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This talk is about efforts to understand
this 4.6% , the physics of atomic nuclei,
quantitatively from first principles
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Even simplest systems are complex:

proton \anti-quark / pion ()
VVVW\ o0

o000
photon

Requires high-performance computing!! I



LATTICE QCD = QCD ON A GRID OR LATTICEI

volume: Mﬂ. [, > 1

infrared cutoff

1b lattice spacing: b <& M ]Gl

vltraviolet cutoff

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

Systematic uncertainties from lattice artifacts are controlled
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Nuclear Physics: two layers of complexity!! I
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v Nuclear physics from first principles!



% Interesting physics that is difficult to measure! I

new strangeness dimension

Hypernuclear physics
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# Interesting physics that is difficult to measure! I

new strangeness dimension

Hypernuclear physics
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Neutron Star Core




Neutron Star Core




W Dependence on fundamental parameters of nature: I
S TTq,

Nuclear fine-tunings!
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W Dependence on fundamental parameters of nature: I
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Nuclear fine- tumngs!

*  Calculation of nuclear forces requires these knobs!

M, Four-body force




W Dependence on fundamental parameters of nature: I

Qe My, My

W mw

Nuclear fine-tunings!

*  Calculation of nuclear forces requires these knobs!

M, Four-body force
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* Interactions of nuclei with dark matter



Why 1s lattice QCD for
nuclear physics hard ?

O Signal/noise (sign problem) and statistics

O Number of contractions



SIGNAL/NOISE PROBLEM I
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SIGNAL/NOISE PROBLEM I
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V' Signal/noise problem and sign problem are the same I

Nuclear Landscape

T.GeV QGP QCD phase diagram

Y quark

C identity
k) oses ﬂt OriSiS!




V' Signal/noise problem and sign problem are the same I
Nuclear Landscape |

/‘" Am | in a pion or
stable nuclei T .

. - in a baryon?
known nuclei - ;f' ¢ y

’ \. ."

R
protons

- terra incognita

neutron stars

2 neutrons
28

T.GeV

QGP

ver

QCD phase diagram

£ critical ;
~  pomnt
0.1

ro

hadron gas

vacuuim

quark

> (dentity
| ) s (L erisis!
—_— ‘



SCATTERING IN A FINITE VOLUME I

[Luescher(1990)]




Simplest scattering process in QCD:
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Beautiful test of the Lattice QCD methodology!
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. . 2
Anisotropic Clover ESECECIR

b, ~ 0.123 fm

L ~ 4 fm




The H-dibaryon is bound at large quark masses I
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Nuclear Effective Field Theory I ﬂ

Two-baryon force Three-baryon force Four-baryon force

2 baryon force > 3 baryon force > 4 baryon force ...



Match to Effective Field Theory!

LO potential: X +

A

Fit coupling to binding energy: B, y-

Now we have LO potential at ALL pion masses! I
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% First predictions for nuclear physics from lattice QCD
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% First predictions for nuclear physics from lattice QCD
% Very nearly competitive with experiment!

% Relevant for equation of state of dense matter!



S U (3) Isotropic Clover

N f = 3

m, ~ 800 MeV b~ 0.145 tm

L ~ 6.7 fm
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Where are we today? I

20,

O L=24 ,|p|=0
L=32,|p|=0

O L=48 , |p|=0

—40|
deuteron nn H-dib n= (3s1)  ZA (1s0) PEDRE == (1s0)




Where are we today? l

20,
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deuteron
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nn

H-dib n= (3s1)  ZA (1s0)

PEDRE == (1s0)

% Two-body signals after +2 years of running..
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Nucleon-nucleon scattering I

. 1 1 2 4 6
keotd = —= + crlkf® + Pk + O (Ik|°)

/ \ effective range:

range of interaction
scattering length: unbounded

o) — _93.71 fm a(®) = 543 fm

al

EXPERIMENT:

r(%0) — 273 fm r(51) — 175 fm

a(%0) > AL, //\Q\\

Trivial IR fixed point:

| . Nontrivial UV fixed point:
natural case

“unnatural case”



The simplest nucleus: I

O
O

X Fundamental benchmark for lattice QCD
By = 2.224644(34) MeV

deuteron
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Di-neutron binding energy: world data I
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Y Gamma Ray

® Nuclear physics exhibits fine-tunings
e Why ??
e Range of parameters to produce sufficient carbon ?

a(’%0) — _93.71 fm a5 = 543 fm
r(50) — 273 fm r(51) — 1.75 fm

Are NN effective range parameters fine tuned?



L ~ 3.4 fm

L ~ 4.5 tm
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NN singlet

a(lso)/r(lso)

fine tuned!

. / O NPLQCD nf=3

Experiment
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NN singlet

4 ;
2 § S~ :
. must lose the bound state!
S .
< \ fixed point
~ -2 :
P
= -4
B el fine tuned!
/ O NPLQCD nf=3
_8[ ( (0 Experiment
~10 '

0100 200 300 400 500 600 700 800 900
m, (MeV)



NN triplet

more natural? —

O NPLQCD nf=3

Experiment
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NN triplet

more natural? —

No fixed point expected.
s the deuteron generic?

O NPLQCD nf=3

Experiment
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(351) 7,.(351) _ 4+0.2240.25
a' "t /r = 2.067573 019

a0/ = 202103540

Wigner SU(4) symmetry
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large-N. limit of QCD
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Nuclear Structure I




Recoil energy
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Need nuclear
matrix elements




Need nuclear
matrix elements

How good is
the impulse
approximation?




Can there be enhanced
meson exchange currents??

D




Can there be enhanced
"""" 1 meson exchange currents??

Q* @
If yes, then big systematic in comparing
experiments with different target nuclei.



WIMP-QCD EFT I

X X
Spin-independent

WIMP-q‘uark L=GCryx 3 agq) 4o
interactions p /
q q

dim-3 operator
transforms like
quark masses



WIMP-QCD EFT

X X
Spin-independent

\{VIMP-q.uark L= Gryx Z ag’) 5
interactions . /
q q

dim-3 operator

transforms like
l low-scale quark masses
X

~ Gr Xx (N|qq|N)

N sigma term




WIMP-QCD EFT I
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Nuclear Sigma Terms

_ d )
[O'Z,N = m(Z,N(gs)| uu+dd |Z, N(gs)) = mde(Zg’A)[}

— [1+ 0(m2) | B

LQCD: small even for large pion masses



Nuclear Sigma Terms

d

dm

[O'Z,N = m(Z, N(gs)| uu+dd |Z, N(gs)) = mE(Zgj\)[}

(1 + 0(m2)] % T g

LQCD: small even for large pion masses

-

E(Zg?\)f : AMN — BZ,N

T

MN = Qg+ a1 My




Nuclear Sigma Terms

[JZ’N = m(Z, N(g9)| wu+dd |2, N(gs)) = mde(zgiv)}

= [1+ o(m2) |5 g

LQCD: small even for large pion masses

-

E(Zg?\)f : AMN — BZ,N

T

My = ag+ a1 m,

m, d
[ Oz N — A0N+0B2,N = AUN— > dm BZ,N
\ T

impulse approximation



B (Z,N(gs)|ﬂu+(_id|Z,N(95)> _ 1}
A (N| uu + dd|N)

Deviation of scalar-isoscalar
WIMP-nucleus scattering at zero
momentum transfer!

Measure of nuclear effects:
meson exchange currents
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+ Lattice QCD calculations (and the physical point)
suggest meson exchange contributions are O(10%)
or less for light nuclei:
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+ Lattice QCD calculations (and the physical point)
suggest meson exchange contributions are O(10%)
or less for light nuclei:
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Nuclear structure: magnetic moments I

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

QeB|
oM

EB) = M + — u-B — 2180 |B|? — 27621 BiBj + ...

+ Can extract magnetic moments, polarizabilities, ...

+ Extendable to external axial fields, etc.
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‘ Nuclei as groupings of nucleons: shell model! I

H3H = Hp

H3He — Hn
Hd = Hp T HUn
0.6
04+
Difference between ok
nuclear magnetic 2
moments and shell g
model predictions 04
-0.6

QCD @ m; = 800 MeV
Experiment



4  Remarkable progress is being made in
understanding the visible matter in the Universe
from first principles using lattice QCD

USQCD  US Lattice Quantum Ciromodynamics
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