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Collective Phenomena

• Giant resonances
• Deformation, high spin
• Squeezed nuclear matter
• Relativistic Heavy Ion Collisions



Giant Dipole Resonances
354 19 Collective Nuclear Excitations
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Fig. 19.3 Cross-section for !-induced emission of neutrons in neodymium isotopes [2]. The
curves have been shifted vertically for the sake of clarity. Neodymium isotopes progress from being
spherically symmetric to being deformed nuclei. The giant resonance of the spherically symmetric
142Nd nucleus is narrow, while that of the deformed 150Nd nucleus shows a double peak
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Fig. 19.4 The giant dipole resonance as oscillations of the protons and neutrons against each other.
In deformed nuclei (below) two oscillation modes are available
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Fig. 19.7 (a) Quadrupole
vibrations; (b) Octupole
vibrations

a) b)

This illustrative discussion of quadrupole oscillations needs to be explained, in
a similar fashion to our treatment of the giant dipole resonance, in terms of the
shell model and the nature of the nuclear force. In a single-particle picture collective
excitations only arise if the particles in a shell are excited with correlated phases. For
the giant dipole resonances we saw that this took place through coherent addition of
all particle-hole excitations. To now create JP D 2C states we need to either promote
one particle into the next but one shell, or into the next level inside the same shell.
This is a consequence of the spin and parity of the shell states. Shells below 48Ca
have alternating C1 and !1 parity and in heavier nuclei at least states with similar
j will have opposite parities in successive shells. The particle-hole states are in this
case nearly degenerate which can lead to collective states. Exciting particles inside
the same shell leads to low lying quadrupole vibrations, exciting them into the next
but one shell generates giant quadrupole resonances.

While the semiclassical picture of a giant dipole resonance has the protons
and neutrons oscillating against each other, the protons and neutrons in nuclear
quadrupole oscillations can move either with the same or opposite phase. If they
move in phase the isospin is unchanged, if oppositely it is changed by unity. We
will only consider the first case here. The interaction between particle-hole states
which causes this in-phase motion is, obviously, of an attractive type. If we were to
solve the secular equation for a collective 2C state, we would see that the attractive
interaction shifts the energy levels downwards. The lowest energy state is built
up out of a coherent superposition of particle-hole states with JP D 2C and is
collectively shifted down.

The various collective excitations in the framework of the shell model are
depicted in Fig. 19.8. The giant quadrupole resonance splits into two parts. That
with !I D 1, which comes from proton-neutron repulsion, is, similarly to the giant
dipole resonance, shifted up to higher energies. The giant quadrupole resonance
which has !I D 0 corresponds to shape oscillations and is shifted down. In both
cases, however, the shift is smaller than was the case for the giant dipole resonance,
which implies that the collective nature of these excitations is less pronounced.
This may be explained as follows: the one-particle-one-hole excitations which
build up the giant dipole resonance can only, for reasons of energy, enter a few
other states, which themselves are one-particle-one-hole excitations in the same
shell combinations. This state made up of single-particle-hole excitations is thus
long lived and displays a strongly coherent nature. This is all no longer true for
excitations into the next shell but one, such as those which comprise the quadrupole

(from Povh et al.)



Rotational States
(from Povh et al.)
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nucleon is excited into a higher shell are nearly degenerate. Coherent superposition
of these particle-hole states then form a collective excitation. Shape oscillations can
be interpreted as coherent superpositions of the movement of single particles, but a
quantitative description is only possible in terms of collective variables.

19.4 Rotational States

Nuclei with sufficiently many nucleons outside of closed shells display a character-
istic excitation pattern: a series of states with increasing total angular momentum,
the separation between whose energies increases linearly. These excitations are
interpreted as corresponding to the nucleus rotating and, in analogy to molecular
physics, the series are called rotational bands. Electric quadrupole transitions
between the states of a rotational band display a markedly collective nature. The
excitation pattern, and also the collective character of the quadrupole transitions, are
understood as consequences of these nuclei being highly deformed [3]. Generally
speaking the spin of the nuclear ground state is coupled to the angular momentum
of the collective excitations. We will bypass this complication by only considering
even-even nuclei, since these have spin zero in the ground state.

Rotational energy in classical mechanics depends upon the angular momentum
J and the moment of inertia !:

Erot D
jJrotj2
2!

: (19.42)

In quantum mechanics rotation is described by a Hamiltonian operator

Hrot D
J2

2!
: (19.43)

In such a quantum mechanical system the rotation must be perpendicular to the
symmetry axis. The eigenstates of the angular momentum operator J are the
spherical harmonic functions Ym

J , which describe the angular distribution of the
wave function. The associated eigenvalues are:

EJ D J.J C 1/ „
2

2!
: (19.44)

The gaps between successive states increase linearly because of EJC1!EJ D 2.JC
1/„2=2!. This is typical of rotating states. Only even values of J are attainable, for
reasons of symmetry, for those nuclei which have JP D 0C in the ground state. The
moment of inertia ! can be found from the spins and excitation energies.
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Fig. 19.10 Photon spectrum of a Coulomb excited 232Th nucleus. Three series of matching lines
may be seen. The strongest lines correspond to transitions in the ground state rotational band
Jg ! .J ! 2/g. The other two bands are strongly suppressed and are the results of excited states
(cf. Fig. 19.12) [8]
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Fig. 19.11 Experimental apparatus for investigating Coulomb excitation in heavy ion collisions.
In the example shown a 90Zr beam hits a 232Th target. The backwardly scattered Zr projectiles
are detected in a silicon detector. A germanium detector, with which the ! cascades inside the
rotational bands can be finely resolved, gives a precise measurement of the ! spectrum. These
photons are additionally measured by a crystal ball of NaI crystals with a poorer resolution. A
coincidence condition between the silicon detector and the NaI crystals can be used to single out
an energy window inside which one may study the nuclear rotational states with the germanium
detector (From [8])



The Structure of Matter
Ø What nuclei is the Universe made off?
Ø What nuclei where there in the beginning (right after 

the big bang)?
Ø When and how did nuclei important for life form?
Ø Where do heavy nuclei come from?



Experiments	on	high-energy	heavy-ion	physics�

ShinIchi	Esumi,	Inst.	of	Physics,	Univ.	of	Tsukuba	
Tomonaga	Center	for	the	History	of	the	Universe	(TCHoU)�

															Contents	
	
•  FaciliCes	and	Experiments	

•  CollecCve	flow	and	freeze-out	
•  Jets,	γ	and	hard	probes	
•  VorCcal	and	chiral	magneCc	fluid	
•  FluctuaCon	and	criCcal	point	
•  Summary	

QNP2018,	Quark	and	Nuclear	Physics,	16/Nov/2018,	Tsukuba,	Japan� ShinIchi	Esumi,	Univ.	of	Tsukuba,	TCHoU� ��



2.2 The Quark Gluon Plasma

This section describes what is the Quark Gluon Plasma, why it is important
for astrophysics and cosmology, and why it provides a laboratory in which
one can study the origin of mass and of confinement.[1]

2.2.1 What is the Quark Gluon Plasma?

Matter at low energy densities is composed of electrons, protons and neu-
trons. If we heat the system, we might produce thermal excitations which
include light mass strongly interacting particles such as the pion. Inside the
protons, neutrons and other strongly interacting particles are quarks and
gluons. If we make the matter have high enough energy density, the pro-
tons, nucleons and other particles overlap and get squeezed so tightly that
their constituents are free to roam the system without being confined inside
hadrons.[4] At this density, there is deconfinement and the system is called
a Quark Gluon Plasma. This is shown in Fig. 1

Hadron GasQuark-Gluon Plasma

Figure 1: As the energy density is decreased, the Quark Gluon Plasma con-
denses into a low density gas of hadrons. Quarks are red, green or blue and
gluons are yellow.

As the energy density gets to be very large, the interactions between the
quarks and gluons become weak. This is a consequence of the asymptotic
freedom of strong interactions: At short distances the strong interactions
become weak.

The Quark Gluon Plasma surely existed during the big bang. In Fig 2,
the various stages of evolution in the big bang are shown. At the earliest
times in the big bang, temperatures are of order T → 1019 GeV , quantum
gravity is important, and despite the efforts of several generations of string
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Figure 2: The various forms of matter, and the types of physics which are
probed during the big bang.

theorists, we have little understanding. At somewhat lower temperatures,
perhaps there is the grand unification of all the forces, except gravity. It
might be possible that the baryon number of the universe is generated at
this temperature scale. At much lower temperatures, of order T → 100 GeV ,
electroweak symmetry breaking takes place. It is possible here that the
baryon asymmetry of the universe might be produced. At temperatures of
order T → 1 GeV , quarks and gluons become confined into hadrons. This is
the temperature range RHIC is designed to study. At T → 1 MeV , the light
elements are made. This temperature corresponds to an energy range which
has been much studied, and is the realm of conventional nuclear physics. At
temperatures of the order of an electron volt, corresponding to the binding
energies of electrons in atoms, the universe changes from an ionized gas to a
lower pressure gas of atoms, and structure begins to form.

The Quark Gluon Plasma is formed at energy densities of order 1 GeV/Fm3.
Matter at such energy densities probably exists inside the cores of neutron
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RHIC Physics: The Quark Gluon Plasma and

The Color Glass Condensate: 4 Lectures→

Larry McLerran
Physics Department PO Box 5000 Brookhaven National Laboratory Upton, NY 11973 USA

November 4, 2003

Abstract

The purpose of these lectures is to provide an introduction to the

physics issues which are being studied in the RHIC heavy ion program.

These center around the production of new states of matter. The

Quark Gluon Plasma is thermal matter which once existed in the big

bang which may be made at RHIC. The Color Glass Condensate is

a universal form of matter which controls the high energy limit of

strong interactions. Both such forms of matter might be produced

and probed at RHIC.

1 Introduction

These lectures will introduce the listener to the physics issues behind the
experimental heavy ion program at RHIC. This program involves the colli-
sions of protons on protons, deuterons on nuclei, and nuclei on nuclei. The
collision energy is of order 200 GeV per nucleon in the center of mass. The
goal of these experimental studies is to produce new forms of matter. This
may be a Quark Gluon Plasma or a Color Glass Condensate. The properties
of these forms of matter are described below.

The outline of these lectures is
∗Lectures Delivered at the BARC Workshop “Mesons and Quarks”, Mumbai, India;

Jan.-Feb. 2003
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Phase Diagram for Baryonic MatterR6 Topical Review
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Figure 1. Phase diagram for baryonic matter.

expectations of the nucleonic model of nuclei grow approximately linearly with the nuclear
density, suggesting that the properties of the quark–gluon droplets could indeed deviate very
strongly from those of a collection of nucleons.

It is important to recall that the properties of dense nuclear matter are closely related
to outstanding issues of QCD such as the existence of chiral symmetry restoration and
deconfinement, as well as determining the nature of the onset of quark–gluon degrees of
freedom and the structure of the phase transition from hadronic to quark–gluon states of
matter. In QCD, transitions to new phases of matter are possible in different regimes
of density and temperature. In particular, it has been suggested [27] that nuclear matter
could exist in a colour superconductivity phase caused by the condensation of diquarks.
Recent estimates suggest that the average nuclear density could lie in between that of the
dilute nucleon phase and the superconducting phase [28, 29]. It is therefore natural to ask
whether one can observe precursors of such a phase transition by studying the quark–gluon
properties of superdense droplets of nuclear matter, i.e., configurations when two or more
nucleons come close together. It should also be remembered that the EMC effect has been
interpreted as a delocalization of quarks in nuclei, which is qualitatively consistent with a
proximity to the phase transition. More recently, measurements of in-medium proton form
factors also hint at such a modification of nucleon structure [30].

So far, the major thrust of studies looking for the phase transitions in hadronic matter has
been focused in the high-temperature region (figure 1), which may be realized in high-energy
heavy-ion collisions. The low-temperature region of high densities, critical for building the
complete picture of phase transitions and for determining if the transition from neutron to
quark stars is possible, is practically unexplored. We wish to argue that this unexplored
low-temperature region, crucial for the understanding of the equation of state of neutron stars,
is amenable to studies using high-energy lepton probes. Jefferson Lab, upgraded to higher
energies [14], would be able to explore this region and provide studies of nuclear fluctuations
as dense as 4–8ρ0.

QNP2018,	Quark	and	Nuclear	Physics,	16/Nov/2018,	Tsukuba,	Japan� ShinIchi	Esumi,	Univ.	of	Tsukuba,	TCHoU� ��
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DENSE BARYONIC MATTER
and 

STRANGENESS  in  NEUTRON STARS
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Introductory reminder of relevant scales

From nuclear to dense baryonic matter 

Nuclear chiral thermodynamics 

In-medium chiral effective field theory (perturbative) 

Strangeness and baryonic matter 

“Hyperon puzzle” in neutron stars 

Hyperon-nuclear interactions from Chiral SU(3) EFT

Renormalisation group methods (non-perturbative) 



Part I: Hot baryonic matter (HI collisions)

Nucleus-Nucleus	collision	
hadronic-cascade	simulaMon�
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“Standard Model” of HI Collisions
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High-energy	heavy-ion	
accelerators	:		

AGS/RHIC	at	BNL	
SPS/LHC	at	CERN	

From	few	GeV	to	few	TeV�

BNL	 CERN	

LHC	

RHIC	

AGS	
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PHENIX�

STAR�

CMS�

ATLAS�

ALICE�Experiments	at	RHIC	and	LHC�
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J/ψ	suppression	and	regeneraMon	at	LHC�

consistent	with	charm	coalescence	scenario	
confirmed	by	J/ψ	and	charm	flow	(v2)�

Suppression	of	iniCal	J/ψ�
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Υ (Upsilon)	suppression	at	LHC		
---	more	likely	from	color	screening	(like	J/ψ	at	SPS/RHIC)		---	�

CMS-HIN-16-023�
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Figure 2.12: A single LHC heavy-ion collision with one high energy jet 
(upper right) and no apparent partner jet—because it has been quenched 
by the QGP produced in the collision.

The combined RHIC and LHC results on single hadron 

suppression (the fate of the most energetic particle 

emerging from the jet) have, in concert, been a powerful 

tool. Keys to their utility include: (i) the fact that the 

measurement ranges are complementary but overlap, 

(ii) the different physics from different temperature QGP 

created in collisions with different energies, and (iii) 

the different kinematics of the jets. These results have 

been compared with theoretical calculations where 

the leading parton loses energy via induced radiation. 

As the parton traverses the medium, it is jostled and, 

just as electric charges that undergo acceleration 

radiate photons, jostled color charges radiate gluons. 

The jostling and the consequent radiation and energy 

loss are parameterized via the same “jet quenching 

parameter”; a recent major accomplishment has been 

to reduce the uncertainty on this parameter by an order 

of magnitude, revealing stronger jostling in the QGP 

produced at RHIC than in the hotter QGP at the LHC. 

This analysis required a substantial theoretical effort 

involving the development and deployment of state-of-

the-art calculations of the dynamics of the expanding 

droplet and of parton energy loss. A DOE Topical 

Collaboration played a key role by bringing people with 

varied, and needed, expertise together effectively, with 

common goals to attack these problems. Further steps 

in the direction of true microscopy require the analysis of 

a wealth of fully reconstructed jet observables, to which 

we now turn.

Jets as Microscopes on the Inner Workings of QGP

Just as condensed matter physicists seek to understand 

how strange metals with no apparent particulate 

description arise from interacting electrons, nuclear 

physicists must understand how a nearly perfect liquid 

arises from matter which, at short distance scales, is 

made of weakly interacting quarks and gluons. This will 

require new microscopes trained upon QGP together 

with theoretical advances. Jets provide tools of great 

potential for microscopy because their modification as 

they travel through QGP is influenced by the structure of 

the medium at many length scales. However, measuring 

the modifications to the “shapes” of jets and extracting 

information about the structure of QGP at different 

length scales from such data present both experimental 

and theoretical challenges.

Although the full promise of jets as microscopes has 

yet to be realized, the qualitative lessons learned 

to date from fully reconstructed jets at the LHC are 

encouraging. These studies have shown that the 

interaction of a jet with the medium does not detectably 

alter the direction of the jet as a whole and that while 

the energy loss is substantial, the depleted jets that 

emerge from the droplet are not substantially modified 

in other respects. They have shown that the energy 

lost by the jet as it traverses liquid QGP ends up as 

many low-momentum particles spread over angles far 

away from the average jet direction, i.e., as a little bit 

more QGP. At a qualitative level, these observations 

are consistent with expectations for how jets should 

behave in strongly coupled plasma, expectations that 

are based upon calculations done in model systems that 

can be analyzed via mapping questions about jets onto 

questions about strings in an equivalent gravitational 

description. At the same time, many attributes of the 

jets that emerge from QGP are described very well at 

weak coupling, for example, the fact that they have quite 

similar fragmentation patterns and angular shapes as 

jets that form in vacuum. This makes us optimistic that 

jets encode information about the structure of QGP over 

a wide range of length scales.

One path to realizing the potential of jets as microscopes 

is illustrated in Sidebar 2.5. The pointlike quarks and 

gluons that become visible if the microscopic structure 

of QGP can be resolved make it more likely that jets, or 
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the magnitude of the EMC effect in that same nucleus, 

illustrated by the straight line in Figure 2.8. This result 

seems to indicate that both of these effects may depend 

on local nuclear density or, perhaps, that nucleons in 

correlated high-momentum pairs have the most strongly 

modified quark distributions. At JLab 12-GeV, high-preci-

sion experiments will be performed to further study both 

of these effects in a wide variety of nuclei. Furthermore, 

by “tagging” some of the participants in short-range 

collisions, it will be possible to directly explore the 

connection between those two phenom ena. With these 

data and concurrent theoretical development, we are 

poised to greatly improve our understanding of the 

interplay between nuclear binding and QCD.
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Figure 2.8: This plot illustrates, for a sample of eight nuclei, the apparent 
linear relationship between a parameter that characterizes the number of 
two-nucleon correlated pairs, a2(A/d), and the strength (i.e., the slope) of 
the EMC effect. A clear correlation is evidenced by the straight line that all 
eight nuclei fall on.

2.2 QCD and the Phases of 
Strongly Interacting Matter
Nuclear collisions at the RHIC and the LHC produce 

matter with temperatures in the trillions of degrees. 

In this way, scientists are recreating the matter that 

filled the microseconds-old universe for the purpose 

of characterizing its properties and understanding how 

it works. It was understood in the 1970s that ordinary 

protons and neutrons could not exist at temperatures 

above two trillion degrees Celsius. The predicted new 

form of matter, which can be recreated by heating 

protons and neutrons until they “melt,” was named 

quark-gluon plasma (QGP). RHIC was built for the 

purpose of recreating QGP and has been doing so since 

2000; the LHC was built to look for the Higgs boson and 

possible physics beyond the Standard Model and, at the 

same time, has provided the highest temperature QGP 

starting in 2010. Through measurements made at RHIC 

and the LHC and critical advances in theory, we now 

have a good idea of what QGP is and how it behaves.

A huge surprise at RHIC was the discovery that QGP 

is a liquid, a result then confirmed at the LHC. And not 

just any liquid: it flows with the lowest specific viscosity 

(characterized in terms of the ratio of shear viscosity to 

entropy density d/s) of any liquid known, for example, 

more than ten times smaller than that of water. Over the 

past five years nuclear physicists have begun to quantify 

just how perfect the QGP liquid is by virtue of enormous 

progress on two primary fronts.

The tools available to produce and characterize the 

liquid have been dramatically enhanced. The energy 

range over which QGP can be studied has been 

extended upward by a factor of 14 with the launch of the 

LHC and downward by a factor of 25 with the operation 

of RHIC below its maximum energy. The rate of collisions 

at both facilities has been improved by an order of 

magnitude, at RHIC via an accelerator upgrade that was 

accomplished at 1/7th the cost anticipated at the time of 

the last Long Range Plan. The precision and versatility 

of the detector capabilities have been correspondingly 

upgraded.

The comparison of more extensive and sophisticated 

data with more advanced theory has facilitated 

quantitative characterization of QGP properties. The 

theoretical treatment of relativistic fluids, including 

viscosity and ripples in the initial matter density, has 

been developed and has successfully described the 

features seen in large and diverse data sets. Such 

comparisons have not only constrained the magnitude 

of d/s but are also beginning to teach us about its 

temperature dependence and about the nature of 

the ripples in the matter density originating from the 

colliding nuclei. Similar advances are now being made in 

understanding how energetic quark and gluon “probes” 

propagate through QGP and how the liquid responds to 

their passage.

As a result of these recent advances, we now know that 

the d/s of QGP is very close to a fundamental quantum 

limiting value deduced for the extreme hypothetical 

case when the quarks and gluons have infinitely 

strong interactions—an extreme that can, remarkably, 

be theoretically related to the physics of gravitons 

falling into a black hole. While QCD does, of course, 
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the magnitude of the EMC effect in that same nucleus, 

illustrated by the straight line in Figure 2.8. This result 

seems to indicate that both of these effects may depend 

on local nuclear density or, perhaps, that nucleons in 

correlated high-momentum pairs have the most strongly 

modified quark distributions. At JLab 12-GeV, high-preci-

sion experiments will be performed to further study both 

of these effects in a wide variety of nuclei. Furthermore, 

by “tagging” some of the participants in short-range 

collisions, it will be possible to directly explore the 

connection between those two phenom ena. With these 

data and concurrent theoretical development, we are 

poised to greatly improve our understanding of the 

interplay between nuclear binding and QCD.
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Figure 2.8: This plot illustrates, for a sample of eight nuclei, the apparent 
linear relationship between a parameter that characterizes the number of 
two-nucleon correlated pairs, a2(A/d), and the strength (i.e., the slope) of 
the EMC effect. A clear correlation is evidenced by the straight line that all 
eight nuclei fall on.

2.2 QCD and the Phases of 
Strongly Interacting Matter
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In this way, scientists are recreating the matter that 

filled the microseconds-old universe for the purpose 

of characterizing its properties and understanding how 

it works. It was understood in the 1970s that ordinary 
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case when the quarks and gluons have infinitely 
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be theoretically related to the physics of gravitons 
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Sidebar 2.3: Fluctuations in the Big and Little Bangs
Fluctuations from after the Big Bang around the time 

atoms were first forming are preserved in time until the 

image at the top left is taken. Cosmologists’ quantitative 

analysis of precise measurements (bottom-left graph) 

made from this image of the one Big Bang tell us key 

properties of the universe, for example, how much 

dark matter it contains. In heavy-ion collisions, nuclear 

physicists produce billions of “little bangs” and study their 

average properties and how they vary as an ensemble. 

These experiments, which reproduce tiny droplets of Big 

Bang matter for laboratory analysis, answer questions 

about the material properties of this liquid that cannot 

be accessed by astronomical measurements. The top-

right images are theoretical calculations of ripples in 

the matter density expected in the earliest moments of 

four of the billion little bangs. One of the signatures of 

the extraordinary liquidity of QGP comes in the form of 

fluctuations in the patterns of particles emerging from 

RHIC and LHC collisions, fluctuations traced to the 

survival of the matter density ripples with which the QGP 

is born. The bottom-right figure shows a suite of precise 

measurements that describes the shape (elliptical, 

triangular, quadrangular, pentagular) of the exploding 

debris produced in the little bangs, together with a 

quantitative theoretical analysis that describes these 

data and tells us key properties of QGP, for example its 

specific viscosity d/s. All the curves in each panel come 

from one theoretical calculation, with initial ripples and 

d/s specified. Ripples, as in the top-right figure, originate 

from gluon fluctuations in the incident nuclei; if QGP 

had a specific viscosity as large as that of water, though, 

these ripples would dissipate so rapidly as to disappear 

before they could be measured. The fact that they 

survive and can be seen and characterized in the shapes 

of the debris from the collisions, as at the bottom right, 

tells us about the origin of the ripples and the smallness 

of d/s in QGP. These data and theoretical calculations 

in concert show that the QGP produced at both RHIC 

and the LHC is a much more nearly perfect liquid than 

water and hint that it becomes somewhat less liquid 

(has a somewhat larger d/s) at the higher temperatures 

reached by the LHC. An increase in d/s in going from 

RHIC energies (and temperatures) to those of the LHC 

is expected: the defining characteristic of the strong 

interaction is that quarks and gluons interact less strongly 

at higher energies and temperatures, meaning that hotter 

QGP is expected to become a less perfect liquid.
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Sidebar 2.4: The States of QCD Matter
The study of states of matter governed by the strong 

force parallels progress in other fields of matter in 

which surprising “emergent phenomena,” striking 

macroscopic phenomena in no way apparent in the 

laws describing the interactions between microscopic 

constituents, have been discovered. High temperature 

superconductivity is an emergent phenomenon arising 

in strongly correlated, electromagnetically interacting 

matter. The first goals after its discovery included the 

mapping of its phase diagram, shown at the upper-left, 

and the characterization of the newly found phases of 

matter, including the strange metal phase. As with QGP, 

there is no known way to describe its structure and 

properties particle by particle; understanding strange 

metals remains a central challenge. Experimental 

progress can come by changing the material doping—

adding more holes than electrons—and by probing the 

material at shorter wavelengths—for example, with the 

angle resolved photo emission spectroscopy (ARPES) 

technique, shown on the lower left—with the goal of 

understanding how strong correlations result in the 

emergence of the surprising macroscopic phenomena. 

Near perfect fluidity is an equally exciting and 

unexpected emergent phenomenon, in this case arising 

in strongly interacting matter in the QGP phase. Doping 

QGP, adding more quarks than antiquarks, is done via 

changing the collision energy and enables a search for 

a possible critical point in the phase diagram shown in 

the upper right. The reach of the RHIC BES-II program 

that will be enabled by new instrumentation at RHIC is 

shown, as are the trajectories on the phase diagram 

followed by the cooling droplets of QGP produced in 

collisions with varying energy. The microscopy of QGP 

is enabled by new “microscopes,” such as sPHENIX, 

shown in the lower right, and upgraded detectors and 

luminosities in the combined RHIC and LHC program.
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The trends and features in BES-I data provide compelling 

motivation for a strong and concerted theoretical 

response, as well as for the experimental measurements 

with higher statistical precision from BES-II. The goal 

of BES-II is to turn trends and features into definitive 

conclusions and new understanding. This theoretical 

research program will require a quantitative framework 

for modeling the salient features of these lower energy 

heavy-ion collisions and will require knitting together 

components from different groups with experience 

in varied techniques, including LQCD, hydrodynamic 

modeling of doped QGP, incorporating critical 

fluctuations in a dynamically evolving medium, and more.

Experimental discovery of a critical point on the QCD 

phase diagram would be a landmark achievement. The 

goals of the BES program also focus on obtaining a 

quantitative understanding of the properties of matter 

in the crossover region of the phase diagram, where it 

is neither QGP nor hadrons nor a mixture of the two, as 

these properties change with doping.

Additional questions that will be addressed in this 

regime include the quantitative study of the onset 

of various signatures of the presence of QGP. For 

example, the chiral symmetry that defines distinct 

left- and right-handed quarks is broken in hadronic 

matter but restored in QGP. One way to access the 

onset of chiral symmetry restoration comes via BES-II 

measurements of electron-positron pair production in 

collisions at and below 20 GeV. Another way to access 

this, while simultaneously seeing quantum properties 

of QGP that are activated by magnetic fields present 

early in heavy collisions, may be provided by the slight 

observed preference for like-sign particles to emerge 

in the same direction with respect to the magnetic field. 

Such an effect was predicted to arise in matter where 

chiral symmetry is restored. Understanding the origin 

of this effect, for example by confirming indications that 

it goes away at the lowest BES-I energies, requires the 

substantially increased statistics of BES-II.

NEW MICROSCOPES ON THE INNER 
WORKINGS OF QGP
To understand the workings of QGP, there is no 

substitute for microscopy. We know that if we had a 

sufficiently powerful microscope that could resolve the 

structure of QGP on length scales, say a thousand times 

smaller than the size of a proton, what we would see 

Figure 2.10: The top panel shows the increased statistics anticipated 
at BES-II; all three lower panels show the anticipated reduction in 
the uncertainty of key measurements. RHIC BES-I results indicate 
nonmonotonic behavior of a number of observables; two are shown in 
the middle panels. The second panel shows a directed flow observable that 
can encode information about a reduction in pressure, as occurs near a 
transition. The third panel shows the fluctuation observable understood 
to be the most sensitive among those measured to date to the fluctuations 
near a critical point. The fourth panel shows, as expected, the measured 
fluctuations growing in magnitude as more particles in each event are 
added into the analysis.

are quarks and gluons interacting only weakly with each 

other. The grand challenge for this field in the decade 

to come is to understand how these quarks and gluons 

conspire to form a nearly perfect liquid.

Microscopy requires suitable messengers that reveal 

what is happening deep within QGP, playing a role 

analogous to light in an ordinary microscope. The 
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messengers we describe here are heavy quark bound 

states which characterize the nature of QGP on three 

different length scales, as well as jets, which further 

characterize the liquid and provide the best path to true 

microscopy that is presently envisioned.

Characterizing QGP on Three Length Scales at Once

Bound states of a heavy quark and antiquark, referred 

to as quarkonia, are particularly interesting because 

if they are small enough in size, which is to say if they 

are sufficiently tightly bound, they are predicted to 

survive immersion in QGP. If they are larger, however, 

the QGP that gets between the quark and antiquark is 

predicted to make the quarkonia melt away, analogous 

to the way molecules dissociate in electromagnetic 

plasmas. Studying the survival probabilities of quarkonia 

of different sizes characterizes QGP on different length 

scales. In the case of the J/s, the most bound state of a 

charm and anticharm quark, there is a large suppression 

of these particles in RHIC collisions as expected. In 

the higher temperature QGP created in LHC collisions, 

the suppression is less. This represents very strong 

evidence that, despite melting at early times, new 

J/y mesons re-form between new partner charm and 

anticharm quarks late in the collision.

The newly-won understanding of charm-anticharm 

quarkonia sets the table for the case of bottom and 

antibottom quarks that bind to form upsilon particles. 

Three different upsilon states, with three different sizes, 

can be measured in heavy-ion collisions using the same 

techniques. First measurements of these upsilon states 

at the LHC follow the ordering expected if the QGP 

produced in LHC collisions is unable to melt the smallest 

upsilons but can melt the larger ones. Higher statistics 

measurements to come will enable checks of how these 

patterns depend upon the momentum of the quarkonia 

and the collision geometry.

Upsilons have also been detected at RHIC, and their 

measurement will be improved by new upgrades to the 

STAR detector in the near future. Ultimately, one will 

need very precise data, as shown in Figure 2.11, which 

are enabled by the sPHENIX detector. The comparison 

with similarly precise data from the LHC will allow us to 

cleanly detect the temperature dependence of how QGP 

screens the quark-antiquark force on three different 

length scales.

Figure 2.11: The projected sPHENIX mass separation of the three upsilon 
states (in the inset) and the projected accuracy of measuring their nuclear 
suppression in collisions with varying impact parameters. Three sets of 
theory curves show the melting dependence on the degree of fluid perfection.

Jets as Probes of QGP

At the earliest moment of a heavy-ion collision, 

occasionally two quarks or gluons have a “hard 

scattering” in which they are kicked in opposite 

directions that are very different from the direction of the 

beam in which they flew in. These quarks and gluons 

find themselves moving at very high velocities through 

the liquid QGP made in the collision, thus providing 

crucial characterizations of its properties. Early in the 

RHIC program, it was a major discovery that these 

partons lose significant energy as they pass through 

QGP, a phenomenon referred to as “jet quenching.” 

The name comes from the fact that if these partons 

were produced in vacuum, they would fragment into a 

collimated spray, or “jet,” of hadrons.

At the LHC, the higher rate of these hard scattering 

events combined with detectors with large accep tance 

yielded the first results for heavy-ion collisions where 

the energy carried by all the hadron fragments could be 

assembled to fully reconstruct the jets. Figure 2.12 shows 

the power of the large coverage and the clear energy 

imbalance between one jet and its barely visible partner 

jet, suggesting an event in which the two back-to-back 

partons had to traverse differing lengths of QGP.
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Sidebar 2.5: Jetting through the Quark-Gluon Plasma
Understanding how quark-gluon plasma (QGP) works 

requires new microscopy using energetic quark probes 

called “jets,” generated in the initial interaction of the 

colliding beams. These high-energy quarks are initially 

able to “see” the very short distance structure of the 

medium they traverse. As they propagate, they rapidly 

shed energy by splitting off lower energy partons and, 

as this happens, the length scale that they “see” grows 

rapidly. The combination of all these partons eventually 

forms the hadrons that together make up a jet. The 

curves in the top-left panel illustrate how the resolving 

power (inverse of length scale) of jets at the LHC and 

RHIC decreases (symbolically, from green to yellow to 

orange) as they propagate and as the QGP in which they 

are propagating cools. The highest energy jets at the 

LHC probe very short wavelengths, where they should 

resolve the individual weakly coupled “bare” quarks 

and gluons (green). A key area is the lowest energy 

jets, optimally measured at RHIC, that probe longer 

wavelengths toward the scale of the nearly perfect liquid 

itself (orange). The curves are heavier in the regime 

where the resolving power of the jets is determined 

largely by the medium itself. The bottom-left panel 

shows the momentum range, related to the resolving 

power, of many jet observables in current measurements 

(muted red and blue) and the enormously increased 

reach at both RHIC (bright red) and the LHC (bright blue) 

enabled by upgrades including the sPHENIX microscope 

at RHIC.

A century ago, Ernest Rutherford discovered atomic 

nuclei by aiming a beam of alpha particles at a gold foil 

and observing that they were sometimes scattered at 

large angles. The simplest way to “see” pointlike quarks 

and gluons within QGP is, as Rutherford would have 

understood, to look for evidence of jets, or partons 

within jets, scattering off individual quarks and gluons as 

they plow through QGP. As the top-right panel illustrates, 

partons that can resolve the microscopic structure of 

QGP are more likely to be deflected by larger angles 

than the partons with less resolving power that only see 

the nearly perfect liquid. First exploratory measurements 

of the jet deflection angle are now being carried out 

at the LHC (lower-right, where the sharp peak at the 

right-hand edge of the plot corresponds to undeflected 

jets) and at RHIC. Full exploitation of Rutherford-like 

scattering experiments requires the capabilities of 

sPHENIX at RHIC as well as upgrades to the LHC and its 

detectors. 

Understanding the evolution of the microscopic 

substructure of QGP as a function of scale will complete 

the connection between the fundamental laws of nature, 

QCD, and the emergent phenomena discovered at RHIC.
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splits into a quark and antiquark, each of which has 

both electric and color charge. If, for example, the quark 

and anti-quark recombine after the scattering to form a 

phi-meson, which one detects in coincidence with the 

scattered electron to reveal that the nucleus has been 

left intact, one can infer the spatial distribution of gluons 

in the nucleus—unprecedented information extending 

the work of Friedman, Kendall, and Taylor to a new layer 

of internal structure.

At sufficiently low momentum fraction, the density of 

gluons inside a nucleus must saturate, as in frame (e), in 

order to avoid violating fundamental physical principles. 

This can occur because at high density the probability 

for two gluons to recombine into one counterbalances 

the probability for one gluon to split into two. Before 

saturation is reached, an electron encountering a 

nucleus moving toward it near light speed sees a 

relativistically contracted object as in frame (d), with 

much higher gluon density than it would if colliding 

with a single proton. In fact, to attain comparable gluon 

densities, one would have to study electron-proton 

collisions at energies two orders of magnitude higher 

than in electron collisions with heavy nuclei. This is why 

the ion beams are so important in the EIC. They provide 

early access, allowing us to image nuclei as strongly 

correlated gluon systems with universal properties. This 

picture of nuclei—indeed, of all hadrons—determines 

their interactions at very high energies, whether in a 

terrestrial collider facility such as RHIC or LHC or in the 

highest energy radiation from cosmic sources. It is the 

ultimate picture of nuclei at their deepest level.

Schematic illustration of the evolving landscape in a nucleus as we alter the resolving power and energy of the electron scattering process used to probe it.
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The 2015 Long Range Plan for Nuclear Science

Reaching for the Horizon

Figure 2.17: Projected measurement precision for gluon distributions in 
transverse space inside a proton, obtained from exclusive J/s production at 
the EIC. Projections are shown for three different bins in the fraction of the 
proton’s momentum carried by the gluons.

Nuclei as a Laboratory for Emergent QCD 
Phenomena
How do gluons and sea quarks contribute to the 
nucleon-nucleon force, as manifested in the internal 
landscape of light nuclei?

The ability of the EIC to collide electrons with nuclei, 

from light to heavy and at varying energies, presents 

us with new and exciting ways to study and under-

stand nuclear matter. The use of light nuclei with 2 to 

12 nucleons, whose nuclear structure is experimen tally 

well studied and well described by existing models, will 

allow us to study the nucleon-nucleon force at short 

distances but from the point of view of quarks and 

gluons. The recently discovered intriguing correlation 

between the quark motion inside the nucleus and 

the nucleon-nucleon force at short distance would be 

further elucidated by such studies at the EIC. Detection 

of spectators (those nuclear fragments that do not 

participate in the DIS process) from a nucleus can 

identify the active nucleon and study the nuclear binding 

effects and what role the partons play in them.

QCD Matter at Extreme Gluon Density
What happens to the gluon density in nuclei at high 
energy? Does it saturate, giving rise to a gluonic 
matter component of universal properties in all nuclei, 
even the proton? How does the nuclear environment 
affect quark and gluon distributions and interactions 
inside nuclei? Do the abundant low-momentum gluons 
remain confined within nucleons inside nuclei?

When fast-moving hadrons are probed at high energy, 

the low-momentum gluons contained in their wave 

functions become experimentally accessible (see 

Sidebar 2.7). By colliding electrons with heavy nuclei 

moving at near light speed, the EIC will provide access 

to an uncharted regime of all nuclear matter, where 

abundant gluons saturate in density and dominate its 

behavior. This regime, falling below the colored surface 

in Figure 2.18, is accessible with heavy-ion beams at 

the EIC, while much higher collision energies would be 

required to reach it in electron-proton collisions. The 

nuclear “oomph” experienced by a high-energy probe 

arises due to the coherent effects of gluons contributed 

by many nucleons. The probe no longer resolves 

individual quarks and gluons in the nucleus but rather 

samples strongly correlated matter. Gluons in the matter 

are as closely packed as possible; strong interactions, 

among the strongest in nature, ensure nuclei are stable 

against endless gluon proliferation.

This maximal close packing allowed by nature in 

collisions with certain energy establishes a resolution 

scale, denoted by Q
s
, corresponding to sizes smaller 

than those of hadrons. The existence of this scale allows 

theorists to compute the properties of this remarkable 

matter, describing it as a color glass condensate (CGC). 

Previously, quarks and gluons were believed to form 

a nearly free gas of weakly interacting partons at very 

high resolution Q2 and very strongly interacting confined 

matter on lower, hadron-size, resolution scales. As 

illustrated in Figure 2.18, gluon saturation suggests a 

new emergent regime in QCD where matter is not easily 

characterized as weakly or strongly interacting but has 

aspects of both.

A striking prediction of the CGC theory is that at very 

high energies, the properties of gluon matter in a 

nucleus are independent of its detailed structure; they 

can be expressed entirely in terms of ratios of Q
S
 and 

the resolution momentum scale Q of the external probe. 

Because of the claim that it controls the bulk of strong 

interaction phenomena at high energies, the study of this 

conjectured universal gluon matter is of high scientific 

interest and curiosity. At an EIC, theory predictions for 

the evolution of collective gluon dynamics toward this 

remarkable universal state can be explored and tested 

with precision by varying the energy, resolution, and 

atomic number for a large number of measurements. 

These will span, to the widest extent ever, the space 
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are imprinted on the QGP and then transported to the 

final state by the perfect liquid. With regard to the former, 

recent experiments at RHIC and LHC provide surprising 

evidence of collective behavior in rare high multiplicity 

configurations generated even when light ions collide 

with heavy ions. It is possible that this evidence reflects 

collective behavior that was already present in the initial 

saturated gluon states of the colliding nuclei, in which 

case analogous DIS measurements at the EIC should 

show similar features. Alternatively, the RHIC and LHC 

evidence might indicate the formation of small QGP 

droplets even in light-ion-heavy-ion collisions, in which 

case EIC experiments should not show similar effects. 

With regard to the second aspect mentioned above, 

highly precise data are becoming available from the 

RHIC and LHC heavy-ion collisions on anisotropic 

patterns in particle emission that reflect early QGP 

matter density distortions of progressively more 

complex geometry. Comparisons of these anisotropies 

to hydrodynamic models can be used to extract the 

transport properties of the QGP with precision and to 

constrain the shape distributions of the initial state. The 

complementary constraints on the initial state extracted 

from EIC measurements will help facilitate the high-

precision extraction of the viscosity and other transport 

coefficients in the QGP liquid.

Figure 2.18: The schematic QCD landscape in probe resolving power 
(increasing upward) vs. energy (increasing toward the right), as a function 
of the atomic number of the nucleus probed. Electron collisions with heavy 
nuclei at the EIC will map the predicted saturation surface (colored surface) 
with the CGC region below that surface. Spatial distributions extracted 
from exclusive reactions (see text) will help demarcate the CGC region from 
the confinement regime.
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Figure 2.19: The ratio of diffractive over total cross section for DIS on 
a gold nucleus normalized to DIS on a proton, for different values of 
the mass-squared of hadrons produced in the collisions, predicted with 
(red curve) and without (blue curve) gluon saturation. The projected 
experimental uncertainties are smaller than the plotted points while the 
range of each model’s prediction (shaded bands on the left side) is smaller 
than the difference caused by saturation.

Formation of Hadrons and Energy Loss
How does nuclear matter respond to a fast moving 
color charge passing through it? How do quarks of 
different flavor dress themselves in nuclear matter to 
emerge as colorless hadrons? What does this dressing 
process tell us about the mechanisms by which quarks 
are normally confined inside nucleons?

The emergence of hadrons from quarks and gluons is 

at the heart of the phenomenon of color confinement 

in QCD. The dynamical interactions of energetic 

partons passing through nuclei or QGP provide unique 

analyzers, probing the poorly understood evolution from 

colored partons to color neutral hadrons. As envisioned 

in Figure 2.20, a nucleus in a collision at the EIC would 

provide a femtometer size “detector” to monitor the 

evolution from partons to hadrons.

For example, EIC experiments will measure the 

difference between producing light π mesons 

(containing up and down quarks) and heavy D0 mesons 

(containing a charm quark) in both electron+proton and 

electron+nucleus collisions. These measurements will 

provide critical information on the response of cold 

An Assessment of U.S.-Based Electron-Ion Collider Science
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FIGURE 2.8 A global fit to parton distribution functions of the proton based on deep inelastic scattering 
data obtained at the Hadron-Electron Ring Accelerator (HERA). Distribution of gluons, G, sea quarks, S, 
and valence up and down quarks, uv and dv, are shown as a function of Bjorken x. SOURCE: Adapted 
from H. Abramowicz et al., 2015, Combination of measurements of inclusive deep inelastic e±p scattering 
cross sections and QCD analysis of HERA data, Eur. Phys. J. C75:580. 

 
 
An important new regime in which nuclear physics becomes simple but the full richness of QCD 

is retained arises if the saturation scale is large. In this limit, asymptotic freedom predicts that the 
interaction strength is weak, but the large gluon density implies that the gluon self-interaction, which is a 
central feature of QCD, is crucial. This regime is referred to as “dense saturated gluon matter.”3 If Qs is 
much bigger than typical hadronic energy scales, then the properties of saturated gluon matter depend 
only on Qs and not on details of the nucleon or nucleus that is being probed.  

Producing dense, saturated gluon matter requires high energy and small x. Estimates of the 
saturation scale at HERA, which collided protons and electrons at a center-of-mass energy of 318 GeV, 
give a value around 1 GeV, which is not much larger than typical hadronic energy scales. The EIC will 
operate at lower energy, but it will provide a new lever arm, the ability to accelerate nuclei, to explore the 
saturation regime. At high energy, the nucleus is Lorentz contracted along the direction of motion, and the 
effective gluon density increases as the nuclear radius, proportional to the cube root of the mass number A 
of the nucleus. Empirical studies of the growth of the gluon distribution provide an estimate of the 

                                                      
3 This state is frequently described as a color glass condensate, where “glass” refers to slowing of the time 

evolution in a fast-moving nucleus by Lorentz time dilation, and “condensate” indicates that the phase space density 
of gluons is very high. The existence and the properties of this state are a direct consequence of the field equations 
of QCD. In the limit of large occupation number, these equations are approximately classical. Classical QCD has no 
intrinsic scale, and the color glass condensate leads to simple scaling relations for cross sections and particle 
production rates. It also provides initial conditions for the production of a quark-gluon plasma in heavy ion 
collisions. In collisions of two ions, the kinetic energy of the gluons is thermalized, and the dense gluon component 
evolves into a hot gluon plasma. Gluons in the plasma radiate quark-antiquark pairs, and the equilibrium state 
becomes a hot quark-gluon plasma that cools and decays into hadrons. The hot quark-gluon plasma is currently 
being studied at RHIC and LHC, but the dense gluonic system that provides the initial state can be studied only at an 
EIC. 
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angular momentum in the proton. The energy-luminosity regimes required to fully explore the central 
pillars of an EIC science program, determining the origins of the mass and spin-flavor composition of the 
proton, imaging the spatial and momentum distribution of their partons (quarks and gluons), and studying 
dense gluon matter, are indicated in Figure 2.4. 

High energy is needed to produce high-resolution images of the partons in nucleons and nuclei 
that carry a small fraction x of the momentum of the target. This regime is dominated by gluons and sea 
quarks. High energy also provides large kinematic coverage, which is crucial in extracting gluon 
distributions. Last, high energy provides access to the regime of very high gluon density, a new frontier in 
QCD. 
 
 

 
FIGURE 2.4 The energy-luminosity landscape that encapsulates the physics program of an Electron-Ion 
Collider. The horizontal axis shows the center-of-mass energy of the collider when operated in electron-
proton mode. The two vertical axes show the instantaneous and annual integrated (electron-nucleon) 
luminosity; the latter is in units of inverse femtobarns, and assumes a running time of 107 seconds per 
year. SOURCE: Presentation of EIC Science by A. Deshpande on behalf of the EIC Users Group 
 
 

Luminosity determines the rate at which collisions occur. High luminosity is needed because 
parton imaging is based on the detection of very specific final states, such as an intact nucleon combined 
with a final state photon or vector meson, that occur in only a small fraction of all reactions. Parton 
imaging also requires an accurate determination of not only total interaction rates, but of the dependence 
of these rates on the deflection angles of all scattered particles, for which large luminosity is also needed. 
Figure 2.4 indicates both the instantaneous luminosity as well as the annual integrated luminosity (for 
running time of 107 seconds per year, a 30 percent duty factor) that can be achieved. It is the latter that 
ultimately controls the experimental uncertainty. Figure 2.5 shows the accuracy of the transverse gluon 
profiles that can be obtained from J/ψ production using an integrated luminosity of 10 fb-1. Note the 
precision that can be achieved at large transverse radii bT, which is important for understanding the way in 
which confinement of quarks and gluons is reflected in the transverse spatial profile of parton 
distributions.  
 

38

2. Quantum Chromodynamics: The Fundamental Description of the Heart of Visible Matter

are imprinted on the QGP and then transported to the 

final state by the perfect liquid. With regard to the former, 

recent experiments at RHIC and LHC provide surprising 

evidence of collective behavior in rare high multiplicity 

configurations generated even when light ions collide 

with heavy ions. It is possible that this evidence reflects 

collective behavior that was already present in the initial 

saturated gluon states of the colliding nuclei, in which 

case analogous DIS measurements at the EIC should 

show similar features. Alternatively, the RHIC and LHC 

evidence might indicate the formation of small QGP 

droplets even in light-ion-heavy-ion collisions, in which 

case EIC experiments should not show similar effects. 

With regard to the second aspect mentioned above, 

highly precise data are becoming available from the 

RHIC and LHC heavy-ion collisions on anisotropic 

patterns in particle emission that reflect early QGP 

matter density distortions of progressively more 

complex geometry. Comparisons of these anisotropies 

to hydrodynamic models can be used to extract the 

transport properties of the QGP with precision and to 

constrain the shape distributions of the initial state. The 

complementary constraints on the initial state extracted 

from EIC measurements will help facilitate the high-

precision extraction of the viscosity and other transport 

coefficients in the QGP liquid.

Figure 2.18: The schematic QCD landscape in probe resolving power 
(increasing upward) vs. energy (increasing toward the right), as a function 
of the atomic number of the nucleus probed. Electron collisions with heavy 
nuclei at the EIC will map the predicted saturation surface (colored surface) 
with the CGC region below that surface. Spatial distributions extracted 
from exclusive reactions (see text) will help demarcate the CGC region from 
the confinement regime.
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Figure 2.19: The ratio of diffractive over total cross section for DIS on 
a gold nucleus normalized to DIS on a proton, for different values of 
the mass-squared of hadrons produced in the collisions, predicted with 
(red curve) and without (blue curve) gluon saturation. The projected 
experimental uncertainties are smaller than the plotted points while the 
range of each model’s prediction (shaded bands on the left side) is smaller 
than the difference caused by saturation.

Formation of Hadrons and Energy Loss
How does nuclear matter respond to a fast moving 
color charge passing through it? How do quarks of 
different flavor dress themselves in nuclear matter to 
emerge as colorless hadrons? What does this dressing 
process tell us about the mechanisms by which quarks 
are normally confined inside nucleons?

The emergence of hadrons from quarks and gluons is 

at the heart of the phenomenon of color confinement 

in QCD. The dynamical interactions of energetic 

partons passing through nuclei or QGP provide unique 

analyzers, probing the poorly understood evolution from 

colored partons to color neutral hadrons. As envisioned 

in Figure 2.20, a nucleus in a collision at the EIC would 

provide a femtometer size “detector” to monitor the 

evolution from partons to hadrons.

For example, EIC experiments will measure the 

difference between producing light π mesons 

(containing up and down quarks) and heavy D0 mesons 

(containing a charm quark) in both electron+proton and 

electron+nucleus collisions. These measurements will 

provide critical information on the response of cold 
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FIGURE 2.10 Schematic view of the interaction of a virtual photon with the color field of a large nucleus 
(shown in green-blue). The photon produces a quark-antiquark pair, which is a color dipole of size r⊥ . 
The dipole interacts with the Lorentz-contracted gluon field of the nucleus at an impact parameter b⊥. The 
figure also indicates that the color field is fluctuating, and that the boundary of the nucleus is not sharp. 
SOURCE: E. Aschenauer et al., The electron-ion collider: Assessing the energy dependence of key 
measurements, arXiv:1708.01527. 
 

Diffraction in QCD is a more complicated process than diffraction in optics. If the resolution of 
the photon is larger than the saturation scale, then the dipole probe of the gluon field is small, and the 
absorption cross section is small. This means that the target is black at low resolution and gray at high 
resolution. Also, the nucleus does not have a sharp boundary; it is black in the center and gray near the 
boundary. Last, the nucleus is a quantum system, and the gluon density fluctuates. The nucleus has black 
spots that fluctuate from event to event. 

These complications provide important opportunities. The fact that the blackness of the target 
depends on resolution implies that the saturation scale can be measured using the dependence of the 
diffractive cross section on the resolution scale and the nuclear mass number. The observation that the 
nucleus has a diffuse boundary means that the transverse location of gluons in the nucleus can be mapped. 
Last, the fact that the blackness of the target fluctuates can be used to extract shape fluctuations of the 
nucleon and correlations between nucleons in the target.  

The picture of DIS based on the dipole picture—that the virtual photon turns into a quark-
antiquark color dipole—predicts the energy and nuclear mass dependence of diffractive deep inelastic 
scattering. The diffractive cross section rises steeply with energy at low energy, but becomes an 
approximately constant fraction of the total cross section in the regime that an EIC would explore. A 
substantial increase in the rate of diffraction is achieved by going to nuclear targets. At a given energy, 
nuclear targets contain more gluons and are closer to the black disk limit. The blackness of the target 
decreases as the resolution is increased, but diffraction is expected to persist at high Q2. This is a 
reflection of the large saturation scale: gluons are tightly packed, and the target appears black even if the 
resolution is high. An EIC will allow detailed studies of the dependence on nuclear mass number, the 
resolution of the virtual photon, and the mass of the diffracted object. These results will test the 
universality of the dipole model—the assumption that a single dipole cross section can account for many 
different observables. They will determine the gluon density and therefore the saturation scale in the 
target and study the onset of gluon self-interaction effects that come into play as the dipole cross section 
approaches the black disk limit.  
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effective gain in center-of-mass energy afforded by the ability to accelerate heavy nuclei.4 These studies 
indicate that saturation effects at an EIC are equivalent to those at an electron-proton collider operating at 
an energy A½, or about 15 times higher.5  

An important aspect of saturation effects in deep inelastic scattering at an EIC is the role of 
“diffractive scattering.” Diffraction is a well-known effect in optics. When light waves encounter an 
obstacle with a sharp boundary, they are bent around the object and produce an interference pattern on a 
screen located behind the obstacle (see the left panel of Figure 2.9). For a given wavelength of the light, 
the distance between the minima is determined by the size of the object. Diffraction is also observed in 
the scattering of highly energetic particles on nuclear targets in the limit that the interaction is strong and 
the projectile is strongly absorbed by the target. If the target is a completely absorbing black disk, then the 
total cross section is twice the geometric cross section of the target; half of the cross section is due to 
diffractive scattering.  

 
FIGURE 2.9 Left: Diffraction pattern in optics, showing the light intensity landing on a screen behind a 
circular obstacle. Right: The expected differential cross section for coherent and incoherent diffractive 
production of J/ψ particles on nuclei. The variable t is related to the momentum carried by the virtual 
photon, which is a measure of the scattering angle. The incoherent/breakup curve is explained in the text. 
SOURCE: Reaching for the Horizon, 2015 DOE/NSF Long Range Plan for U.S. Nuclear Science. 

 
The high-energy limit of nuclear deep inelastic scattering can be viewed as a process in which the 

virtual photon produces a quark-antiquark pair with a color dipole moment that interacts with the nuclear 
target (see Figure 2.10). In the low x regime, the target is dense gluonic matter and the probability for 
absorbing the quark-antiquark dipole will be large, and may approach unity. This implies that a 
significant part of the total cross section is diffractive scattering. Experimentally, one observes reactions 
in which the target nucleus remains intact, called “coherent diffraction,” or reactions in which the target is 
excited, but there is a large separation in the detector between the decay products of the struck quark and 
the remnants of the nucleus. The latter events are called “incoherent diffraction.” 

                                                      
4 See, for example, E. Aschenauer et al., The electron-ion collider: Assessing the energy dependence of key 

measurements, arXiv:1708.01527. 
5 There is some uncertainty in the value of the saturation scale, and there is no definitive theoretical prediction 

for how large Qs has to be for the full simplicity of the saturation picture to manifest itself. However, much of the 
experimental program, measuring nuclear effects in the gluon distribution function, studying diffractive scattering in 
the regime of high gluon density, and mapping the gluon distribution in the transverse plane, does not depend on any 
particular picture of QCD in the regime of high gluon density. 
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Ion Beam Analysis of Consumer Products  
•  Perfluorinated compounds (PFCs): fluorine-containing chemicals with 

unique properties to make materials stain- and stick-resistant. Some PFCs 
are incredibly resistant to breakdown and are turning up in unexpected 
places.   

•  PFOA is a likely human carcinogen. 
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Large Field of View Positron Emission 
Mammography Imaging Devices

Dedicated positron emission mammography (PEM) 
systems potentially provide a high sensitivity, high 
resolution alternative to whole body PET for 
positron breast imaging. In collaboration with Duke 
University Medical Center (Tim Turkington, PI), we 
have designed, built and evaluated a large field of 
view (15 cm x 20 cm) PEM system. The device is 
built with a set of two pixellated LGSO/LYSO crystal 
scintillators coupled to arrays of compact position 
sensitive photomultiplier tubes. In pre-clinical trials 
performed at Duke lesions as small as 4 mm were 
seen in phantom experiments using advanced 
iterative image reconstruction algorithms developed 
at Jefferson Lab. Subsequent clinical trials at Duke 
supported by the DoD (Eric Rosen, PI) showed that 
small primary breast malignancies can be imaged. 
An NIH-funded clinical study at Duke is underway to 
scan 200 patients with suspected breast cancer 
(Mary Scott Soo, PI).

This PEM image shows two cancerous 
lesions. The one on the right was 
depicted by conventional 
mammography, but the one on the left 
was only identified by the PEM unit. 
Image courtesy: Eric Rosen, Duke 
University Medical Center

Proposals for Exhibition on the Hill 
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9. Broader Impacts

Sidebar 9.1: Medical Isotopes for Imaging and Therapy
Radioisotopes are generally used to “label” a 

radiopharmaceutical. The overall chemical structure 

of the radiopharmaceutical determines its biological 

properties (e.g., targeting), while the radioisotope 

determines imaging or therapeutic properties. As 

diagnostic agents, isotopes emit radiation that allows 

specialists to image the extent of a disease’s progress 

in the body, based on cellular function and physiology. 

This provides doctors with a better understanding of 

the diseased tissue than is available through other 

diagnostic procedures, which may only capture 

anatomical information. In particular, positron-emitting 

radionuclides, which can be incorporated into imaging 

agents, can provide sensitive and specific information 

about tumor physiology. As a therapeutic agent, this 

technique can deliver highly-targeted radiation to target 

tissue, while sparing side effects to normal tissues.

For example, the effectiveness of a cancer treatment can 

be determined early on with the radiolabeled glucose 

analogue, [18F]fluorodeoxyglucose, [18F]FDG, which 

measures changes in metabolic function of the tumor 

(see figure). Prior to the clinical use of this technology, 

patients and physicians had to wait much longer for 

changes to occur in the anatomical images. New imaging 

agents can also be used to prescreen patients who 

may or may not benefit from certain types of therapy, 

thus paving the way for precision and personalized 

medicine. Radiolabeled versions of antibodies, peptides, 

or nanoparticles can shed light on uptake of these 

therapeutic agents in certain types of tumors.

Advanced targeted therapies for cancer and other 

diseases have been developed using radionuclide 

approaches. Recently, an alpha-emitting isotope, 223Ra, 

was approved by the Food and Drug Administration to 

treat advanced prostate cancer. Based on this success, 

other alpha-emitting agents are being investigated for 

treatment of a wide variety of cancers. 

The use of monoclonal antibodies to direct radioisotopes 

to cancer cells, known as radioimmuno therapy, has 

enormous promise and versatility because nearly 

every cancer cell expresses antigen epitopes to which 

a reactive monoclonal antibody can be produced. 

In addition, one subclass of peptide-based targeted 

agents has demonstrated dramatic therapeutic efficacy 

against neuroendocrine tumors. In many of these cases, 

the challenge is often to provide sufficient quantities 

of the alpha-emitting radionuclides used in the clinical 

studies of these therapies. The use of isotope pairs for 

the development of agents that can be employed for 

imaging and therapy, “theragnostics,” is also a promising 

path forward. These dual-function radiopharmaceuticals 

can play an important role in personalized medicine as 

they can be used to determine whether the prescribed 

therapeutic dose will work in a patient prior to 

administration.

[18F] fluorodeoxyglucose scan of a woman diagnosed with T cell lymphoma. 
(A) At diagnosis, which shows uptake in extensive disease sites along with 
normal signal in the brain and bladder. (B) Following four months of 
chemotherapy, which shows the dramatic decrease in signal in the cancer 
sites, indicating that this patient is responding well to therapy. Image credit: 
J. McConathy.

and the CARIBU source (see Chapter 7) also utilizes 
252Cf. Many other significant examples of radioisotope 

use can be found in the NSAC report, Meeting Isotope 

Needs and Capturing Opportunities for the Future: 

The 2015 Long Range Plan for the DOE-NP Isotope 

Program, which includes a comprehensive study of 

opportunities and provides priorities for isotope research 

and production that could be implemented by the 

Isotope Program. The research priorities identified in 

that report included continued support for R&D related 

to the production of alpha-emitting and theragnostic 

radioisotopes, support for the use of electron 
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Awake Animal SPECT Project
The Jefferson Lab Detector and Imaging Group in collaboration 
with Oak Ridge National Laboratory (Dr. Justin Baba), Johns 
Hopkins University (Dr. Martin Pomper) and the University of 
Sydney (Dr. Steve Meikle) is developing an imaging methodology 
that utilizes SPECT and X-ray CT for small animal research. The 
primary challenging task of this project is to develop a SPECT 
imaging system to allow molecular imaging of unrestrained and un-
anesthetized mice. Present methods of performing SPECT imaging 
with mice require the animals to be anesthetized or physically 
restrained during image acquisition. Both methods of restraint 
have the potential to interfere with the physiological and 
neurological processes being investigated. In the initial focus of the 
project, tracking of the orientation and location of the mouse's 
head during SPECT imaging is accomplished through a pair of 
CMOS optical cameras that image IR retro-reflectors attached to 
the mouse's head. The gamma-ray projection data is reconstructed 
into a fixed small animal reference frame based on the time-
varying animal orientation data. The goal is to develop 
instrumentation to acquire high-resolution volumetric SPECT 
images of the head region of an unrestrained, un-anesthetized 
mouse and to register these image volumes with microCT data sets 
of the same mouse acquired before or after the SPECT scan. The 
animal will be anesthetized during the microCT scan. Jefferson Lab 
is coordinating the entire effort and is developing high spatial 
resolution gamma cameras 10 cm x 20 cm in size for the SPECT 
system. The system is installed in the animal research facility at 
Johns Hopkins University where it is being tested with awake mice.

…and oil exploration, fluid dynamics, 
material imaging, climate model 
testing, nuclear reactor monitoring, 
radioactive element detection, space 
radiation mapping, CT, PET, …

…and even NMRI!
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Looking for dangerous cargo…

…or monitoring a dangerous volcano 
(Vesuvius)…

Using cosmic muons to search for cavities in the Pyramid of the Sun, 
Teotihuacan: preliminary results. 

 
S. Aguilar1, R. Alfaro1, E. Belmont1,  V. Grabski1, T. Ibarra1, V. Lemus1, L. Manzanilla2, 

A. Martínez-Dávalos1, M. Moreno1, R. Núñez1, A. Sandoval1 , and A. Menchaca-Rocha1. 
1Instituto de Física, Universidad Nacional Autónoma de México, México 

2Instituto de Investigaciones Antropológicas, Universidad Nacional Autónoma de México, 
México 

 
Over the last two years the Pyramid of the Sun, at Teotihuacan, Mexico, has been 
searched for possible hidden chambers by means of muon attenuation measurements 
inside the monument’s volume. The experimental method is based on the use of a 
muon tracker [1] placed in a chamber at the end of a tunnel, which runs below the 
base, and ends close to the symmetry axis of the pyramid. The accumulated 
experimental data, when compared to physics simulations using GEANT4 [2], already 
show identifiable known features of the external shape of the pyramid. Experimental 
results of the relative density distribution inside the pyramid are presented and 
compared to the aforementioned Monte Carlo simulations. 
 

 
Fig 1. External shape of the Pyramid of the Sun. Outlined in dark blue is the projected detector 
field of view. The prehispanic tunnel location is shown in red.   
 
 
 
[1] V. Grabski et al, NIM A 585 (2008) 128-135. 
[2] S. Agostinelli et al., Geant4 a simulation toolkit, Nucl. Instr. Meth., A506, (3), 2003, 250-303 
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…or finding hidden chambers in pyramids!

First Installed Commercial Muon Scanner  
 

Less than one minute scanning time to detect 20 kg of U 
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Nuclear Science in Art and Archaeology 
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Sidebar 9.2: Nuclear Science in Art and Archaeology
Nondestructive nuclear techniques are key to analyzing 

priceless historical artifacts and works of art. The 

Hidden Treasures of Rome Project makes use of X-ray 

fluorescence (XRF) and neutron activation analysis 

(NAA) to examine valuable and rare specimens without 

damaging the material. The project is examining 

never-before-studied historical items dating back to 

before the founding of Rome and is carried out in a 

collaboration involving the city of Rome, the Capitoline 

Museum, the Italian and American governments, Enel 

Green Power, and the University of Missouri. The main 

artifacts under study are black-glazed pottery from this 

time period. The chemistry of each pot is compared 

to extensive databases to allow archaeologists to 

determine where each individual vessel was produced, 

making it possible to reconstruct patterns of trade and 

social interactions in ancient Rome. Researchers at the 

Missouri University Research Reactor have completed 

XRF studies on these artifacts and have been able to 

identify iron-based compounds in the glaze (Figure 1). 

Because NAA is more sensitive and probes the interior 

of larger volume samples, it will likely reveal much more 

about the pottery, and any differences may indicate a 

different origin for some of the pots. Many students from 

the University of Missouri’s Department of Art History 

and Archaeology are directly involved in this research 

project. After the study, the objects will be returned to 

Italy.

Figure 1: A University of Missouri researcher characterizing an ancient 
Roman artifact (photo credit Nic Brenner, University of Missouri).

Some laboratories have deployed accelerator 

systems primarily for the forensic analysis of art and 

archaeological artifacts. As highlighted in a Physics 

Today feature article, these accelerators allow scientists 

and art historians not only to look below a painting’s 

or an artifact’s surface, but also to analyze in detail the 

pigments used, to investigate painting techniques and 

modifications done by the artist or by art restorers, to 

find trace materials that reveal ages and provenances, 

and more. Those techniques can provide a slew 

of information to help substantiate or negate the 

authenticity of an artwork or artifact, and they also 

furnish information essential for careful restoration 

and preservation. At the University of Notre Dame, 

researchers use proton-induced X-ray emission (PIXE) 

and accelerator mass spectroscopy (AMS) to study 

artifacts brought by local archeologists, as well as items 

from the Snite Museum of Art’s extensive collection of 

Mesoamerican figurines and Arts of Native Americans, 

which features ceramics from prehistoric times in the 

American Southwest (Figure 2). The researchers have 

brought their research findings to the classroom. An 

undergraduate physics class at Notre Dame, Physical 

Methods in Art and Archaeology, attracts students from 

many different fields and covers topics such as X-ray 

fluorescence and X-ray absorption, proton-induced 

X-ray emission, neutron-induced activation analysis, 

radiocarbon dating, accelerator mass spectroscopy, 

luminescence dating, and methods of archeometry.

Figure 2: Figurine found in Mesoamerican burial grounds and currently 
housed at the University of Notre Dame’s Snite Museum of Art. The 
figurine is mounted on the proton-induced X-ray emission (PIXE) beam 
line at Notre Dame’s 11-MV electrostatic accelerator to obtain quantitative 
details of the pigment composition; in particular, PIXE reveals the iron and 
manganese content of the paint.



Accelerators in Industry and Medicine
Hampton University
Proton Therapy Institute



…even more examples


