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BIG guestions in nuclear physics
(from Tribble report)

1. What binds protons and neutrons into stable nuclei and rare isotopes?
2. What is the origin of simple patterns in complex nuclei?
3. When and how did the elements from iron to uranium originate?

4. What causes stars to explode?

Nuclear Landscape
The last two questions relate to 126

astrophysics! One could add: stable nuclei | ol

5. What's the mass of the neutrino?

known nuclei
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6. How does one detect a WIMP?

Important questions in astrophysics
cannot be answered without
understanding nuclei!

neutron stars




How does the physics of nuclei impact
the physical universe?

Supernova

X-ray burst

Slide by W. Nazarewicz



Physics of nuclel

Astrophysical processes

Astrophysical question

Nuclear physics

Assumption

How are heavy elements made?

Structure of neutron-rich
nuclei

R-process based
nucleosynthesis

How do stars explode?

Structure of neutron-rich nuclei /
Nuclear equation of state

Supernovae mechanism

What is the neutrino mass?

Neutrino-less beta decay

Neutrino is Majorana patrticle

Today’s program:
First act:

Second act:

decay

Structure of neutron-rich nuclei




Neutrinos

Feynman diagram for  decay
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(Relatively) new insight:

The “electron-neutrino” created
in  decay will change its flavor
as it escapes.

Neutrino oscillations



KamLAND

Neutrino oscillations:

Neutrino mass eigenstates are not
flavor eigenstates; they are a
superposition of flavor eigenstates.

Q: What are the masses?
What are the mixing angles?

Figures from:
S. Freedman, DNP Town meeting 2007



What are the masses of neutrinos?

Neutrino oscillations reveal differences m2. What are the masses? What is
the hierarchy of masses?

S. Freedman, DNP town meeting 2007.




Determining the neutrino mass

mass from decay: Precise determination of the end-point of the spectrum

Sensitivity: 0.2 eV

Difficulty: Tiny count rates

mass from neutrino-less decay:

Sensitivity: 0.01 eV

Required: Good
understanding of nuclear
structure.

Not observed so far.
Upper limits of half-life
exist.




Relation between half-life of decay and neutrino masses

Neutrino mass

Matrix element for Gamov-Teller transition The accurate determination of this
matrix element requires (very)
accurate wave functions!

Ground state of daughter Ground state of mother
nucleus, e.g. nucleus, e.g.

Caurier et al, PRL 77 (1996) 1954,

The shell model is superior to the QRPA calculations as the latter is based on uncontrolled approximations.



Large theoretical uncertainty!

S. R.Elliot & J. Engel,
J. Phys. G 30 (2004) R183.



Our approach towards a more reliable determination of the Gamov-
Teller matrix element

1. Use a properly renormalized transition operator
2. Use a larger model space than previously possible.
Employ an approximation method for this purpose

Explanations:

(1) Shell-model calculations done in a relatively small
model space that excludes high-momentum modes.
Similarity transformed Hamiltonians and operators
must be employed.

S. Bogner et al, nucl-th/0701013.
(2) Modest increase of single-particle model space yields
tremendous increase of many-body Hilbert space.
Wave-function factorization is the tool.

The wave function factorization reduces
the dimension of the eigenvalue problem
by a factor 100-1000.

TP and D.J. Dean, J. Phys. G 31(2005)S1377



Intermezzo

Most sensitive determination of neutrino mass in decay

Half-life of this (so far unobserved) process determined by
neutrino mass and nuclear physics matrix element.

We seek accurate determination of this matrix element based on
renormalized operators and large model spaces.

Second act follows ... neutron-rich nuclei



Neutron halos: Radii of LI isotopes

R. Sanchez et al, PRL 96 (2006) 33002.



Coupled-cluster theory (CCSD)

Ansatz: Scales gently (polynomial) with
Increasing problem size.

Truncation is the only
approximation

Open-shell systems more difficult.

Correlations are exponentiated 1p-1h and 2p-2h excitations. Part of np-nh
excitations included!

Coupled cluster equations




Helium isotopes:
weakly bound and unbound quantum systems

Aim: Ab-initio description of weakly bound systems and computation of life times of
particle-unstable >’He.

Basis set: Single-particle basis of bound, resonance and scattering states: Gamow shell
model complex symmetric Hamiltonian

Two new aspects:
1. Particle-unstable nuclei

2. Open-shell nuclei ()

Comparison with exact diagonalization

N. Michel et al, PRC 67, 054311 (2003)

All fine, except ®He (large T corrections); <J2>=0.6




Results from large-scale CCSD calculations

Input: V. from N3LO, oscillator basis, Gamow basis.

Results [G. Hagen, D. J. Dean, M. Hjorth-Jensen, and TP, nucl-th/0610072]:

1.

2
3.
4

. Decay widths in semi-quantitative agreement with data.

Deficit in binding energy (increases with increasing N)  Three-nucleon force.

. Results almost converged w.r.t. size of model space.

SHe and "He particle unstable; 6He not correctly reproduced (open shell).




Chiral potential at order N3LO

Feynman diagrams Phase shifts reproduced to 2/datum=1

About 24+ parameters

R. Machleidt and D. R. Entem, J. Phys. G 31 D. R. Entem and R. Machleidt, Phys.Rev.
(2005) S1235 C68 (2003) 041001




GFMC results for light nuclel

S. C. Pieper and R. B. Wiringa, Ann.Rev.Nucl.Part.Sci. 51 (2001) 53



Three nucleon forces: Why?

* Nucleons are not point particles (i.e. not elementary).

 We neglected some internal degrees of freedom (e.g. -resonance,
“polarization effects”, ...), and unconstrained high-momentum modes.

Example from celestial mechanics: Other tidal effects cannot be included
Some tidal effects are included in the in the two-body interaction!  Three-body
two-body interaction force unavoidable.

Renormalization group transformation:
Removal of “stiff” degrees of freedom
at expense of additional forces.



Light nuclel with V.,

As cutoff Is varied, motion
along Tjon line.

Addition of -dependent three-
nucleon force yields agreement
with experiment.

Three-nucleon force perturbative
at cutoff =1.9 fm-L,

Nogga, S. K. Bogner, and A. Schwenk,
Phys. Rev. C 70 (2004) 061002.




Coupled-cluster theory with three-nucleon forces

Rewriting the three-body Hamiltonian:

4He with (full) and without (dashed) three-
body forces as a function of parameters of
the model space. Exact: -28.29MeV.

Vacuum energy and density-dependent one-body terms

Density-dependent two-body terms

Genuine three-body terms

Error due to CCSD
approximation

Contributions to binding of “He: Two-body
force, density-dependent O-, 1-, and 2-body
contributions from three-nucleon forces



Summary

1. Understanding of nuclear structure basis for determination of
neutrino masses in decay.
. Combine larger model space with properly renormalized operators

2.  Ab-initio calculations of neutron-rich Helium isotopes

. Basic properties of chain reproduced (but: ®He is unbound with two-
body forces only)

. Semi-quantitative determination of decay widths
. First results for three-nucleon forces within coupled cluster theory

3. Future:
. Completing the decay calculation
. Explore role of three-nucleon force

. Ab-initio structure calculations for Oxygen isotopes, Calcium
isotopes, and Nickel isotopes



