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“The Mission of Nuclear Physics is to understand the
origin, evolution and structure of baryonic matter
In the universe — the matter that makes up stars,
planets and human life itself.”

NSAC Subcommittee on Guidance for Implementing the
2002 Long Range Plan — June 2005

This talk is a personal view, but | liberally stole information from the
beautiful material prepared for this subcommittee.
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What does this mean to me?

Given a lump of nuclear material — real or hypothetical
B What are its properties?

B \Where does it come from?
B What fundamental forces are at work?

B \What forces were needed to create it, but have
disappeared?

m\\hat Is It good for?

— advancing our understanding of what the universe looks like
and how we come to be here

— advancing technology
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Zen and the Art of Nuclear Physics

B “And what is good, Phaedrus
And what is not good —
Need we ask anyone to tell us these things”

® No, but we do have to convince other people why what we are doing has
“Quality”
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The Ox-herding Pictures

W 12t Century Zen Master
Kuo-an Shih-yuan (Kakuan)

Enlightenment is not enough. Such
experience is to be radiated, not
jealously guarded.

Publish (says a Division Director)

Call the New York Times (says a
Lab Director)

He leads innkeepers and
fishmongers in the Way of the
Buddha.

withered trees he swiftly brings to
bloom.

The Final Stage

10 /ENTERING THE MARKETPLACE WITH HELPING
HANDS / The gate of his cottage is closed and even the wisest cannot find
him. His mental panorama has finally disappeared. He goes his own
way, making no attempt to follow the steps of earlier sages. Carrying a
gourd, he strolls into the market; leaning on his staff, he returns home.
He leads innkeepers and fishmongers in the Way of the Buddha.

Barechested, barefooted, he comes into the marketplace.
Muddied and dust-covered, how broadly he grins!
Without recourse to mystic powers,

withered trees he swiftly brings to bloom.
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What is it good for? The role of phenomena

We often see unexpected phenomena — are they important?

B |dentify the most important collective (emergent) degrees of freedom.
® |[llustrate unusual features of quantum mechanics, QCD and many body physics
— Bose-Einstein condensation — superconductivity, nuclear superfluidity
— Rydberg atoms - Halo nuclei
— Algebraic solutions and supersymmetry
— QCD states with exotic quantum numbers
B Often dominate response to external probes
— plasma oscillations — giant resonances
— fission
B Can explore new regions of phase space
— high energy density matter
B Can be critical for quantitative understanding
— deformation in heavy nuclei and atomic clusters
— Effective field theories can provide systematic procedures for very
accurate calculations by interrelating phenomenology.

One of the keys of a field are its decisions on when is a phenomena
important.
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Scope of the problem

The origin of nuclei provides extreme examples
B Binding of the deuteron
Deuteron Binding Energy, 2.2 MeV ~ M -M, ~ m, ~ m,

<qq>
. 2
N-N Interaction Range Mﬂ = (m +m )
T
B Role of lack of mass 5 and 8 stable nuclei
— 8Be unbound by 92 keV oo @ o0 o+!._._-ﬂ 165 0lge,
. . b Be
— Big Bang nucleosynthesis and fe )
stellar evolution "ae_"suulusmun “ ™ 2
O 7o Swae  “CREATION" OF )
s MASS DIFFERENCES) (pug To THERMAL LT S
Binding Energy of 2C ~ 100 MeV RESONANCE ) DX
0 (7.16) ™ & -1 T
. . : 12c 692 P
M triple alpha reaction to Carbon / ey
The resonance energy could be predicted to 100 keV with “SURVIVAL" OF "C
. . (DUE TO LACK OF
the hazy information of 50 years ago. (0.1%) THERMAL RESONANCE,
BUT ™0 PRODUCED
VIA SUBTHRESHOLD
RESONANCES )
B Tests of the standard model sensitive to the keV level. oWl o

*0
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What do we know

B The nuclei for which we can do the many-body physics accurately are
well described by interactions of nucleons with potentials

L + 22 e
- f_'_ |+ 5},1'2— =
i %{; = F /-
. . . ot + 2* 1/2- -
B This requires -3013 - -

He oy T E

_ - . 5/2- N

accurate N-N soF € 6p; - He E
potentials B el .

~ -s0[ TLi -

c - ’

® 3 — body NNN S :
. . = -60 _
interaction @or ATZONNE Vg :

= _ b With Illinois-2 E

B macroscopic features - GEMC Calculations :
| _ wb 14 July 2005 =
like the mean field : 1
spin-orbit potential woF AV — -

" B - 04

are sensitive to - . B .

- IZC ]

3-body forces -100

(e0]
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You need the full complexity of the N-N interaction to
reproduce nuclear structure

We have a very complicated nuclear Hamiltonian — is it all necessary? F 69?'(:;’%

Systematically remove features from nuclear Hamiltonian

and look at effects on nuclear level energies

. _ _ -10
AV Roan: 4 ; T - F e 3

. }. «].]hhl I ru1 II||II'Il?-I.H Vijk e N . //:ﬂ_ E
ranrodiices oy ner iyl E = Z + - 3
I€ J_.J llr.L LCES EX pernment -ﬂﬂ;—_ﬁ‘”'ﬂ_”- : v _3,+ ] :g E

o AVE' - basic level structure; A0E 4y, ! TS E
relative stability correct S0E Ste E

e AVGH' - Removing L-S gives -6l o e 173
E L 3+

no SO sp littings; -T0g ey :-. .
has A=5.8 gaps but = -80E Li 18142 E
weak A=6.7 binding 2 f - .

¥ ' Q - :— - —]

e AV4' - Removing tensor 2 10E 2pi2i] g 3
N - : - .‘_. Lo - &3 - n_— '3 " r + -l B —
force introduces spurious = -Hbg What Makes i E
deseneracies; 20E Nuclear Level Structure? Li r
e R, 13k Nuclear Level Structure’ E
somewhat overbinds nuclei; £ _ . - ]
A=8 hound -0 GFMC Calculations ‘D4 E
. . -150F sk =

e AV - Pure central force s = P E
“upside-down” spectrum & - AVI' AVE AVE AVE L2 ’.'g:gﬂf' E
no nuclear saturation t;g_ ¢ vl Be E

Effective field theory can show us much of the structure
and the need for 3-body forces.
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What do we need to know

B \What are the Nucleon-Nucleon Interactions?
* We believe QCD is the right theory.

B How do we build up the structure of hadrons, and the hadronic
interactions from QCD?

B Does hadron structure change inside the nucleus?

— we know based on theory and experiment that it must at high
densities and temperature.

This is why we built JLAB.

10
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What do we know

JLAB has taught us that hadron structure/interactions do not
change much (to the precision we can determine today) at
normal matter densities.

. e-d elastic scattering Perhaps the smoking gun?
10 :"‘{%']""]”?W'-'-"]""]”"|'-'-": 1-m — — — — — — — — —_ — — —— I —_ I
}i e JLab Hall A I 4 H - | =
10 = e SLAC E101 = [ T e e, e p
. f‘g 3 1.00 I "
E T ]
0° &= ‘B,j © Boan - < : — :
R : v}\\ CEA E __ﬁ n.a5 - £ h
O L 3-;\_ » JLab Hall C | o i - 1
- 3 = ' -
'\ D_J-G
107 RIA+MEC ’ .\\ o “:i o.00 b
VDG e e § o
N 3 L.
R HT LN . Lo X 4*He EXP
0 = o 3 — 0.85 [ B = H EXP
PW N - A— OPT{no CH-EX)
t ] I B—EOPT
IU 9 Ll 1 J Ll 1 L J L1l | - J - J - | 1l '..T : HDP—F—"HEE
0 1 2 3 4 5 6 7 .80
2 2 0.0 0.5 1.0 5 15 e 2.0 2.5 2.0

Alexa et al PRL 82, 1374 (99)
Schiavilla et al PRL 94, 072303 (05)
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Baryon Structure

Proton Charge and Magnetization Importance of antiquarks
225
1_6:....,....,....,....,....,....,: 2_ @ E906,3.4 107 POT
C ] r B E866
1.4 _ X _ 1.75 — A NA5I
12 % g 15 b [ ] creos

d/u

e ] SANT
3:'0.6 - ‘# ) ' 0.75 — \/

04 | .
F Polarization Transfer 4 + 0.5 F

0.2 :_ _: 0.25 :_ E866 Systematic Error
S T T T T O:m._ IIIIII | ................ |I. ........ ||§III|III.|.I__,_.

0 1 2 3 4 ) 6 0 0.1 0.2 0.3 0.4 0.5 0.6

Q* [GeVZ] X

This led us to study the nature and origin of confinement, exotics,
pentaquarks, glueballs, strange quark form factors, parton
structure and spin structure, generalized parton distributions....

Theory — Lattice and continuum methods, Models...
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But this cannot be true at all levels
What do we know:
B EMC effect — the parton distributions are not the same in nuclel
B Things have to change at high density and temperature

B In hadrons and nuclel, is there a component of all hadronic matter
at small x where gluon fields saturate?

Color Glass Condensate? — weakly coupled effective field theory

large number of gluons, occupation number ~ 1/a, k; ~ Qg
Gluon density

Low Energy grOWS Very .
rapidly Small fractional momentum
Gluon partons correspond to large
lg:gj;y longitudinal distances
QCD coupling

becomes weak,
High Eergy  DUL INtE€ractions are
strong because of
coherence

We know that nuclear parton
distributions change at low x

13
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What do we know

B At high energy density we have created a new state of matter-
Strongly Interacting Quark Liquid

"::.i'of%f Fmg:]f;gg::;um
Elllptlc Flow
— o L I UL IS L I _
S OB % T mocurves by .|
S 016 =1 | 50 Gev T. = 165 MeV, 2 I
0.14 | 4 200GeVp+p | T, =130 MeV B < 0.2
- 200 GeVA+ R a i~
0.12 | v 200 GeV Cascade —] < I
- 3 5 0.1
0.1 - T I
- . Z
0.08 4 |7 s
0.06 - 1 | &%
LEe TR E E 0 1: " AutAu, in-plane ]
0.02 PHEENIX - ' - AUFAU mlt DT plam. _
0 | = -1 O 1 P 3 4
—“.“2:'"l"'l'"l"'l"'l"'l"'l"'l"'l"': .
0 0204 06 08 1 12 1.4 1.6 1.8 2 A ¢ (radians)
Perfect Liquid Behavior Jet Quenching

14
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What | have heard

B Maldacena Adv. Theor. Math. Phys. 2, 231 (1998)

Duality between super-gravity string theory in 10 dimensions and conformal
super-symmetric extensions of QCD

Consequences

® Power law fall off of hard exclusive hadron amplitudes can be derived
without perturbation theory - quark counting rules

M Universal lower bound on viscosity for all strongly coupled systems.
Perfect liquid behavior observed at RHIC seems consistent with this lower
bound.

15



Map of the High Energy Density Universe

1. Astrophysical Phenomena 1. Lah Astrophysics
. Mstio Fundamental Physics | 4. Heavy lon-Driven HEDP
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What do we need to know

B What does the quark-hadron
transition tell us about QCD and
confinement? T

B Did the properties of the Quark
Gluon Plasma and the quark-
gluon to hadron phase transition

Relativistic
Heavy Ion
Collisions

Quark—Gluon Plasma

~150

. MeV
affect the evolution of the
universe?
: Color i
B Do states of deconfined quark Hadron Gas Supercoﬁ Siai

and gluon matter exist now, i.e.
at the core of neutron stars?

v Requires that we | s T
understand the properties of Vacuum Nudei—  Crystalline
neutron matter Color Superconductor

v Is neutron matter superfluid? ¢ Recent observation of a 2.1 £ 0.1 M, Pulsar
v What about hyperon matter?  Njce et al. astro-ph/0508050

 Impact of gCFL phase on cooling of

neutron stars 17
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What do we know

Na Clusters
' 1 T

1§Iexpen'.ment
Ab initio calculations alone are not yet I
enough. { E
Emergent phenomena — Links to 1 ig
Condensed Matter physics N AR
protons  neutrons i Newberofnstnms
16
0 10t =T
g Rotational Band: EocJ(J+1)
LT

=1 10"

o p—

[

Shell Structure

—I— g+ Break a J=0 pair

1 l 1 1 o —
J=0 ;]]: r(;]r?lx 4'emdeee  Strong E2 transitions
nn, np, pp P onty 2" et With quadrupole deformation
———
Pairing 0*

Halos, skins, clusters e Macroscopic Deformation and
Volume and Surface Vibrations Spontaneous Symmetry breaking 18
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Mean Field, Deformation and Correlations in Nuclei

W O =]

E (MsV)

& 10 -05 00
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&
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Fig. 3. Mean-field deformation energy curves for Ph isctopes.
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Neutron Number N

'ig; 5. 1-]F[Jl'l' W [Jet]]-'lh: difference between calculated and

xperimental masses. Lower two panels: mean-field deforma-

on energy Faer and beyvond-mean-field quadrmpole correlation

nergy Feore. All panels share the same energy scale in MeV.

[ chlate 4+
P o

_\"'——-—a-"- H
o et | N bl Mass calculations of

(o b e o 10 e e o

180 184 18R 182 1686180 184 188 192 1BE _ :
Mass Number A Masgs Number A 605 even-even isotopes

Fig. 4. Lowest collective states in the Pb isotopes.
19
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Why can’t we extrapolate to
new regions and phenomena?

two-neutron separation energies

25 I L
‘& —8— Experimem
| % HFB-SLy4|
g HFB-SkP
Lte + HFB-DIS
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< i
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= "%
R R
& |
o
15 . :
L = 1
Sn % |
| Ly P
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| data exist
1 1 L | | |
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80
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172 184

proton to O bind 6 more

Why does adding 1

neutrons?
Why is the size of 1Li
the same as 298pp?
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Basic “facts” of nuclear physics that are may be wrong in
neutron-rich nuclei

The charge-independence of the
strong interaction makes isospin a
good quantum number

The radius and diffuseness of the
neutron and proton distributions are
similar

1
1+exp[(r—R)/a]

p(r) =

R=1.2 A3, a~ 0.55 fm

The magic numbers of the shell
model are fixed.

The deformations of the neutrons and
protons are similar

The valence quasi-particles are
renormalized by about 0.6 by short-
range correlations.

STABLE
Sp~Sp~8MeV

"Common" Potential

Mean field description
shells, pairing,...

Interplay between
collective & s.p.
degrees of freedom

S - process
Big Bang Synth.

NEUTRON RICH
Sp~0MeV, Sy~ 15

Halos
Skins

Regions of low
density
New shell structure ?

New Collective Modes

Stars, Supernovae
r - process.....

21
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Does the impact of short-range correlations change

dramatically?

0.2

|
*150 QC,QB

+ :

+

| 0 %, il
e
" + i |
>'Ni
B neutron knockout ]
— @ proton knockout 30 i
o (e.ep) i
| | | | |
-20 -10 0 10 20
AS (MeV)

AS = S,-S, for neutron knockout and

Sp-S,, for proton knockout
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Neutron Skins

B Predicted large effects I—EEUEOIHSJ;! :

away from stability

8

M Critical for expectations of
nuclei and neutron stars
— Equation of State
— Cooling

Proton Number Z
&

50 100 150 200
B Difficult to measure — Neutron Number N
need to calibrate hadronic

probes

B Eagerly await JLab
measurement in PV
electron scattering on
208pp - PReX

Is clustering the physics that is left out?
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What do we need to know

Half of the nuclear landscape is unexplored!

-

proton number

neutron number

By measurement in these
unexplored regions

* We can experimentally
determine the properties of
the important cases to the
required precision.

* We provide critical tests to
guide the development of a
unified model of nuclei.

 We can determine our
“periodic table”.

* We can much better
extrapolate to “neutron

matter”.
24
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Where did nuclei come from and how do their properties
affect the evolution of the universe?

SNO
What do we know ‘E 6% ........... . um (bens 68% C.L.
c; s - —— 0 68%, 95%, 9% C.L.
B Stellar evolution Bethe, Fowler, Davis %
— SNO neutrino rate — Standard Solar Model P ..
Bahcall got it right. o0 I 0 s cL
) . = I 0% 68% CL.
B s-process production of heavy nuclei 1E [ 020 s CL
. . - [ ¢z 68%CL.
B Big Bang Nucleosynthesis oty L L

0, (% 10° em? s

— limits on number of neutrinos

— formation of the light elements

— baryon density of the universe

— time dependence of fundamental constants

B Cosmic Explosions Koshiba
B What are the effects of the Quark Gluon Plasma?

SuperK neutrino image
of the sun 25
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Supernova

What do we know
B Most of the energy of the collapse goes into neutrinos

B What do we need to know?
— Effects of the neutrino properties
— How is the energy transferred from the neutrinos?
— What are the dynamics of the explosion?
— Is this the site of the r-process?
— How are the elements heavier than Fe formed?

v Neutrino properties
v' How do neutrinos interact with matter?

— energy transfer, neutrino processing including fission
v" What are the properties of the very neutron-rich nuclei?

26
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What Are the Properties of Neutrinos

What do we know: First crack in the standard model ;
B Neutrinos mix — at least three mass eigenstates
— We know two mass differences- Am,,?, Am,;?

Nobs Nexp

0.4

— Two mixing angles- 0,,, 6,5 02
B Neutrinos account for 0.0
as much mass as
all the stars. 4 ——
=,
What do we need to know? = | Mass?
B \What is the mass scale? S

B |s the neutrino its own antiparticle?
— neutrino-less double beta decay
— nuclear structure
B What is the full mixing matrix -- 0,5,
B CP violation

—W

O Bugey
»  Rovno

+ Goesgen

v Krasnoyarsk

0O Palo Verde
— MW Chooz

® KamLAND

10! 10° 10° 10* 10°

Distance to Reactor (m)

~2x103 eV? SuperK

~8x10° eV2 KamLAND
1

Normal hierarchy or inverted?

— What does this tell us about the baryon asymmetry in the universe?

27
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What forces were needed to create the universe but have
“disappeared”?

What do we know: The standard model
works extremely well. 1.
199Hf
B Hints of physics beyond the standard model °
M The baryon asymmetry in the universe

Time reversal violation
M Electric Dipole Moments

M O Gy

— electron, neutron, nuclei
B Leptogenesis and neutrino properties
Are there new forces at work?
M |epton, hadron and nuclear properties and decay ..
— muon g-2, muon decay, Q.. --- LRGeS LR
Are there more generations? M =730 G
B Unitarity of CKM matrix Limits on CP violating

— nuclear mass measurements supersymmetric phases .,



Science Questions from the 2005 NSAC Subcommittee report
QCD

B What is the nature of the quark-gluon matter of the
early universe and what transitions led to our
present world of protons and neutrons?

B Where is the glue that binds quarks into strongly
Interacting particles, and what are its properties?

B What is the internal landscape of the proton?

B What does QCD predict for the properties of
nuclear matter?

29
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Science Questions from the 2005 NSAC Subcommittee report
Physics of Nuclei and Nuclear Astrophysics

® What binds protons and neutrons into stable nuclel
and rare isotopes?

B What is the origin of simple patterns in complex
nuclei?

B \When and how did the elements from iron to
uranium originate?

B What causes stars to explode?

30
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Science Questions from the 2005 NSAC Subcommittee report
Fundamental Symmetries and Neutrinos

B \What are the masses of neutrinos and how have
they shaped the evolution of the universe?

B Why is there more matter than antimatter?

B What are the unseen forces that disappeared from
view as the universe cooled?

31
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Questions from the Science Magazine
125 Questions: What don’t we know?

B What is the universe made of?

B Can the laws of Physics be unified?
B Where do ultra-high energy cosmic rays come from?
® Why is there more matter than antimatter?

B Are neutrinos their own antiparticle?

M |s there a unified theory explaining all correlated electron
systems? [hadron systems? quark systems?]

B Are there stable high-atomic number elements?
B What can replace cheap oil —and when?

32
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What Are the Right Tools

RHIC

RlA 4 In-flight Fragment

In-flight Separated Beams |_Separation
Concept (&> 50 Mevi)
Production Targets i

Driver Linac 400 MeV/u U, 900 MeV p

lon Sources/ Gas (
Pre-acceleration Secondary Lmac Sloppmg
N rd

1

2
Structure and |  Astrophysics| No Aocelerahon
Reactions E <1 MeV/u| Traps, Laser 'Rauunra
E <15 MeV/u Spec., etc. 'y

Reaccelerated Beams

RIA RIKEN-RIBF DUSEL

33
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The Next Generation of Researchers

Founth RIA 5ummer School on Exotic Beam Phys:cs
O R “July 31 - August'6, 2005
STV o "*.Nuclear Science Division
_Lawrence Berkeley National Laboratory

| could have shown any of the recent summer schools, such as

the very successful HUGS.
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Summary

“The Mission of Nuclear Physics is to understand the
origin, evolution and structure of baryonic matter
In the universe — the matter that makes up stars,
planets and human life itself.”

B What we know about this unique quantum system that is the nucleus is
extremely impressive and growing rapidly.

B “What we don’t know” are some of the most interesting questions in
modern science, with links to particle physics, astrophysics and
condensed matter physics.

B The international community has charted a roadmap with the tools we
need to best answer these questions.

B These discoveries are serving society. energy recovery linacs, new tools
to diagnose and fight cancer, ... understanding nature, and inspiring
young minds...
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