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י! Consistent understanding of nature;
י! Analysis/exploration/discovery of new phenomena;
י! Stability of the universe with respect to variations in
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.ב!

Nuclear theory as a combination of EFTs.
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.ג!

The theory of strong interactions, QCD.

L QCD=
q (i/∂

+ g s/G) q−1 2Gµ
νa G µν,a

+m · q (
1− 0± τ 3) q+

. . .

global SO flavorand

local SU colorgauge symmetries

basic scales: Λ QCD
∼ 1 GeV and

m π∼ 140 MeV
q fGa

bound-states

〈0| ∑ xO f(x, t)O i(0)
|0〉 =

∑ n
〈0|O f|n〉〈

n|O i|0〉
2E n

e−E nt

. . . and scattering phase shifts
(Lüscher).
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.ג!

QCD solution in discretized space time.
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.ד!

Lattice nuclei for various pion masses.
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.ד!

mπ dependence of two nucleons (I).
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.ד!

mπ dependence of two nucleons (II).
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.ה!

χEFT as an effective theory of QCD for mesons

and nuclei.

L QCD=
q (i/∂

+ g s/G) q−1 2Gµ
νa G µν,a

+m · q (
1− 0± τ 3) q+

. . .

global SO flavorand

local SU colorgauge symmetries

basic scales: Λ QCD
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bound-states

〈0| ∑ xO f(x, t)O i(0)
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2E n
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(Lüscher).

q
q

L

Ga

L EFT=
L π+

N+
( iD 0+

~D2m n
) N

+
g A2f π

N+~S
~τN + C 0N+

NN+ N

+C 2N+
N
( ~DN+

) ·~DN + . . .Q ∼ m π�
Λ QCD

iteration of A-nucleon potential

Weinberg, Ordòñez, van Kolck, Epelbaum, etc.π
N = (p, n)



.ו!

EFT(π↗) = EFT(/π) for mπ > 140 MeV.
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.ז!

EFT(π↗) = EFT(/π) for mπ > 140 MeV.
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.ח!

EFT = loop and vertex expansion.

+ + . . .

+

+

+

+

...

↔ ~∇2

2m +
~∇4

8m3 + . . .

V = C0 + C0,0 + C2q
2 + . . .

י! Leading order:

V = ˚˚C̊0,s P̂(1S0) +˚˚C̊0,t P̂(3S1) + ˚˚D̊(∗) P̂(S)

י! Next-to-leading order:

V = VLO +

(
C̊2,s + C̊ q2

2,s

)
P̂(1S0) +

(
C̊2,t + C̊ q2

2,t

)
P̂(3S1) + D̊(∗) P̂(S)

+C̊ppP̂(1S0)
pp + e2

4|r|

“Natural”, renormalized LECs:

C2n = 4πO(1)
mℵ(Mℵ)n C

′
2n = 4πO(1)

mM2n+1

This program is incomplete for A > 2 (even physical mπ)!



.ח!

EFT = loop and vertex expansion.

+ + . . .

+

+

+

+

...

↔ ~∇2

2m +
~∇4

8m3 + . . .

V = C0 + C0,0 + C2q
2 + . . .

י! Leading order:

V = ˚˚C̊0,s P̂(1S0) +˚˚C̊0,t P̂(3S1) + ˚˚D̊(∗) P̂(S)

י! Next-to-leading order:

V = VLO +

(
C̊2,s + C̊ q2

2,s

)
P̂(1S0) +

(
C̊2,t + C̊ q2

2,t

)
P̂(3S1) + D̊(∗) P̂(S)

+C̊ppP̂(1S0)
pp + e2

4|r|

“Natural”, renormalized LECs:

C2n = 4πO(1)
mℵ(Mℵ)n C

′
2n = 4πO(1)

mM2n+1

This program is incomplete for A > 2 (even physical mπ)!



.ח!

EFT = loop and vertex expansion.

+ + . . .

+

+

+

+

...

↔ ~∇2

2m +
~∇4

8m3 + . . .

V = C0 + C0,0 + C2q
2 + . . .

י! Leading order:

V = ˚˚C̊0,s P̂(1S0) +˚˚C̊0,t P̂(3S1) + ˚˚D̊(∗) P̂(S)

י! Next-to-leading order:

V = VLO +

(
C̊2,s + C̊ q2

2,s

)
P̂(1S0) +

(
C̊2,t + C̊ q2

2,t

)
P̂(3S1) + D̊(∗) P̂(S)

+C̊ppP̂(1S0)
pp + e2

4|r|

“Natural”, renormalized LECs:

C2n = 4πO(1)
mℵ(Mℵ)n C

′
2n = 4πO(1)

mM2n+1

This program is incomplete for A > 2 (even physical mπ)!



.ח!

EFT = loop and vertex expansion.

+ + . . .

+

+

+

+

...

↔ ~∇2

2m +
~∇4

8m3 + . . .

V = C0 + C0,0 + C2q
2 + . . .

י! Leading order:

V = ˚˚C̊0,s P̂(1S0) +˚˚C̊0,t P̂(3S1) + ˚˚D̊(∗) P̂(S)

י! Next-to-leading order:

V = VLO +

(
C̊2,s + C̊ q2

2,s

)
P̂(1S0) +

(
C̊2,t + C̊ q2

2,t

)
P̂(3S1) + D̊(∗) P̂(S)

+C̊ppP̂(1S0)
pp + e2

4|r|

“Natural”, renormalized LECs:

C2n = 4πO(1)
mℵ(Mℵ)n C

′
2n = 4πO(1)

mM2n+1

This program is incomplete for A > 2 (even physical mπ)!



.ח!

EFT = loop and vertex expansion.

+ + . . .

+

+

+

+

...

↔ ~∇2

2m +
~∇4

8m3 + . . .

V = C0 + C0,0 + C2q
2 + . . .

י! Leading order:

V = ˚˚C̊0,s P̂(1S0) +˚˚C̊0,t P̂(3S1) + ˚˚D̊(∗) P̂(S)

י! Next-to-leading order:

V = VLO +

(
C̊2,s + C̊ q2

2,s

)
P̂(1S0) +

(
C̊2,t + C̊ q2

2,t

)
P̂(3S1) + D̊(∗) P̂(S)

+C̊ppP̂(1S0)
pp + e2

4|r|

“Natural”, renormalized LECs:

C2n = 4πO(1)
mℵ(Mℵ)n C

′
2n = 4πO(1)

mM2n+1

This program is incomplete for A > 2 (even physical mπ)!



.ט!

The Phillips 3-nucleon characteristicum.
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.ט!

The Phillips 3-nucleon characteristicum.
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.ט!

The Phillips 3-nucleon characteristicum.
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.י!

The Tjon 4-nucleon characteristicum.
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!K.

The future.

י! mπ dependence of other nuclear characteristics:

י! 5 and 6 nucleons and reactions;
י! Electro-weak interactions (moments and decays);
י! Emergence of strange nuclei.

י! Nuclei under extreme conditions
(magnetic and gravitational fields close to neutron stars).

י! Refinement of multi-nucleon EFTs for physical and large
pion masses.
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