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Nuclear lattice effective field theory
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D.L, Prog. Part. Nucl. Phys. 63 117-154 (2009); D.L., arXiv:2501.03303
Lahde, MeiBiner, Nuclear Lattice Effective Field Theory (2019), Springer



Chiral effective field theory

Construct the effective potential order by order
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Li, Elhatisari, Epelbaum, D.L., Lu, MeiBner, PRC 98, 044002 (2018)
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Fuclidean time projection




Auxiliary field method

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

exp [—%(NTN)QI (NTN)?
:\/;/_O:Odsexp [—%324—\/?3(]\[]7\[)] sNTN

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



Gij(sa ST, ﬂ-I)
det G(s, sy, mr)



Binding energy (MeV)

Essential elements for nuclear binding

H — Hfree + %02 Zn ﬁ(n)2 + %03 Zn ﬁ(n)B + VCOUIOmb
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Pinhole algorithm

Elhatisari, Epelbaum, Krebs, Lahde, D.L., Li, Lu, Meifner, Rupak, PRL 119, 222505 (2017)
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Monte Carlo updates of pinholes

[
155.75 . ® .
Y125)12

Monte Carlo
et . updates of auxiliary/pion fields
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Elhatisari, Epelbaum, Krebs, Lahde, D.L., Li, Lu, Meifner, Rupak, PRL 119, 222505 (2017)
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Summerfield, Lu, Plumberg, D.L., Noronha-Hostler, Timmins, Phys. Rev. C 104 L041901 (2021)
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Structure of 10O and 2Ne
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1607 pm(wvyaz) — NLEFT

160a pm(x7yvz) — PGCM

Giacalone et al., Phys. Rev. Lett. 135, 012302 (2025)
Giacalone et al., Phys. Rev. Lett. 134, 082301 (2025)
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Wavefunction matching

unitary
transformation

suEEN,
% s

0" ’0‘ H
easily b )
7’% (T) - N computable "~ epe H F
¢6§ (T) ""ra, A S Hamiltonians , .:

Elhatisari, Bovermann, Ma, Epelbaum, Frame, Hildenbrand, Krebs, Lahde, D.L., Li, Lu,
M. Kim, Y. Kim, Meifner, Rupak, Shen, Song, Stellin, Nature 630, 59 (2024) 19



Ground state wavefunctions
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Try to compute the energies of H, using the eigenfunctions of Hp and first-
order perturbation theory. This doesn't work.

EA,n — E,/4,n (M@V) <wB,n|HA|¢B,n> (MGV)
-1.2186 3.0088
0.2196 0.3289
0.8523 1.1275
1.8610 2.2528
3.2279 3.6991
4.9454 5.4786
7.0104 7.5996
9.4208 10.0674
12.1721 12.8799
15.2669 16.0458

21



Use wavefunction matching first to transform the Hamiltonian. Then the
convergence of perturbation theory is much faster.

Epn=FE),, MeV) | (WpnlHalYpn) MeV) | (YpnlH)|YEn) MeV)
-1.2186 3.0088 -1.1597
0.2196 0.3289 0.2212
0.8523 1.1275 0.8577
1.8610 2.2528 1.8719
3.2279 3.6991 3.2477
4.9454 5.4786 4.9798
7.0104 7.5996 7.0680
9.4208 10.0674 9.5137
12.1721 12.8799 12.3163
15.2669 16.0458 15.4840

22



B,/A (MeV)

Binding energies
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Charge radii
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Charge radii of silicon isotopes
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Structure of beryllium isotopes
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Superfluid condensation

BEC Theory BCS Theory

Ketterle, Zwierlein, Essmann, Triuble,
Ultracold Fermi Gases (2008) Physics Letters A 27, 3 (1968)
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Superfluid condensation

Bosonic superfluidity
(Wola'(r)a(0)[Po)

Fermionic superfluidity (S-wave)
(Wola] (r)al(r)as(0)ay(0)|¥)
Fermionic superfluidity (P-wave)
(Wolal (r)al (x + Ar)as (Ar)ar (0) o)

We can also perform calculations in momentum space. But we need to
compute cumulants to obtain irreducible contributions only.

Yang, RMP 34, 694 (1962)
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Neutron matter with N3LO interactions
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Neutron matter with N3LO interactions
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Neutron matter with N3LO interactions
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Experimental evidence

S-wave pair binding in MeV

Nuclei Predominant Orbitals 2Ag
Su{'§00,'sO10}+ (1ds/,)? 3.902
25:{1709,18010, 9011 } - (1ds /) 3.996(1)
750{'309,'§010,'5011, 5012} + (1ds ) 3.934(2)
Sn{‘z%CazmoCazz}Jr (1f12)> iR
S {50Can1, 20(:a22, 23Ca23}_ (1£72)? 3.333
5Sn{30Ca21,5,Can, 5, Cans, 50Caz } - (1f12) 3.353
Su{ 8 Pb127, %5 Pbios (289/2) 1.248(2)
252 {209Pb127,210Pby2s, 2 Pbing } (289/2) 1.299(2)
15 {25 Pb127,%39Pb12g, % Pbi2g, 23Pbi30} 4 (289/2)° 1.309(2)
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Experimental evidence

P-wave pair binding in MeV

Nuclei Predominant Orbitals 2Ap

$:{709(37),"8010(17)}+ 1ds/» ® 1d3 172012
3Su{33Fe0 (37 ), 38Fes0(17),30Fe31(3 )} 2p3®1fsp2 0.139(3)
3Sn{3gNi2o(3 ),3§Nizo(17),5Ni31(3 )}-  2p3p®1f5)2 0.245(1)
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Experimental evidence

Quartet binding in MeV

Nuclei Predominant Orbitals
Son{5Hes,5Hes} (1p3/2)*
%5211{188010’20012,22014}— (1ds)p)*
%Szn{‘z%cazz,é Caz4,20C326}— (Lf772)*
%Szn 30Ca,30Ca06,75Ca08 } 1 (1f7/2)4
>821{'%Sns6, 1% Snsg, 119Sngo} + combination
iSz,l {198 Snss, ! 1OSn60, 1 128n62}_ combination
i52;1{1518Sn60,1128n62, SOSn64}Jr combination
iSz,l {113Sne,, 13Sney, 118Snee } - combination
;Szn {5 1Sngz, ! 16Sn66, ! 188n68}+ combination
%52;1{133Pb112, 196Pb114, 82Pb116}+ combination
%Szn{lggpblm,lggpblm, Pb]]g}_ combination
%Szn{lggpblm,zoopbllg, Pb120}+ combination
%Szn{z Pbllg,zozpblzo, 82Pb122}* combination
%Szn{z Pbiog, 82Pb122, 82Pb124}+ combination
%Szn{z Pb122,206pb124,208Pb126}_ combination

%Szn{zégpblzs,zlzpbno, $Pbin}_  (2g92)*
582.{%43P0128, %44 P0130,45P0132} = (289)2)
%Szn{zéipolsoazmpom, 81’0134}+ (289/2)
582 {%§eRn12g, 3 0Rn 30, 245 R0 32} = (2g9)2)

&~ B
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Summary

We have reviewed nuclear lattice
effective field theory and recent
algorithmic advances such as the
pinhole algorithm and wavefunction
matching. We presented calculations of
nuclear structure demonstrating
clustering in carbon-12, neon-20, and
the beryllium isotopes as well as the
charge radii of the silicon isotopes.
Nuclear lattice simulations are useful
for providing initial states for
relativistic ion collisions and can be
similarly useful for future EIC
experiments. We have also reported
theoretical and experimental evidence
for  multimodal  superfluidity in
neutron-rich matter.
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