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MOTIVATION I

Atoms

Dark
4.6% Energy
Dark 71.4%
Matter
24%

This talk is about ongoing efforts to understand
the observed 4.6% — the physics of atomic nuclei—
quantitatively from first principles




LATTICE QCD = QCD ON A GRID OR LATTICEI

volume: Mw L >1

infrared cutoff

lattice spacing: b << M ];1

/ b ultraviolet cutoff

Can use Effective Field Theory to extrapolate in L and b!
[ Symanzik (19838), Gasser and Leutwyler (1988)]

Systematic uncertainties from lattice artifacts are controlled
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State of the Art: QCD+QED I
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Lattice QCD for nuclear
physics 1s expensive

O Signal/noise (sign problem) and statistics

O Number of contractions
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Nuclear fine- tumngs!

*  Calculation of nuclear forces requires these knobs!

Four-body force




) ¢ Fundamental parameters as knobs: I

Ng O My, M

W ﬁ»\

Nuclear fine-tunings!

*  Calculation of nuclear forces requires these knobs!

M, Four-body force

p—

DARK
. . . MAT veR
¥ Interactions of nuclei with dark matter



* | attice size as a knob I

pt % e

* Calculation of interactions requires this knob!

- /
pcotd = WLLS(ﬁ) I

Luscher Quantization Condition EFT in a Box




Liuscher Quantization Condition I

[Luescher (1990)]




v/ S-wave quantization condition:
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EFT in a Box I

Effective field theory
Hamiltonian in a
finite volume with

H periodic BCs
EFT

V(r)=V(r+mlL)
L / / ¢(r) = ¢(r+mlL)

N




3-dimensional Schrodinger equation in finite volume I




3-dimensional Schrodinger equation in finite volume I




3-dimensional Schrodinger equation in finite volume I

Diagonalize large symmetric matrix



E.g. Match BB levels to Effective Field Theory

LO BB potential:

[Weinberg (1990)]

Fit coupling to match energy levels

Now we have LO potential at ALL pion masses! I
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First Lattice QCD predictions for nuclear physics

Relevant for dense matter energy shift of the hyperon
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(Hyper)Nuclei in the SU(3) Limit

[Savage]| |]
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Contessi
Nuclear structure + LQCD : 1]

[Bamea et al. PRL 201 5]

_— LQCD
.| EFT

m;. = 800 MeV
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(Hyper)Nuclei in 2+1

two-body systems:
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Deuteron binding energy from LQCD I

‘ NPLQCD, anisotropic
. Yamazaki et al.
. NPLQCD, isotropic
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Dineutron binding energy from LQCD I

. NPLQCD, anisotropic
() Yamazaki et al.
‘ NPLQCD, isotropic
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Recoil energy




WIMP \ ‘ Recoil energy
Q P

X X
Spin-independent B _ (@) —
WIMP-quark L = GrXxx zq: 45" 44
Interactions
q q /

dim-3 operator
low-scale transforms like
Y quark masses

~ GFr Xx (N|qq|N)

N sigma term



WIMP-QCD EFT I
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Nuclear sigma terms from binding energies I
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Nucleon-nucleon scattering I

_ 1 1 2 4 6
keotd = —= + crkf® + Pl + O (Ik|°)

/ \ effective range:

range of interaction
scattering length: unbounded

S0) — _23.71 fm a(®1) = 543 fm

(
EXPERIMENT: ¢

r(50) — 973 fm (50— 175 fm

al™ > Age //”/\6\\

Trivial IR fixed point:

. " Nontrivial UV fixed point:
natural case

“unnatural case”



L ~ 3.4 fm
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NN S-wave phase shifts
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NN S-wave phase shifts
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Some unexpected chiral dynamics from LQCD I
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Some unexpected chiral dynamics from LQCD
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Nucleon mass I
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M,y [GeV]

Nucleon mass I
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Nucleon mass I
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Nucleon axial charge I
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Nucleon axial charge I
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Nuclear structure: magnetic moments I [Savage | |]

+ Hadronic and nuclear correlation functions are modified in the
presence of external fields. For example, E&M field gives:

A A -
Ep;,(B) = \/M,f + P2 + (20, + 1)|QneB| — pn - B — 218, (B — 2n 8, 2T B, B;) + ..

N

) Landau level

+ Can extract magnetic moments, polarizabilities, ...

+ Extendable to external axial fields, etc.




QCD @ m, = 800 MeV
——————————— Experiment
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+ Almost no quark mass dependence in units of )
My



‘ Nuclei as groupings of nucleons: shell model! I

H3H = Hp

H3He = Hn
Hd = Hp T Un
06"
0.4i
Difference between .
nuclear magnetic 2 oo
moments and shell = _,
model predictions 04
-0.6

QCD @ my = 800 MeV
Experiment
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Nuclear structure: polarizabilities I
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Nuclear reaction: 1p — dry I




Nuclear reaction: 1p — dry I
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+ Remarkable progress is being made in understanding the

visible matter in the Universe from first principles using
lattice QCD.

+ Quark mass dependence of many nuclear observables is
unexpected from a chiral perturbation theory perspective.

+ Background field method is proving remarkably successful:
static electromagnetic properties of light nuclei are being
determined and the first postdiction of a nuclear reaction now
exists.

USQCD  US Lattice Quantum Ciromodynamics

& Scientific Discovery through

Advanced Computing






