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Chiral EFT for low-energy nucleons

Weinberg, PLB 251 (1990) 288; NPB 363 (1991) 3

Construct the effective potential order by order
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Nuclear
Scattering Data
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Effective
Field Theory

Ordonez et al. *94; Friar & Coon '94;
Kaiser et al. "97; Epelbaum et al. *98, ‘03,
Kaiser '99-°01; Higa et al. "03;
Entem & Machleidt 01, 03 ...
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Lattice EFT for nucleons

Ia~1—5fm
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Lattice interactions

|_eading order on the lattice
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Next-to-leading order on the lattice
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Computational strateqy




Non-perturbative — Monte Carlo

Perturbative corrections

“Improved LO”
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LO,: Pure contact interactions

AVro,) =C+Crm - 10+ .A(VOPEP)

LO,: Gaussian smearing

AVio,) = Cf(@?) + Crf(T?)m1 - T2 + A(VOPED)

LO,: Gaussian smearing only in even partial waves

+ A(VOPEP)
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Physical -

L Uischer’s finite-volume formula

LUscher, Comm. Math. Phys. 105 (1986) 153; NPB 354 (1991) 531

Two-particle energy levels near threshold
In a periodic cube related to phase shifts
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Not so useful for higher total spin and partial wave mixing

Unknown operator
scattering data coefficients
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Physical

scattering data

>

Spherical wall method

Borasoy, Epelbaum, Krebs, D.L., Meif3ner,

EPJA 34 (2007) 185

Spherical wall imposed in the center of

Unknown operator
coefficients
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interacting system
free system with same energy -«

mass frame
Representation J, Example
Ay Omod 4 Yoo
T, 0,1,3mod 4 {Y10,Y11, Y11}
E 0,2mod 4 {Yg__o, 1’23,_3;1'22__2 }
15 1,2, 3mod 4 {Yz__l, YZ’_'\Z/;{Z’Z , YZ.—l}
Ay 2mod 4 %

amplitude

or/k
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Enerqy levels with hard spherical wall

Rwall = 10a

a = 1.97 fm
even parity odd parity
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Energy shift from free-particle values gives the phase shift
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Nucleon-nucleon phase shifts

LO,: S waves a = 1.97 fm
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LO,: Pwaves a = 1.97 fm
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Three-nucleon forces

Two unknown coefficients at NNLO from three-nucleon forces.
Determine ¢ and c¢ using *H and “He binding energies

3H binding energy

Ce Cp ] + X _f=— physical
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Isospin breaking and Coulomb interaction

Isospin-breaking and power counting [Friar , van Kolck, PRC 60 (1999)
034006; Walzl, MeiRner, Epelbaum NPA 693 (2001) 663; Friar, van
Kolck, Payne, Coon, PRC 68 (2003) 024003; Epelbaum, Meil3ner, PRC72

(2005) 044001 ...]

Pion mass difference
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Coulomb potential
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Charge symmetry breaking
Charge independence breaking
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Neutron-proton Proton-proton
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Epelbaum, Krebs, D.L, MeiBner, EPJA 45 (2010) 335



E3He - Etriton (MeV)

0.9

Triton and Helium-3

ESHe — Etriton = 078(5) MeV
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Euclidean time projection

Let H be the Hamiltonian for a quantum system. We don’t know
the energies and energy eigenstates, but label them as

H |tpn) = En |¢n)
Eo< E1 <Er<---

Convenient to work with exponentials of the Hamiltonian

exp(—Ht) |Yn) = exp(—Ent) |¢n)

If initial state overlap is nonzero, then the ground state dominates as
Euclidean time goes to infinity

exp(—Ht) |¢p) — exp(—Eqt) [vo) (ol @)
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Auxiliary fields

We can write exponentials of the interaction using a Gaussian integral
Identity

exp [-%(NTN)Q} >< (NTN)?

1 o0
= —/ ds exp
271 J—o0

We remove the interaction between nucleons and replace it with the
Interactions of each nucleon with a background field.

—%SQ + \/TS(NTN)] > sNTN
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Take any initial state with the desired quantum numbers and which is
an antisymmetric product of A single nucleon states (i.e., a Slater
determinant)

[Yinie) = [1) A2) A--- A|A)
For any configuration of the auxiliary and pion fields,

<¢init| exXp [_H(Sa ST, Wf)t] |winit> — det G(Sa ST, ﬂ-f)

Gij(s,sr,mr) = (ilexp [=H (s, 51, 71)t] |7)

For A nucleons, the matrix is A by A. We use Monte Carlo to integrate
over all possible configurations of the auxiliary and pion fields.
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Schematic of calculations
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— Hybrid Monte Carlo sampling
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Zny NLO = {Uinit|

’winit>

Zfr(zt NLO — <w1n1t‘
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Ground state of Helium-4
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Epelbaum, Krebs, D.L, MeiRner, PRL 104:142501, 2010;
EPJA 45 (2010) 335; arXiv:1101.2547

29



Ground state of Helium-4

L =99fm
LO (O(QY) —24.8(2) MeV
NLO (O(Q?) —24.7(2) MeV
NLO + IB + EM (O(Q?)) —23.8(2) MeV
NNLO (0(Q3)) —28.4(3) MeV
Experiment —28.3 MeV
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E(t) (MeV)

Ground state of Beryllium-8
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Epelbaum, Krebs, D.L, Mei8ner, arXiv:1101.2547
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Ground state of Beryllium-8

L =11.8fm
LO (O(QY) —60.9(7) MeV
NLO (O(Q?) —60(2) MeV
NLO + IB + EM (O(Q?)) —55(2) MeV
NNLO (0(Q3)) —58(2) MeV
Experiment -56.5 MeV
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E(1) (MeV)

Ground state of Carbon-12

L =11.8fm
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EPJA 45 (2010) 335; arXiv:1101.2547
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Ground state of Carbon-12

L =11.8fm
LO (O(QY) —110(2) MeV
NLO (O(Q?) —93(3) MeV
NLO + IB + EM (O(Q?)) —85(3) MeV
NNLO (0(Q3)) -91(3) MeV
Experiment -92.2 MeV
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Carbon-12 spectrum and the Hoyle state
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Higher-order corrections

AE(t) (MeV)
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Excited state spectrum of carbon-12

05 27, J.,=0 2], J =2

LO (O(QY) —94(2) MeV —92(2) MeV —89(2) MeV

NLO (0(Q?) —82(3) MeV —87(3) MeV —85(2) MeV

NLO + IB + EM (O(Q?)) —74(3) MeV —80(3) MeV —78(3) MeV

NNLO (0(Q3)) —85(3) MeV —88(3) MeV —90(4) MeV
Experiment —84.51 MeV —87.72 MeV
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First ab initio calculation of the Hoyle state

LO [0(Q%)]
NLO [0(Q%)]

IB + EM [O(Q%)]
NNLO [0(Q%)]

Experiment

Epelbaum, Krebs, D.L, Mei8ner, arXiv:1101.2547
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Proton-proton radial distribution function at leading order
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Summary and future directions

Lattice effective field theory is a relatively new and promising tool that
combines the framework of effective field theory and computational lattice

methods.

Many topics to explore...

Electromagnetic transitions for carbon-12; spectrum of beryllium-8; alpha
clustering in nuclei; three-dimensional profile of the Hoyle state; nitrogen-14;
oxygen-16; beryllium-10; transition from S-wave to P-wave pairing In
superfluid neutron matter; compressibility of nuclei, weak matrix elements;
configurations for general public use; etc.
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Initial state for carbon-12

For the ground state calculation of carbon-12 the initial state is a Slater
determinant of 12 single-nucleon standing waves in the cubic periodic box.

a’0,0 — aT;p’ a'071 = a’T,'TL

410 =0ajp, 011 = Q| p
(0 @i,;(7) [¢1) o 6i,0050, (O] a; (1) [¥h2) o 05,0051,
(0 @i j(17) |3) o< 8i1850,  (
(0] @i, (70) |¥5) o¢ 65,005,0 cos(#FT), (0] a,j
(0[ @i, j(7) [t7) o 651850 cos(FET),
(0] @i ;(70) [t9) o< 6;,085,0sin(22), (0] a; ;(7) [1h10) o 8;00;,1 sin(25T)

<0| ai,j (?’_I:) |1,b11> o 5?;’1(53:,() Sil’l( 2“5”), <0| a’i,j (ﬁ) "l,blg) o 5?;11(53:,1 SiIl( 21’1511')
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To measure the lowest spin-2 state and Hoyle state (first excited spin-0) we
also consider 12 other single-nucleon standing waves

(0] @i, j(70) |¢1) o 8;,085,0 cos(FET
(0 ai,;(7) [¢3) o< 84,005,0 Siﬂ(g?},ﬂ
(0[ @i,;(7) [¢5) ox (=%

(0 @i,; (1) [p7) o< 04,005,0 Sln(gn“ ),
(0] ai,5 () |po) ¢ 85,00;,0 cos(2T),

(0] a;,;(71) |@11) o §;,08;,0 sin(T),

2n
i Oaj,U COS

gbg X 51;,{)5&;11 COS(

=
©-

)

4> X 5?;!053"1 Siﬂ(
) [P6)

) |¢g) o 0,001 sin

X 0;,004,1 COS
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b
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From these 24 single-nucleon standing waves we construct 7 initial states.

W) o A\ )
k=1,2,--+,12

Wo) oo A ) Alg) Alde) (W) o N\ k) Alos) Alga)
k=3,4,.--,12 k=3,4,---,12

W) oo A ) Algs) Alds) (W) o N\ k) Aldr) Algs)
k=3,4,.--,12 k=3,4,---,12

We) o AN [e) Aldo) Aldro)  1Tr)oc A (W) Aldin) Aldua)
k=3.4,---,12 k=3.,4,---,12

From these 7 initial states we make 4 linear combinations with total
momentum zero and even parity. Three of these have J, = 0 and one has J, = 2.
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Relative contribution of omitted operators

Approximate universality
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