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QCD and EM Responsible for the   
Nuclear Energy Scales

Mass 235U ~ 220 900 MeV



Organizing Nuclear Forces 

• Low-energy EFT of QCD 

• Chiral symmetries of QCD 

• Quark mass dependence 

• Softer Interactions 
• Vlowk , SRG  
• many-body calcs

Effective Field Theory introduced by Weinberg  
in the early 1990’s to systematize nuclear forces



Nucleon 
~ 1 GeV 
size set by pion

Nucleus 
~ 250 MeV

Lattice QCD 
  ≳ 2 GeV

pionful EFT 
ρ mass/2 
~ 390 MeV 

pionless EFT 
~ 70 MeV 

Energy Scales 
Dynamical Degrees of Freedom
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Excitations 
~ 1 MeV



Fundamental Constants:
Nuclear Physics is Robust (?) 



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

Fine-Tunings define our Universe



Fine-Tunings define our Universe

• Spin Independent up to 1/Nc2
• SU(4) spin-flavor symmetry

• Near Unitarity
•  nontrivial UV fixed point

N
q

~1/(Nc)|I-J|I,J

...
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Nuclei from QCD

Extensive study of s-shell nuclei and hypernuclei, and  
baryon-baryon interactions at SU(3) symmetric point

Beane et al, Phys.Rev. D87 (2013) 3, 034506, Phys.Rev. C88 (2013) 2, 024003  

mπ ~ 800 MeV



Deuteron appears to be (somewhat) unnatural  
but not finely-tuned ?? 

Generic feature of YM with nf=3

mπ ~ 800 MeV

 NN Interactions

11

0 200 400 600 800
0

1

2

3

mπ (MeV)

a(
3
s 1
) /r

(3
s 1
)

Experiment
nf=2+1 , NNEFT (NPLQCD)
nf=3 (NPLQCD)



mπ ~ 450 MeV

 NN Interactions
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Light Nuclei : 
Quark Mass Effects 
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The Periodic Table as a function  
of the quark masses 

(Barnea et al., Phys.Rev.Lett. 114 (2015) 5, 052501) 

14NNEFTs : Enhance scope of the Lattice Calculations 



Nuclei are more than Nucleons !!



Deuteron Quadrupole Moment 

Contributions beyond single nucleon interactions
~5%



Radiative Capture : 

Contributions beyond single nucleon interactions
~10%

Theory : Jiunn-Wei Chen and MJS Phys.Rev. C60 (1999) 06520
EXPT: Tornow et al, TUNL, Phys.Lett. B574 (2003) 8-13. 

http://inspirehep.net/author/profile/Chen%2C%20Jiunn-Wei?recid=503464&ln=en


Radiative Capture : 

Electroweak Matrix Elements in the Two-Nucleon Sector from Lattice QCD
William Detmold and MJS, 
Nucl. Phys. A 743, 170 (2004). hep-lat/0403005.



MECs

Radiative Capture : 

physical point: 

Ab Initio Calculation of the np → dγ Radiative Capture Process
NPLQCD, arXiv:1505.02422 

[ 306 mb  single nucleons alone ]



Nuclear σ-Terms and 
Dark Matter Interactions

Required by QCD !  
How big ??

Usual assumption

NPLQCD : Phys.Rev. D89 (2014) 074505 , arXiv:1306.6939 (2013)



Nuclear σ-Terms and 
Dark Matter Interactions
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σ-terms from the binding energy only

Nuclear σ-terms
NPLQCD : Phys.Rev. D89 (2014) 074505 , arXiv:1306.6939 (2013)



Nuclei in Large Magnetic Fields



Magnetic Moments 
Expectations and Landau Levels 

 

Landau levels present for charged particles contaminate the 
extraction of polarizabilities



Magnetic Moments 
Neutron Spin States 

 

• Lower state depends essentially linearly on B
• Polarizability results from upper level (essentially)
• Spin-dependences highly correlated

400 MeV

|eB| ~ 0.7 GeV2 
        ~ 1020 Gauss 

mπ ~ 800 MeV



Magnetic Moments 

mπ ~ 800 MeV     Vs    Nature

Magnetic moments of light nuclei from lattice quantum 
chromodynamics  
S.R. Beane, E. Chang, S. Cohen, W. Detmold, H.W. Lin, K. Orginos, A. 
Parreno, M.J. Savage,  B.C. Tiburzi  
Published in Phys.Rev.Lett. 113 (2014) 25, 252001  
e-Print: arXiv:1409.3556 [hep-lat] 

http://inspirehep.net/record/1315952
http://inspirehep.net/author/profile/Beane%2C%20S.R.?recid=1315952&ln=en
http://inspirehep.net/author/profile/Chang%2C%20E.?recid=1315952&ln=en
http://inspirehep.net/author/profile/Cohen%2C%20S.?recid=1315952&ln=en
http://inspirehep.net/author/profile/Detmold%2C%20W.?recid=1315952&ln=en
http://inspirehep.net/author/profile/Lin%2C%20H.W.?recid=1315952&ln=en
http://inspirehep.net/author/profile/Orginos%2C%20K.?recid=1315952&ln=en
http://inspirehep.net/author/profile/Parreno%2C%20A.?recid=1315952&ln=en
http://inspirehep.net/author/profile/Savage%2C%20M.J.?recid=1315952&ln=en
http://inspirehep.net/author/profile/Tiburzi%2C%20B.C.?recid=1315952&ln=en
http://arXiv.org/abs/arXiv:1409.3556
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Essentially ALL quark mass dependence of nucleon magnetic moments 
is due to the nucleon mass

Magnetic Moments 



The Structure of Nuclei : 
Polarizabilities

Large isovector nucleon polarizability
Nuclear polarizabilities are similar to proton polarizability

mπ ~ 800 MeV



The Structure of Nuclei : 
Feshbach Resonances

805 MeV 450 MeV

Threshold for break-up

Threshold for break-up

Increasing B tends to dissociate dineutron 
- if trend survives to physical point then neutron stars do not want to spontaneously generate B-fields

Possible Feshbach resonance of deuteron and pp-system at the physical point - system with infinite 
scattering length



Exotic Nuclei : 
Penta-Quarks, Octa-Quarks and Beyond



Modeling Interactions with Nuclei
QQ QQ

• Brodsky, Schmidt  and deTeramond (1989) 
• multi-gluon exchange modeled by Pomerons  
• large binding energies, scaling with A 

• Wasson (1991) 
• Saturation due to finite range interaction

c c



Quarkonium 
Symmetries and Interactions

QQ QQ

Only spin-0 and spin-2  ,   no spin-1(requires 3 gluons)

Q Q

Gμν Gμν , G0α G0α

Giα Gjα symmetrized, traceless
O(1)

O(1/MQ)

 (Luke, Manohar, MJS) 

Techni-baryons with colored constituents have similar forms - same at LO

Matrix elements of gluonic operators - exploring the glue structure of nuclei
A new and nice probe - hopefully



Quarkonium 
Symmetries and Interactions

QQ QQ

Large-Nc Limit 

ηc and J/ψ have spin-
independent interactions  

up to 1/MQ

I,J

Q
Q

~1 ~1/(Nc)|I-J|

N
q

I,J

...
Nuclei have 1/Nc 

suppressions 
that depend on t-channel 

quantum numbers

I,J



Charmonium-Nucleon
QQ QQPrevious Calculations

Liu, Lin, Orginos, (2008)

Kawanai, Sasaki, (2010)



mπ ~ 800 MeV

Athenna

c cc c

Charmonium-Nuclei
QQ QQ

(Beane, Chang, Cohen, Detmold, Lin, Orginos, Parreno, MJS ,  
Phys.Rev. D91 (2015) 11, 114503,  arXiv:1410.7069)

http://arXiv.org/abs/arXiv:1410.7069


c cc c

Charmonium-Nuclei
Extrapolation to Nature

• Leading Gluonic Matrix Element ~  MN 
• B~60 MeV @ mπ = 800 MeV extrapolates to  
  B~40 MeV @ mπ = 140 MeV 

• Calculations at lighter masses underway 

QQ QQ



Puzzle(s)



Lattice QCD:
Results - Nucleon

Unexpected behavior !! 
38

(Walker-Loud)



Lattice QCD:
Results - Nucleon Axial Charge

39

Date : 2006

Date : 2014



Essentially ALL quark mass dependence of nucleon magnetic moments 
is due to the nucleon mass

Lattice QCD:
Results - Magnetic Moments



Lattice QCD:
Results - meson-meson scattering

extrapolation to nature
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Red curve is tree-level chiral PT - Weinberg 
- prediction and not fit 



Lattice QCD:
What is the Underlying Structure ?
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All unexpected results that Lattice QCD has revealed



Closing Remarks

• Nuclear Physics is unnatural
• Nuclear Theory interesting and challenging !!
• Interesting to explore stability and de-tuning
• Is it finely tuned ? 

• Nuclei are more than nucleons
•  correlated multi-nucleon-probe(s) interactions contribute 

• Exotic Nuclei - penta-quarks, octa-quarks, …

• Hadronic/nuclear structure revealed by Lattice QCD not 
understood

c c



END



LQCD to Pionless EFT to Nuclei

LQCD Nuclei for 800 MeV pions 
• Fit 2-body and 3-body LQCD bindings 
• Predict 4-body, c/w LQCD prediction 
• Compare with LQCD 4-body

``First Contact`` LQCD

pionless EFT valid for nuclei

(Barnea et al., Phys.Rev.Lett. 114 (2015) 5, 052501) 



Weak Capture/Breakup 

W/Z


