centers
• ICE	CUBE,	LIGO,	Telescopes,…
• … plus	individual	investigator	grants



DOE	Facilities:	CEBAF



DOE	Facilities:	RHIC



DOE	Facilities:	ATLAS



DOE	Future	Facility:	FRIB



Other	DOE	Facilities
• Accelerators	used	by	Nuclear	Physicists:

– Fermilab (pp,	pd,n,µ)
• University	Labs

– TUNL
– LBL

• Secondary	Beams
– Spallation	Neutron	Source	at	ORNL
– Light	Sources
– UCN	Source	at	LANL

• Non-accelerator	Labs
– SURF	
– Double	Beta-decay	(EXO,	MJD)

• … and	Fusion	and	Fission	reactors,	isotope	production,	High	
Performance	computing…

• Plus	major	commitments	for	experiments	at	CERN	and	other	
international	facilities



DOE	and	NSF:	
Advised	by	NSAC
https://science.energy.gov/np/nsac/



DOE	and	NSF:	
Advised	by	NSAC

141

The 2015 Long Range Plan for Nuclear Science

Reaching for the Horizon

A.2 The Long Range Plan Working Group Membership

Ani Aprahamian, Notre Dame University

Robert Atcher, LANL Laboratory

Helen Caines, Yale University

Gordon Cates, University of Virginia

Jolie Cizewski, Rutgers University

Vincenzo Cirigliano, LANL

David Dean, ORNL

Abhay Deshpande, Stony Brook 
University

Rolf Ent, TJNAF

Renee Fatemi, University of Kentucky

Brad Filippone, California Institute of 
Technology

George Fuller, University of California- 
San Diego

Carl Gagliardi, Texas A&M University

Haiyan Gao, Duke University

Donald Geesaman (chair), ANL

Geoff Greene, University of Tennessee

John Hardy, Texas A&M University

Karsten Heeger, Yale University

David Hertzog, University of Washington

Calvin Howell, Duke University

Andrew Hutton, TJNAF

Peter Jacobs, LBNL

Xiangdong Ji, University of Maryland

Reiner Kruecken, TRIUMF

Sebastian Kuhn, Old Dominion University

Krishna Kumar, Stony Brook University

Suzanne Lapi, Washington University,  
St. Louis

Michael Lisa, Ohio State University

Zheng-tian Lu, ANL

Augusto Macchiavelli, LBNL

Naomi Makins, University of Illinois, 
Urbana-Champaign

Paul Mantica, Michigan State University

Zein-eddine Meziani, Temple University

Richard Milner, Massachussetts Institute 
of Technology

Berndt Mueller, BNL

Jamie Nagle, University of Colorado

Witold Nazarewicz, Michigan State 
University

Filomena Nunes, Michigan State 
University

Erich Ormand, LLNL

Jorge Piekarewicz, Florida State 
University

David Radford, ORNL

Krishna Rajagopal, Massachussetts 
Institute of Technology

Michael Ramsey-Musolf, University of 
Massachusetts

Hamish Robertson, University of 
Washington

Thomas Roser, BNL

Patrizia Rossi, TJNAF

Martin Savage, University of Washington

Guy Savard, ANL

Heidi Schellman, Oregon State 
University

Kate Scholberg, Duke University

Jurgen Schukraft, CERN

Matthew Shepherd, Indiana University

Julia Velkovska, Vanderbilt University

Raju Venugopalan, BNL

Steve Vigdor, Indiana University

Michael Wiescher, Notre Dame 
University

John Wilkerson, University of North 
Carolina

William Zajc, Columbia University

International Observers

Angela Bracco, NuPECC

Dong-pil Min, ANPhA

Agency Representatives

Cyrus Baktash, DOE

Frank (Ted) Barnes, DOE

Elizabeth Bartosz, DOE

George Fai, DOE

Manouchehr Farkondeh, DOE

Jehanne Gillo, DOE

Tim Hallman, DOE

Ken Hicks, NSF

Bogdan Mahalia, NSF

Gulsham Rai, DOE

Allena Opper, NSF

James Sowinski, DOE

https://science.energy.gov/~/media/np/nsac
/pdf/2015LRP/2015_LRPNS_091815.pdf



DOE	and	NSF:	
NSAC	LRP	2015

4

1. Summary and Recommendations

in some cases, we are only now poised to reap the 

benefits of these initiatives. In other cases, anticipated 

upgrades were achieved at a small fraction of the cost 

estimated in 2007, and we are harvesting the benefits 

earlier than expected. All of our current four national 

user facilities, the Continuous Electron Beam Accelerator 

Facility (CEBAF), the Relativistic Heavy Ion Collider 

(RHIC), the Argonne Tandem Linac Accelerator System 

(ATLAS), and the NSF-supported National Supercon-

ducting Cyclotron Laboratory (NSCL), were significantly 

upgraded in capability during this period. A fifth national 

user facility, the DOE-supported Holifield Radioactive Ion 

Beam Facility, was closed down. Care was always taken 

to leverage U.S. investments in an international context 

while maintaining a world-leadership position.

Here are the recommendations of the 2015 Long Range 

Plan.

RECOMMENDATION I

The progress achieved under the guidance of the 2007 
Long Range Plan has reinforced U.S. world leadership 
in nuclear science. The highest priority in this 2015 Plan 
is to capitalize on the investments made.

 ! With the imminent completion of the CEBAF 12-GeV 

Upgrade, its forefront program of using electrons to 

unfold the quark and gluon structure of hadrons and 

nuclei and to probe the Standard Model must be 

realized.
 ! Expeditiously completing the Facility for Rare 

Isotope Beams (FRIB) construction is essential. 

Initiating its scientific program will revolutionize our 

understanding of nuclei and their role in the cosmos.
 ! The targeted program of fundamental symmetries 

and neutrino research that opens new doors to 

physics beyond the Standard Model must be 

sustained.
 ! The upgraded RHIC facility provides unique 

capabilities that must be utilized to explore the 

properties and phases of quark and gluon matter in 

the high temperatures of the early universe and to 

explore the spin structure of the proton.

Realizing world-leading nuclear science also requires 

robust support of experimental and theoretical research 

at universities and national laboratories and operating 

our two low-energy national user facilities—ATLAS and 

NSCL—each with their unique capabilities and scientific 

instrumentation.

The ordering of these four bullets follows the priority 

ordering of the 2007 plan.

RECOMMENDATION II

The excess of matter over antimatter in the universe is 

one of the most compelling mysteries in all of science. 

The observation of neutrinoless double beta decay 

in nuclei would immediately demonstrate that neutrinos 

are their own antiparticles and would have profound 

implications for our understanding of the matter-

antimatter mystery.

We recommend the timely development and 
deployment of a U.S.-led ton-scale neutrinoless 
double beta decay experiment.

A ton-scale instrument designed to search for this as-yet 

unseen nuclear decay will provide the most powerful 

test of the particle-antiparticle nature of neutrinos ever 

performed. With recent experimental breakthroughs 

pioneered by U.S. physicists and the availability of deep 

underground laboratories, we are poised to make a 

major discovery.

This recommendation flows out of the targeted 

investments of the third bullet in Recommendation I. It 

must be part of a broader program that includes U.S. 

participation in complementary experimental efforts 

leveraging international investments together with 

enhanced theoretical efforts to enable full realization of 

this opportunity.

RECOMMENDATION III

Gluons, the carriers of the strong force, bind the quarks 

together inside nucleons and nuclei and generate nearly 

all of the visible mass in the universe. Despite their 

importance, fundamental questions remain about the 

role of gluons in nucleons and nuclei. These questions 

can only be answered with a powerful new electron ion 

collider (EIC), providing unprecedented precision and 

versatility. The realization of this instrument is enabled 

by recent advances in accelerator technology.

We recommend a high-energy high-luminosity polarized 
EIC as the highest priority for new facility construction 
following the completion of FRIB.

The EIC will, for the first time, precisely image gluons in 

nucleons and nuclei. It will definitively reveal the origin 

of the nucleon spin and will explore a new quantum 

chromodynamics (QCD) frontier of ultra-dense gluon 
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fields, with the potential to discover a new form of 

gluon matter predicted to be common to all nuclei. 

This science will be made possible by the EIC’s unique 

capabilities for collisions of polarized electrons with 

polarized protons, polarized light ions, and heavy nuclei 

at high luminosity.

The vision of an EIC was already a powerful one in the 

2007 Long Range Plan. The case is made even more 

compelling by recent discoveries. This facility can 

lead to the convergence of the present world-leading 

QCD programs at CEBAF and RHIC in a single facility. 

This vision for the future was expressed in the 2013 

NSAC report on the implementation of the 2007 Long 

Range Plan with the field growing towards two major 

facilities, one to study the quarks and gluons in strongly 

interacting matter and a second, FRIB, primarily to study 

nuclei in their many forms. Realizing the EIC will keep 

the U.S. on the cutting edge of nuclear and accelerator 

science.

RECOMMENDATION IV

We recommend increasing investment in small-scale 
and mid-scale projects and initiatives that enable 
forefront research at universities and laboratories.

Innovative research and initiatives in instrumentation, 

computation, and theory play a major role in U.S. 

leadership in nuclear science and are crucial to 

capitalize on recent investments. The NSF competitive 

instrumentation funding mechanisms, such as the 

Major Research Instrumentation (MRI) program and 

the Mathematical & Physical Sciences mid-scale 

research initiative, are essential to enable university 

researchers to respond nimbly to opportunities for 

scientific discovery. Similarly, DOE-supported research 

and development (R&D) and Major Items of Equipment 

(MIE) at universities and national laboratories are vital 

to maximize the potential for discovery as opportunities 

emerge.

These NSF funding mechanisms are an essential 

component to ensure that NSF-supported scientists 

have the resources to lead significant initiatives. 

These programs are competitive across all fields, and 

an increase in the funds available in these funding 

mechanisms would benefit all of science, not just nuclear 

physics.

With both funding agencies, small- and mid-scale 

projects are important elements in increasing the agility 

of the field to react to new ideas and technological 

advances. The NP2010 Committee report also made 

a recommendation addressing this need. With the 

implementation of projects, there must be a commitment 

to increase research funding to support the scientists 

and students who will build and operate these projects 

and achieve the science goals. Close collaborations 

between universities and national laboratories allow 

nuclear science to reap the benefits of large investments 

while training the next generation of nuclear scientists to 

meet societal needs.

NSAC is asked to identify scientific opportunities and 

a level of resources necessary to achieve these. So, 

except for the largest-scale facilities, projects named 

in this report are given as examples to carry out the 

science. The funding agencies have well-established 

procedures to evaluate the scientific value and the cost 

and technical effectiveness of individual projects. There 

is a long-standing basis of trust that if NSAC identifies 

the opportunities, the agencies will do their best to 

address these, even under the constraints of budget 

challenges.

INITIATIVES
A number of specific initiatives are presented in the 

body of this report. Two initiatives that support the 

recommendations made above and that will have 

significant impact on the field of nuclear science are 

highlighted here.

A: Theory Initiative

Advances in theory underpin the goal that we truly 

understand how nuclei and strongly interacting matter 

in all its forms behave and can predict their behavior in 

new settings.

To meet the challenges and realize the full scientific 

potential of current and future experiments, we require 

new investments in theoretical and computational 

nuclear physics.

 " We recommend new investments in computational 

nuclear theory that exploit the U.S. leadership in 

high-performance computing. These investments 

include a timely enhancement of the nuclear physics 

contribution to the Scientific Discovery through 

Advanced Computing program and complementary 

efforts as well as the deployment of the necessary 

capacity computing.


