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Motivation: Fundamental, elegant, and simple theory of nuclei.
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Lattice QCD measurements of hadron amplitudes at mπ > 140 MeV.
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Lattice QCD measurements of hadron amplitudes at mπ > 140 MeV.
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An effective theory for nuclei in a mπ > 140 MeV universe.
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~∇4
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V = C0 + C0,0 + C2q
2 + . . . י! Useless for external momenta & mπ ;

י! Useful for external momenta ≈ ℵ ∼
√

mNB(2) ;
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EFT Renormalization with QCD amplitudes.

The n-p amplitude with quarks & gluons:

π0

ππ

N

∆

+ + . . .

n

p

i) Discretization of space time acts as infrared (finite volume L3) and ultraviolet (lattice spacing) regulator.

ii) Effective-mass plots for hadrons with A ≤ 4 are available (HAL, NPLQCD, Yamazaki).

iii) Universal volume dependence of the 2-nucleon spectrum⇒ effective-range parameters (Lüscher):

k cot δ(k) = 1
Lπ lim

λ→∞

(
λ

∑
j

1
|j|2−(Lk/2π)2 − 4πλ

)
= − 1

a + 1
2 rk2 + . . .



EFT Renormalization with QCD amplitudes.

The n-p amplitude with quarks & gluons:

π0

ππ

N

∆

+ + . . .

n

p

i) Discretization of space time acts as infrared (finite volume L3) and ultraviolet (lattice spacing) regulator.

ii) Effective-mass plots for hadrons with A ≤ 4 are available (HAL, NPLQCD, Yamazaki).

iii) Universal volume dependence of the 2-nucleon spectrum⇒ effective-range parameters (Lüscher):
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Regularization of the few-body Schrödinger equation?
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The Refined Resonating Group Method.

“My” laboratory.

ĤΨ = EΨ

Ψl = A
{

∑k φk
chφlk

rel

}

inspired by cluster decomposition

r→∞y Coulomb wave function

Ritz variation⇒ bound states Kohn-Hulthén variation⇒ S-matrix

〈~r|(n− p)〉 = ∑
a,d

{
ca

[
|S = 1〉e−βar2Y0(~r)

]J=1
+ cd

[
|S = 1〉e−βdr2Y2(~r)

]J=1
}

John Wheeler’s idea:
[...] It was as if, at a party, all the tall people

clustered together at one moment, with all the

short people in another cluster; then at the next

moment [...] four groups formed, consisting of

guests from the north, east, west, and south

parts of the city; and so on, [...]

boundary condition

n

p p

n
ρ3

ρ2

ρ1

3He

n−3He

e−γrρ2
3 Yl3

(ρ3)



The transcription of QCD for low-energy scales.

for small nuclei: Barnea, Gazit, van Kolck, Pederiva (2013)

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: ΛM
S 3
QCD
∼ 250 MeV 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).

q
q

L

Ga

EFT(π↗)

Lorentz symmetry

scales: ℵ ∼
B NN�

Λ QCD

m π∼ 510, 805 MeVnp

Barnea, Pederiva, and van Kolckn

p

p
nρ 3

ρ 2

ρ 1

3 He

n−3 He

Hofmann et al.
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Predictions for a universe with mπ > 140 MeV.

A = 2, 3
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Observations:

i) No bound 4S 3
2

3-nucleon state.

ii) Scattering lengths run non monotonous with mπ .
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iii) Extrapolation of A ≥ 3 observables from mπ ∼ 400 MeV to 140 MeV.

Laboratory to assess validity/consistency of the various χEFTs,

e.g. perturbative π’s in bound nuclei analogous to Coulomb A0’s.
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iii) Extrapolation of A ≥ 3 observables from mπ ∼ 400 MeV to 140 MeV.

Laboratory to assess validity/consistency of the various χEFTs,

Guiding LQCD to the critical pion masses.
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Extrapolation most useful here! (insufficient of real-world data)
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