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THE	  SCIENCE	  QUESTIONS	  
	  
Nuclear	  science	  is	  a	  broad	  and	  diverse	  subject.	  
	  
The	  Na=onal	  Research	  Council	  Commi@ee	  on	  the	  Assessment	  of	  and	  Outlook	  for	  
Nuclear	  Physics	  2013	  report,	  Nuclear	  Physics,	  Exploring	  the	  Heart	  of	  Ma@er,	  (NP2010	  
Commi@ee)	  framed	  the	  overarching	  ques=ons	  “that	  are	  central	  to	  the	  field	  as	  a	  
whole,	  that	  reach	  out	  to	  other	  areas	  of	  science,	  and	  that	  together	  animate	  nuclear	  
physics	  today:	  
	  
1.	  How	  did	  visible	  ma@er	  come	  into	  being	  and	  how	  does	  it	  evolve?	  
	  
2.	  How	  does	  subatomic	  ma@er	  organize	  itself	  and	  what	  phenomena	  emerge?	  
	  
3.	  Are	  the	  fundamental	  interac=ons	  that	  are	  basic	  to	  the	  structure	  of	  ma@er	  fully	  
understood?	  
	  
4.	  How	  can	  the	  knowledge	  and	  technical	  progress	  provided	  by	  nuclear	  physics	  best	  be	  
used	  to	  benefit	  society?”	  



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	  comple=on	  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.	  
	  
●	  Expedi=ously	  comple=ng	  the	  Facility	  for	  Rare	  Isotope	  Beams	  (FRIB)	  construc=on	  is	  
essen=al.	  Ini=a=ng	  its	  scien=fic	  program	  will	  revolu=onize	  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	  capabili=es	  that	  must	  be	  u=lized	  to	  
explore	  the	  proper=es	  and	  phases	  of	  quark	  and	  gluon	  ma@er	  in	  the	  high	  
temperatures	  of	  the	  early	  universe	  and	  to	  explore	  the	  spin	  structure	  of	  the	  proton.	  



RECOMMENDATION	  II	  
	  
The	  excess	  of	  ma@er	  over	  an=ma@er	  in	  the	  universe	  is	  one	  of	  the	  most	  compelling	  
mysteries	  in	  all	  of	  science.	  The	  observa=on	  of	  neutrinoless	  double	  beta	  decay	  
in	  nuclei	  would	  immediately	  demonstrate	  that	  neutrinos	  are	  their	  own	  
an=par=cles	  and	  would	  have	  profound	  implica=ons	  for	  our	  understanding	  of	  the	  
ma@er-‐	  an=ma@er	  mystery.	  
	  
We	  recommend	  the	  =mely	  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	  par=cle-‐an=par=cle	  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.	  



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	  ques=ons	  remain	  about	  the	  role	  of	  gluons	  in	  
nucleons	  and	  nuclei.	  These	  ques=ons	  can	  only	  be	  answered	  with	  a	  powerful	  new	  
electron	  ion	  collider	  (EIC),	  providing	  unprecedented	  precision	  and	  versa=lity.	  The	  
realiza=on	  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	  construc=on	  following	  the	  comple=on	  of	  FRIB.	  
The	  EIC	  will,	  for	  the	  first	  =me,	  precisely	  image	  gluons	  in	  nucleons	  and	  nuclei.	  It	  
will	  defini=vely	  reveal	  the	  origin	  of	  the	  nucleon	  spin	  and	  will	  explore	  a	  new	  
quantum	  chromodynamics	  (QCD)	  fron=er	  of	  ultra-‐dense	  gluon	  fields,	  with	  the	  
poten=al	  to	  discover	  a	  new	  form	  of	  gluon	  ma@er	  predicted	  to	  be	  common	  to	  all	  
nuclei.	  
	  
This	  science	  will	  be	  made	  possible	  by	  the	  EIC’s	  unique	  capabili=es	  for	  collisions	  of	  
polarized	  electrons	  with	  polarized	  protons,	  polarized	  light	  ions,	  and	  heavy	  nuclei	  
at	  high	  luminosity.	  	  
	  



RECOMMENDATION	  IV	  
	  
We	  recommend	  increasing	  investment	  in	  small-‐scale	  and	  mid-‐scale	  
projects	  and	  ini=a=ves	  that	  enable	  forefront	  research	  at	  
universi=es	  and	  laboratories.	  
	  
Innova=ve	  research	  and	  ini=a=ves	  in	  instrumenta=on,	  
computa=on,	  and	  theory	  play	  a	  major	  role	  in	  U.S.	  leadership	  in	  
nuclear	  science	  and	  are	  crucial	  to	  capitalize	  on	  recent	  investments.	  
The	  NSF	  compe==ve	  instrumenta=on	  funding	  mechanisms,	  such	  as	  
the	  Major	  Research	  Instrumenta=on	  (MRI)	  program	  and	  
the	  Mathema=cal	  &	  Physical	  Sciences	  mid-‐scale	  research	  ini=a=ve,	  
are	  essen=al	  to	  enable	  university	  researchers	  to	  respond	  nimbly	  to	  
opportuni=es	  for	  scien=fic	  discovery.	  Similarly,	  DOE-‐supported	  
research	  and	  development	  (R&D)	  and	  Major	  Items	  of	  Equipment	  
(MIE)	  at	  universi=es	  and	  na=onal	  laboratories	  are	  vital	  to	  maximize	  
the	  poten=al	  for	  discovery	  as	  opportuni=es	  emerge.	  



ectiveness of a cancer treatment can 

changes to occur in the anatomical images. New imaging 

medicine. Radiolabeled versions of antibodies, peptides, 

[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.

PET	  Scan	  Capabili=es	  
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Sidebar 2.1: Solving the Structure of Hadrons and Light Nuclei with Lattice QCD
The building blocks of nuclei, protons and neutrons, 

are comprised of quarks and gluons. Quantum 

chromodynamics (QCD), the theory describing the 

interactions of quarks and gluons, is well known, and its 

equations can be written down in an elegant manner. 

QCD has had tremendous successes, for example, 

it allows direct comparisons of its predictions with 

experiments at high energies, where “deep inelastic 

scattering experiments” have beautifully revealed the 

quark and gluon substructure of protons, neutrons, 

and nuclei. However, precise descriptions of many 

low-energy properties of even the simplest systems, 

such as protons and neutrons, have remained elusive. 

A top priority of nuclear physics has been to develop 

first-principles predictive capabilities for low-energy 

processes described by QCD.
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Figure 1: Shown are the mass differences between “isospin pairs” of 
baryons, such as a proton and a neutron (6N), and other unstable isospin 
pairs. Experimental values (gray bands) are compared with LQCD, 
including electromagnetic effects (red points). It is remarkable that 
differences in these baryon masses at the level of one part in a thousand can 
now be precisely calculated from first principles.

To achieve predictive capability, a numerical technique 

to perform QCD calculations has been developed: lattice 

QCD (LQCD). LQCD combines breathtaking advances in 

high-performance computing, innovative algorithm and 

software development, and conceptual breakthroughs in 

nuclear theory. In LQCD, space and time are described 

as points on a grid. Quarks and gluons are also defined 

on this grid, and their interactions with one another can 

be calculated numerically. Next, a widely used set of 

approaches to computer simulations, known as Monte 

Carlo methods, is employed. Basically, a large number 

of computer-generated configurations of the quantum 

fields are created and analyzed, and out of this process 

the true behavior of the quarks and gluons emerges. In 

principle, any level of accuracy can be obtained, limited 

only by computational resources and available work 

force.

The progress in LQCD calculations since the 2007 

Long Range Plan has been dramatic. For the first time, 

calculations are being performed using the physical 

quark masses rather than the artificially increased 

masses that were needed previously. The effects of 

electromagnetism are being included as well. In Figure 1, 

the impressive agreement of calculated and measured 

mass differences between isospin partners amongst 

the hadrons confirms that QCD provides an accurate 

description of strongly interacting matter.

Underscoring this huge progress, LQCD plays an 

essential role in guiding experimental work. GlueX at 

JLab, one of the flagship experiments of the 12-GeV 

Upgrade, is designed to search for exotic particles 

where the “glue” is in an energetically excited state. 

Initial LQCD calculations motivated the experiment and 

guided its design. Recent LQCD results confirm the mass 

range of the predicted particles. And in the future, LQCD 

calculations of hadron dynamics will play a critical role in 

the analysis of the data.

Tremendous progress has been made in the calculation 

of hadron-hadron scattering probabilities. Phase shifts 

and mixings describing the low-energy scattering 

behavior have been successfully calculated for elastic 

pion-pion scattering, including mapping out the shape 

of the rho resonance, and, recently, for multi-channel 

scattering. The mixing is highlighted in the extraction 

of resonance information in pion-kaon scattering when 

the inelastic eta-kaon channel also contributes. These 

studies illustrate the practicality of extracting physical 

scattering (S-matrix) elements from LQCD and have 

opened a whole new era of lattice computations of 

hadron dynamics.

2. Quantum Chromodynamics: The Fundamental Description of the Heart of Visible Matter
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Figure 2: In an impressive tour-de-force, scientists have now calculated the 
properties and structure of light nuclei with LQCD. Shown here are the 
magnetic moments of the proton, neutron, deuteron, 3He, and triton. The 
red dashed lines show the experimentally measured values. The solid bands 
are the result of LQCD calculations with a pion mass of 805 MeV.

It has even become possible to calculate the properties 

of light nuclei. Nuclear scientists have managed to 

extract the magnetic moments of the lightest nuclei from 

LQCD calculations, with reasonable agreement with 

experimental values as shown in Figure 2. We anticipate, 

within the next several years, precision calculations of 

light nuclei, their properties, their structure, and their 

reactions.

With the growing capability to perform precise LQCD 

calculations of many quantities of crucial importance to 

the mission of nuclear physics, including the properties 

and structure of hadrons and light nuclei and the forces 

between them, we are truly entering a golden era.

(SHMS) in Hall C. As is illustrated in Figure 2.2, SHMS 

will nearly quadruple the momen tum transfer over which 

the pion form factor is known. These measurements will 

probe a broad regime in which the phenomenology of 

QCD begins to transition from large- to short-distance-

scale behavior.

Expressions of Chiral Dynamics in Hadrons

The special status of pions and kaons in QCD and 

their marked impact on the long-distance structure of 

hadrons can be systematically encoded in an effective 

theory, applicable to processes at low energy. This 

effective theory, as well as emerging LQCD calculations, 

can provide benchmark predictions for so-called 

polarizabilities that parameterize the deformation of 

hadrons due to electromagnetic fields, spin fields, or 

even internal color fields. Great progress has been made 

in determining the electric and magnetic polarizabilities. 

Within the next few years, data are expected from the 

High Intensity Gamma-ray Source (HIaS) facility that will 

allow accurate extraction of proton-neutron differences 

and spin polarizabilities. JLab also explores aspects 

of this physics. The most precise measurement of 

the neutral-pion decay rate, exactly calculable from 

fundamental constants, was already done at JLab, and 

with the 12-GeV Upgrade the pion polarizability and 

decays of other light pseudoscalar mesons will be 

measured.

Figure 2.2: Existing (dark blue) data and projected (red, orange) 
uncertainties for future data on the pion form factor. The solid curve (A) is 
the QCD-theory prediction bridging large and short distance scales. Curve 
B is set by the known long-distance scale—the pion radius. Curves C and 
D illustrate calculations based on a short-distance quark-gluon view.

The 1D Picture of How Quarks Move within a Hadron

Whereas form factors provide a picture of hadrons as 

a whole, a technique called deep inelastic scattering 

(DIS) is used to access their quark substructure. In DIS, 

high-energy electrons scatter hard off individual quarks, 

and the proton or neutron is essentially destroyed in 

the collision. By measuring the angle of the scattered 

electron and the energy it loses in the collision, it 

is possible to discern the fraction of the nucleon’s 

momentum that was carried by the struck quark. This 

fraction is referred to as the longitudinal momentum 

fraction x. The probability of finding a quark with a 

specific momentum fraction x is what is referred to as 

a parton distribution function (PDF). In short, the PDFs 

provide us with a one-dimensional (1D) picture describing 

the motion of the quarks within the hadron.

Progress	  in	  Lagce	  QCD	  
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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 

Jet	  Quenching	  at	  the	  LHC	  


