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( Partial ) Unification of Nuclear Physics 
- Quantifiable Uncertainties  

Many-Body Methods
EFT, LatticeEFT, 
GFMC, NCSM

{ {
Solve QCD

Predictions with 
Quantifiable Uncertainties

Thursday, August 16, 2012



l Nuclear physics exhibits fine-tunings
l Why ??
l Range of parameters to produce sufficient carbon ?

Fine-Tunings define our Universe
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A = 12 Energy-Level Diagram

Bound States

Resonances

Threshold
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HyperNuclear Programs 
J-PARC, FAIR, JLab, 

E. Hiyama (2008)
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... to make predictions for the structure and interactions of nuclei using lattice QCD. 

NPLQCD 

+

  Silas Beane       Emmanuel Chang       William Detmold          Huey-Wen Lin                 Tom Luu                       Saul Cohen               Pari Junnarkar
New Hampshire        Barcelona           William+Mary / MIT      U. of Washington                  LLNL                     U. of Washington          New Hampshire

  Kostas Orginos       Assumpta Parreno        Martin Savage          Aaron Torok         Andre Walker-Loud
    William+Mary             Barcelona               U. of Washington    ex-New Hampshire          LBNL

Thursday, August 16, 2012



δE = 2
�

p2 + m2 − 2m

Two-Particle Energy Levels 
(Luscher’s Method) 

Below Inelastic Thresholds : 
Measure on lattice

Gives the scattering amplitude at          δE

(L=0,4,6,8,..)

A1+

Thursday, August 16, 2012



Luscher Eigenvalue Relation

Non-interacting particles

E < 0 E > 0 Bound-state or 
Scattering state ?

V = 0 → a = r = 0
S =∞

k =
2π

L
n

n = (nx, ny, nz)

A1+
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Beyond S-wave 

e.g.  A2+ , L=6
Luscher phenomenology : 

Tom Luu et al, Phys. Rev. D83 (2011) 114508   
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Bound-States 
At Rest and in Motion

P

Zohreh Davoudi et al,  Phys. Rev. D84 (2011) 114502   

~ 3 e-L/R ~ e-L/Rx +  c e-L/Ry +  d e-L/Rz
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Bound-States in Motion   
Equal Masses
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Comment: Degeneracy broken by boosting

Exponential Volume Corrections to Binding Energy
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Scattering States in Motion   
Nearby States

non-interacting states
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Multi-Volume Anisotropic Clover 
Study by NPLQCD 

2009 - 2011

L ∼ 4 fmL ∼ 3 fmL ∼ 2.5 fmL ∼ 2 fm

lattice spacing : b ∼ 0.123 fm
pion mass : mπ ∼ 390 MeV
fermion action : Clover
anisotropy : ξt ∼ 3.5

mπT ∼ 9 , 9 , 9 , 18mπL ∼ 4 , 5 , 6 , 8
resources :∼ 80× 106 core hrs
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Anisotropic Clover Multi-Volume Study : 
Details 

L cfgs srcs

24 2215 390,000

32 739 135,000
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Multi-Volume Study :
Finite-Volume Baryon Masses

m L~ 3.9, 4.8, 5.8, 7.7
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Lambda

H-Dibaryon - An Exotic Nucleus
The First QCD Calculation of a Nucleus

~ 100 Million core-hours

108 core-hrs, 1 PB data
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H-dibaryon : I=J=0, s=-2 ΛΛ− ΣΣ−NΞ

pion mass : mπ ∼ 390 MeV

H-Dibaryon
An Exotic Nucleus
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Two-Body Bound States (I)
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Two-Body Bound States (II)
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Hyperon Nucleon Interactions  

Cancellation between channels in dense matter 
energy-shift of hyperon
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Meissner+Haidenbauer   -   Experiment + YN-EFT (LO)
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Cancellation between channels in dense matter 
energy-shift of hyperon
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NPLQCD   -   Lattice QCD + YN-EFT (LO) 

Hyperon Nucleon Interactions  
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b~0.123 fm
20x20x20 x 128
pion ~ 390 MeV

The Golden Window

Not degrading 
exponentially
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Signal-to-Noise Degradation
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From Anisotropic to Isotropic
Clover Configurations

HALQCD nf�3
NPLQCD nf�2�1
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• Binding becoming smaller at smaller pion mass
• FV effects getting larger for fixed volume

• Need larger volumes and better statistics

• Don’t have resources to complete in reasonable time-frame
• Can’t compete with K-machine head-on

• Only need 1 or 2 levels cleanly - not 10 (at present)

(Physical strange-quark mass)

230 MeV,  
323x256,
mL=4.6 > γL
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Many Nucleons   (Baryons) 

Ncont. = u!d!s! (Naive)
= (A + Z)!(2A− Z)!s!
∼ A3 (Kaplan)

Proton : N cont = 2
235U     :   N cont = 101494

Symmetries  provide significant reduction
3
He : 2880→ 93

Recursion Relations 
Other Tricks

Large number of Wick contractions
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Multi-Volume Isotropic Clover 
Study by NPLQCD 
In Search of Nuclei

• b ~ 0.145 fm
• SU(3) Symmetry Limit
• m ~ 800 MeV
• Isotropic Clover

L~3.4 fm

L~6.7 fm
L~4.5 fm

m L ~ 14.3 , 19.0 , 28.5 
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Isotropic Clover Multi-Volume Study : 
Details 

L cfgs srcs
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A-body SU(3) Structure

• Local operators
• Spin Projection

P1

P2

P3
A=2

A=3

A=4
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A-body SU(3) Structure
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 SU(3) Symmetry
2-Body Spectrum
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Deuteron and nn :
All Lattice Calculations 
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 SU(3) Symmetry
3-Body Nuclear Spectrum

NPLQCD : e-Print: arXiv:1206.5219 [hep-lat]
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3He : 
All Calculations

0 100 200 300 400 500 600 700 800
0

20

40

60

80

mΠ �MeV�

3 H
e
:
B
�MeV

� nf�2�1 �NPLQCD�nf�0 �Yamazaki et al�nf�2�1 �Yamazaki et al�

Thursday, August 16, 2012



� � n � p d � � �n�3s1� � p�
3 H � 3

2

� �
�100

�50

0

50

�
E
�MeV

�

L�48 , �p��0
L�32 , �p��0
L�24 , �p��0

� � n � p d � � �n�1s0� � p �n�3s1� � p�
3 H � 1

2

� �
�100

�50

0

50

�
E
�MeV

�

L�48 , �p��0
L�32 , �p��0
L�24 , �p��0

 SU(3) Symmetry
3-Body Hypernuclear Spectrum
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 SU(3) Symmetry
4-Body Nuclear Spectrum

NPLQCD : e-Print: arXiv:1206.5219 [hep-lat]
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Contractions ~ 0.8 core-second per time-slice
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4He : 
All Calculations
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 SU(3) Symmetry
4-Body Hypernuclear Spectrum
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 SU(3) Symmetry
5-Body Hypernuclear Spectrum
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 SU(3) Symmetry
Summary Spectrum from Isotropic
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Volume Dependence ?

A>2 : Volume dependence unknown

4He : R << 3.5 fm
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Medium A Nuclei : 
Developments in Contractions

(Detmold and Orginos, arXiv:1207.1452)
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A Challenge

p � p � n � n d � p � n nn � p � p nn � pp d � d 3He � n4He �0 ���150

�100

�50

0

50

�
E
�MeV

�

L�12 fm , �p��0
L�48 , �p��0
L�32 , �p��0
L�24 , �p��0

Nuclear Wavefunctions?
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Summary

• Algorithmic progress in contractions 
• s-shell nuclei and beyond
• ongoing

• A < 5 ground state energies (not physical pion mass)

• Encouraging progress in A > 4 systems
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END
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An Unnecessary Diversion
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A Primer -
1990 : Luscher says ....

Taking U to be energy-independent is a model-
dependent assertion and not a QCD prediction

It therefore follows that....
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A Reminder
2005 : Aoki says ....

Taking U to be energy-independent is a model-
dependent assertion and not a QCD prediction

It therefore follows that....
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Back To Reality
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HyperNuclear Programs 
EM results

E. Hiyama (2008)
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