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QCD, Lattice QCD and Nuclear physics
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EVERYTHING ELSE,
DARK ENERGY INCLUDING ALL STARS, DARK MATTER
PLANETS, AND US
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47 is ATOMS!
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The Nature of the Visible Matter in the Universe

Dictated by the Standard Model:

aravity
electromagnetism:QED

weak interaction

strong interaction: QCD
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QUANTUM CHROMODYNAMICS

@ .
proton | pion (7)
000 anti-quark o0

QCD = rules for making hadrons from quarks and gluons




Complicated strong coupling problem!

Mass Budget

(" )

cgluon mass = 0

up quark mass ~ 3 MeV

down quark mass ~ 5 MeV

proton mass ~ 940 MeV

J

proton



Complicated strong coupling problem!

Mass Budget

(" )

cgluon mass = 0

up quark mass ~ 3 MeV

down quark mass ~ 5 MeV

proton mass ~ 940 MeV

J

proton

~ 4% is QCD interactions!



Nuclear Physics: two layers of complexity!!

proton

O quarks

gluons

@ anti-quarks

@ quarks

gluons

@ anti-quarks

neutron



Why do 1t?



W Nuclear physics with quantifiable uncertainties!

W Dependence on fundamental parameters of nature:

Hypernuclear physics
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LATTICE QCD = QCD ON A GRID OR LATTICE

volume: M [, > 1

lattice spacing: b K M&l
tb

Can use Effective Field Theory to extrapolate in L and b!

(systematic uncertainties fully controlled)




Why 1s nuclear
physics hard?



Why 1s nuclear
physics hard?
O Signal/noise and statistics

O Excited level resolution
O Number of contractions
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signal/noise problem = quark identity crisis!

a

Am | in a baryon or in a @
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“Golden window” persiststo A > 1
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* NNN interaction from LQCD
* Alpha particle

+ Continuum extrapolated results for EoS and T,
* Universal properties of QCD at non-zero

temperature

(Deuteron axial-charge

High temperature limit
of the QCD EoS

Precision meson-meson
interactions

Neutron

D
— - . 3
« Baryon-baryon interactions J

* Baryon-meson interactions P
: == Energy
First calculations of the Fusion
parity-violating weak force
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N;=2+1 Anisotropic Clover E&iiss Son Lab
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The simplest nucleus:

Fundamental

benchmark for
Lattice QCD!

By = 2.224644(34) MeV

deuteron
000000



’ Deuteron binding still ambiguous.. 2'“
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What can we
measure that we
do not know?



Neutron Star Core




Neutron Star Core
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Is there an H-dibaryon!?

In SU(3) limit:

(8® 8)s

VNS,

With SU(3) breaking:

AA — ¥ — N= coupled channels!

Need isolated G.S.!
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Hadrons to Atomic nuclei
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Evidence for binding
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== bound!!
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Soon will be competitive with EFT and models!



Conclusion

® A Golden Age for nuclear physics is imminent! But need to
run big machines a long time to do nuclear physics!

® Few-hadron systems are currently under intense
investigation. Calculation of deuteron properties is a major
outstanding benchmark.The H-dibaryon and == systems

are bound at unphysical quark masses. Results on hyperon-

nucleon scattering are forthcoming.

® Naive chiral extrapolation of the existing lattice data indicate

that at 2-sigma level H can be unbound or independent of
the quark masses: need ., ~ 200 — 250 MeV  AND

smaller lattice spacing to claim control of continuum limit!
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Allocated Resources [TFlops—Years]

How we compare...
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b M,

Volume dependence of the A mass

323 x 256 243x128  20°x128  16°x128
0.226 \ \ \ \ \ w w w \ w w w w \ \ ! \ \ !
0.225; |
0.224; |
: m. L = 4.82 m, L = 3.86
f |
0.223 |- |
- my L = T7.71
0.222 |- ¢ |
2] { me L = 579 Volume corrections large! |
0.2207 | | | | | | | | | | | | | |
0.000 0.005 0.010 0.015 0.020 0.025



0.26

0.22

Energy-Momentum Relation
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Special relativity satisfied!




