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Lattice effective field theory
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Chiral effective field theory

Construct the effective potential order by order
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Euclidean time projection




Auxiliary field method

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

C
_ 2 (NTN)2 T AT\ 2
exp[ 2(NN)] (NTN)
1 [ 1, ,
=\ 5= dsexp | =25 ++v/—~Cs(NTN) sNTN
T — 0

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)



Wavefunction matching

unitary
transformation
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Elhatisari, Bovermann, Ma, Epelbaum, Frame, Hildenbrand, Krebs, Lidhde, D.L., Li, Lu,
M. Kim, Y. Kim, Meillner, Rupak, Shen, Song, Stellin, Nature 630, 59 (2024)
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Spectral convexity theorem

Consider any fermionic system with an SU(2N) symmetry with purely
attractive interactions. It must obey the SU(2N) convexity bounds illustrated

below, and the SU(2N) symmetry is not spontaneously broken.

D.L., Phys. Rev. Lett. 98 (2007) 182501

weak attractive interaction

2NK IN(K+1)  2N(K+2)
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ONK OIN(K+1)  2N(K+2)

strong attractive interaction
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Pinhole algorithm

Monte Carlo updates of pinholes

Monte Carlo
updates of auxiliary/pion fields
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Emergent geometry of 12C

0.000 0.001 0.002 0.003

Shen, Elhatisari, Lihde, D.L., Lu, MeiBiner, Nature Commun. 14, 2777 (2023)
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Beryllium isotopes
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Structure of 10 and 29Ne
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Charge radii of silicon isotopes
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Magnetic moments
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Figure 1. Global comparison between the full NLEFT re-
sults and experimental results, denoted by the red and black
points respectively, for the ground state magnetic moments
of selected A < 12 nuclei. The error bar denotes theoretical
uncertainty.

Wang, Elhatisari, Feng, D.L., Lu, Ma, arXiv:2607.25464
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Neutron and nuclear matter
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Superfluid condensation

BEC Theory BCS Theory

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

Bosonic superfluidity
(Tola® (r)a(0)Po)
Fermionic superfluidity (S-wave)
(Wolal (r)a}(r)ar(0)a, (0)[W)
Fermionic superfluidity (P-wave)

(Wolal (r)al (r + Ar)ar(Ar)as(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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Unitary limit
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He, Li, Lu, D.L., Phys. Rev. A 101, 063615 (2020)
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Can a many-body system have S-wave and P-wave superfluid
condensation at the same time?
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Generalized attractive extended Hubbard models

We consider generalized attractive extended (GAE) Hubbard models for two-
component fermions in 1, 2, 3 dimensions

H = Hfree + %02 Zn ﬁ(n)Q
pn) =3, al(0)a;(0) + 513 i1 Dy @ (1), (0)

— /
a; (H) — ay (H) T SNL Z|n—n’|:1 a’j(n )
This interaction produces both S-wave and P-wave attraction. The
symmetry group is

G = U(1) X SU(2)spin X SO(3)orb
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Spectral convexity theorem

Consider any fermionic system with an SU(2N) symmetry with purely
attractive interactions. It must obey the SU(2N) convexity bounds illustrated

below, and the SU(2N) symmetry is not spontaneously broken.

D.L., Phys. Rev. Lett. 98 (2007) 182501

weak attractive interaction

2NK IN(K+1)  2N(K+2)

v v v v v v v ' v v v v v v v

A

ONK OIN(K+1)  2N(K+2)

strong attractive interaction
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3D GAE Hubbard model
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How does the SU(2) spin symmetry remain unbroken if there is a P-wave
condensate?
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Why are the S-wave and P-wave condensates so small?
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x102
Quartet

2 W ren = 2.341

GAE Hubbard model

X102
Quartet

-&- al —&— double S
=~ double P
=@— compact
- a
L=10A=66

2 ,’X,en =2.341

100

200
k [MeV]

300 0 700 200 300
k [MeV]

Double S-wave pairs 1.8(4)%
Double P-wave pairs 1.3(3)%
Compact quartets 10(3)%
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Table S9. SU(2) lattice energies for L3 = 10°. Lattice SU(2) energies calculated with ¢ = —1.6 x 10~° MeV~—2, s, =0.5,
and sy = 0.1. For A = 66, the density is p = 8.5898 x 103 fm >, corresponding to a Fermi momentum kr = 125.66 MeV.

A

Esup (MeV)  2A (MeV)  4Aq (MeV)

66
67
681,
68+t
70

84.88 (11)

88.27 (13)

89.07 (19) 2.59 (34)

90.65 (21) 1.01 (35)

92.10 (28) 1.17 (48)

Ma et al., arXiv:2602.17611
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Multimodal superfluidity

s-wave pair p-wave pair

$

quartet

e
N/
W

S

p=0or k'=k
double s-wave pair

k'=-k
double p-wave pair

Ma et al., arXiv:2602.17611
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Quantum phase diagram
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a. Neutron matter (chiral N°LO)

Density (fm~3) 2As (MeV)
0.033 5.58(92)
0.085 2.61(76)
Density (fm~3) channel 2Ap MeV)
0.033 3Py 1.25(86)
0.033 3Py 0.59(113)
0.033 3P [T,7] 1.36(86)
0.033 3PET] 2.16(90)
0.085 3P, 1.95(95)
0.085 3P, —0.24(81)
0.085 SP(T, ] 2.10(80)
0.085 3P [E7] 2.03(87)
Density (fm~3) 4Ao (MeV)
0.033 3.90(167)
0.085 2.01(86)

Ma et al., arXiv:2602.17611
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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/p)? 3.996(1)
15:{09,18010,19011,2012} + (1ds)2)? 3.934(2)
Sn{30Cax1,35Car }+ (1f72)? 3.118
S {30Cany, 20Ca22,28Ca23}_ (1£72)? 3.333
5Sn{30Ca21,57Can2, 5, Cans, 50Caz } - (1f12) 33
Sn{*3Pb127,%43Pbiog }+ (289/2)* 1.243(2)
252 {209Pb127,240Pby2s, 2 Pbing } (289/2)? 1.299(2)
1Sn{P5Pb127,%39Pb12g, % Pbi2g, 23Pbi30 )+ (289/2)° 1.309(2)
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Helium
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S2 n(MeV)
20

19.5 -

I

19

18.5

I

18

175+

17

16.5

I

Calcium

0.236(1) MeV

0.332(3) MeV

42

43

44

45

46

47

45



Experimental evidence

Quartet binding in MeV

Nuclei Predominant Orbitals  4Ap
Son{SHes,3Hes }+ (1psp)* 1.150
%Szn{lgolo,zoo]g,zz()m}_ (1ds/2)* 0.142(28)
382 {33Can, 36Cans, 36Cane } (1f72)* 0.236(1)
280 0C324,28C326,20C328}+ (1f72)* 0.332(3)
182, {1%Snsg, 198Snsg, '10Sngo } ¢ combination 0.033(11)
%Szn{l(S)SSnsg, 119Sn, “28n62}_ combination 0.007(17)
?Szn{lggsn@,“zsﬂ@, 14Sngy}y combination 0.025(16)
352, {13206z, 113 Snes, 8Snge combination 0.015(7)
§Szn{ 113Sngy, “6Sn66, 11851168}+ combination 0.050(30)
%Sz,l{lgg‘Pbm,l%Pblm, 82Pb1 l6}+  combination 0.047(22)
%Szn{lggpblm,lggpblm, Pb]]g}* combination 0.057(16)
%Szn{lggpblm,zoopbllg, Pb120}+ combination 0.021(15)
%Szn{zggpb“g,zozpblzo, 82Pb122}7 combination 0.013(13)
%Szn{zggpblzo, Pblzz, 82Pb124}+ combination 0.014(7)
%Szn{zggpblzg, 206Pb124, 208Pb126}_ combination 0.110(2)
%Szn{zégpblzg,znpbmo, 82Pb132}_ (2g9/2)4 0.014(2)
2820 {242P0125, 244 P0130, 2iSPO132 } - (289/2)* 0.019(1)
282 {%4P0130,288P032, 2 8P0134}+ (289/2)* 0.015(2)
382 {%4eR0128, 28RN 30, 28R 130} - (289/2)* 0.079(12)

Ma et al., arXiv:2602.17611



Experimental evidence

P-wave pair binding in MeV

Nuclei Predominant Orbitals 2Ap

Si{'300(37), $010(1%)}4 1ds), ® 1ds), 0.172(12)
3Sa{3eFe20 (3 ). 36Feso(17),36Fes1 (3 )}-  2p3pp @15 0.139(3)
lSn >Ni2g (3 ),38Niso(1%),5Nizi (3 )}-  2p3pp @ 1S5 0.245(1)

Ma et al., arXiv:2602.17611
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Energy (MeV)

Neutron quartet structure of 8He

Ground-State Energies of Helium Isotopes vs. Nyax (hw =15 MeV)
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Song, Ma, D.L., arXiv:2608.25883
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Contribution to Xy (MeV)

10 A

—10 A

Neutron quartet structure of 8He

X; = f(*He) — 2f(°He) + f(*He)

Daejeonl6 energy balance (Nmax = 10)

+10.82

-5.79
-11.78
XT,E Xnn,v Xpn,v pr,v Xv XH

Song, Ma, D.L., arXiv:2608.25883
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Contribution to X,, v (MeV)

7 mmm total

Neutron quartet structure of 8He

X; = f(*He) — 2f(°He) + f(*He)

| mmm Opsp,

B three-subshell

150 lDz 3P0 3P1

Song, Ma, D.L., arXiv:2608.25883
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Summary and outlook

We reviewed the framework of nuclear lattice
effective field theory, detailing essential
computational methods such as auxiliary-field
Monte Carlo, wavefunction matching, and the
pinhole algorithm. Our results covered
properties of light and medium-mass nuclei,
with a focus on nuclear clustering, charge
radii, and magnetic moments. Furthermore,
we introduced theoretical evidence for a
novel phase of matter—multimodal
superfluidity in neutron matter—together
with experimental evidence in neutron-rich
nuclei.
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