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REEAZ IS I B A ) f .
1) Nuclear force (#%/7)

2) Many-body correlations (ZEEFIEL)
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I. Realistic nuclear forces

Electromagnetic force has an infinite range! 7 (r)~ 1 EHINT, m=0)
B
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g e
Yukawa nuclear force by & meson exchange J'(7) = — 2
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Chadwick (1932): Neutron

1 9 3 0 ’s Heisenberg (1932): First Phenomenology (Isospin)
Yukawa (1935): Meson Hypothesis

Discovery of the pion in cosmic ray (1947) and in the

1940’s Berkeley Cyclotron Lab (1948).

Nobelprize awarded to Yukawa (1949).

Taketani, Nakamura, Sasaki (1951): 3 ranges.

1 9 50 ’ s One-Pion-Exchange (OPE): o.k.

Multi-pion exchanges: Problems!
“Pion

. Taketani, Machida, Onuma (1952);
Theories ’ ’ (1952);

Brueckner, Watson (1953).

300 TS E——
1SOChannel~

200

‘repulsive Oy, sk T ]
L (p, ®, ©) ]
0 : : :
[ Bonn
L Reid93
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From T. Hatsuda (Oslo 2008)
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Many pions = multi-pion resonances:

1960°’s  5(600), p(770), 0(782) ...

One-Boson-Exchange Model

Ve (1) IMeV]
8
°
-//
SH
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= ‘ [T ¢ i)

v E .. C 4

o o o :
I Bonn
! Reid93
-100 + AVI8 o

3 r

..................

1 970,3 Refined Meson Theories

Paris Potential (Lacombe et al., PRC 21, 861 (1980))

8053 Bonn potential (Machleidt et al., Phys. Rep. 149, 1
(1987))




1990s: =15 B A

high-precision modern nuclear forces

2
F_ theory exp

€X 2
2 (agr) (about 6000 NN Data below 350 MeV)

x?/datum - 1

1993 Nijmegen: high-precision phase shift analysis

1994-2001: High-precision NN potentials:
Nijmegen L, II, AV18, CD-Bonn, N3LO ...



Chiral EFT

1970s-1980s

1990 —
today

MQCDEE G T ?

Effective Field Theory (EFT):
Weinberg (1990); Ordonez, Ray, van Kolck (1994/96)
A Zhipion theory, iAHQCD—HHIRIFE

5= chiral symmetry and broken spontaneously



QCD=quarks + gluons (symmetries: spin, isospin, parity, chiral symmetry broken spontaneously)

Chiral EFT=nucleon + pion (symmetries: spin, isospin, parity, chiral symmetry broken spontaneously)

50s: multi-pion exchange X, Why?
BRI 29 24 B B A 08 AR] 338 FAEXT FR
PR EER ! EHRGRNKRENES
I8 !

Weinberg (1990’s)

At low energy, the effective degrees of freedom are nucleon and pion, rather than quark and gluon!

* QCD at low energy is strong. Perturbation is inapplicable !

* Quarks and gluons are confined into colorless hadrons.

*Nuclear forces are residual color forces (similar to van der Waals forces)
8



Chiral EFT: Leoff = Lrg + LNy + LNN + - - -

. 2
* 7- nt Lagrangian: L@ frﬂ Tr [auUa#(ﬁ +m (U+U+H;
m_ and f_ are fixed (f, =92.4 MeV). No free parameters.
° 5 . 1 = | ; 1 ga L =
n -N Lagrangians: ng])v =N [zao T (m x 0ym) = 50T (3 V)w] N

g4 =1.29, no free parameters.

In principal fixed by pi-N

2 .
Loy 4 parameters.
data

3) .
Loy 4 parameters.

« N-N Lagrangian (“Contacts” N3LO ): 24 essentially free parameters.

R. Machleidt, D.R. Entemb, Phys. Rep. 503, 1 (2011)
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NLO or NNLO, only 9 parameters

Vg™ = Cs + Cr (61 - 62)

2 — — — —_—
g (F1-q) (02 - )
OPE _ A "
VLO —_ 4F‘3 T1 -T2 q2 + ]\11% g = t-channel mom. transfer
VEout = C1q? + C2k? 4 (C3q® 4 Cak?) (G1 - &2) +iCs% (1 + G2) - (T X k)
+ CG (C_’:l . (T) (6:2 . (T) + 07(61 . k)(&z . k) E = u-channel mom. transfer

VNto = —ssinrral(a)[4MZ (593 — 49% — 1) + q* (23g3 — 1095 — 1)

48g% M2 3g2 L. o L
+ 41\33‘?-}-&] o 64572AF;§L((1) [(q +01) (G- 02) — q2 (51 - 0'2)]

2003 N3LO : Entem and Machleidt,, PRC 68, 041001(R) (2003);

R. Machleidt, D.R. Entem, Physics Reports 503, 1 (2011)
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34 R. Machleidt, D.R. Entem / Physics Reports 503 (2011) 1-75

Table 4
Number of parameters needed for fitting the np data in phase shift analysis and by a high-precision NN potential versus the total number of NN contact
terms of EFT based potentials to different orders.

Nijmegen partial-wave analysis [139] CD-Bonn high-precision potential [13] Contact potentials
Q°Lo Q2 NLO/NNLO Q*NLO
1Sy 3 4 1 2 4
35, 3 4 1 2 4
35,-D, 2 2 0 1 3
p 3 3 0 1 2
3Py 3 2 0 1 2
p 2 2 0 1 2
3p, 3 3 0 1 2
3p,-*F, 2 1 0 0 1
D, 2 3 0 0 1
3D, 2 1 0 0 1
D, 2 2 0 0 1
3Dy 1 2 0 0 1
3Dy—3G4 1 0 0 0 0
'F, 1 1 0 0 0
3F, 1 2 0 0 0
3F, 1 2 0 0 0
3F4 2 1 0 0 0
3F,—Hy 0 0 0 0 0
1G4 1 0 0 0 0
3G, 0 1 0 0 0
3Gy 0 1 0 0 0
3Gs 0 1 0 0 0
Total 35 38 2 9 24

12



PHASE SHIFTS at N4LO CHFI Lo 0 b Rt

= Precision phase shifts with small uncertainties up to Ey,;, = 300 MeV

25_|_1L Epelbaum, Krebs, UGM, Phys. Rev. Lett. 115 (2015) 122301
60 1S 1 20f 3Py o
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Phase Shift (deg)

Phase Shift (deg)

R. Machleidt, D.R. Entem / Physics Reports 503 (2011) 1-75
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=4&7; (3NF)

@----- @----- ®
c a b
2
2 1 8a
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Z E qi)( ;/ QJ) F('fT;YT'B
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II. Renormalizations (softening) : G-matrix, V., OLS, SRG, UCOM...

I

int —

A (B
>
i<j

2mA

ZVNN’/ g Z VNNNij

i<j

1<jg<k

1) HEZERNZAOERN, HRRNEHE “BTRRESERS” THEERSE

2)

=24

“TIR” ERFALBFRZME, BRI/ MLEER

—25

@ -@ bare
v—v SRG

chiral EFT 7]
NN + NNN ]

8 10 12 14 16 18 20 22

N

max

No-Core Shell Model
(NCSM)
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Renormalization schemes preserving all symmetries

G-Matrix: 507Ef%], WatsonfIBrueckner et al.

are force

(@lGle) = (o Vanle)

15, partial wave

Q

G=YV, V G
NN + N OHO I S N

17



Tllustration on how the high momentum nodes are integrated out
in the Vlowk (a) and in the SRG (b) RG methods

BAET

(a) (b)

a k' (fm™) k' (fm™) k' (fm™) ' (fm") ' (1m")
0 1 2 30 1 2 30 1 2 30 2 30

1
0(fm)
A=40fm? | A=30fm" | A=25fm7 | A=20fm? | A=15fm"

b k' (fm™) k' (fm™) k' (fm™) (fm N K' (fm’ )
01 2 3012 3012 30 2 30

0 1
SRG ' 0(fm)
0 fm’ 0fm! A =25fm’ A=20fm? | A=15fm 18




L 20fal “P™4%” KRFERKIERE F 2K R ? Ab initio many-body methods

A 9 2 A
Hu =3 22 4 STV (I — 7)) - P=3"p
t - 2 _I_ — (|’r rjl) 2A ?:le

N S
1
=yt Vawg + D Ve

i<j i<j 1<g<k

I

OV (5, 0)
ot

=HY(x,t)
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FUORE 58 2 PE S5 a L e 2
(E &)

Eugene Paul Wigner

Nuclear shell model
(2193242 HD. Ivanenko and E. Gapon$2 i, 1949FEFEH FTH =AML KRE, Nobel prize 1963 )

Nuclear Shell Structure
1
l;’m
';:: e 3P i
P12 N=5 e 2f et zﬂ
P a2
o 1h 82 -
n -
1172 dys
972 . | hy,
dy, N=4 —2d s S1z
Sy - 972
ds>

ds» 7 —1g %

a2
a2

no spin
very diffuse orbit around the
surface harmonic exotic nuclei/ valley of -staljility
neutron drip line oscillator hypernuclei

Maria Goeppert-Mayer J. Hans D. Jensen

Spin-orbit coupling
LI

Single-particle orbits (shell)

(configuration-mixing; configuration-interaction) shell model

19504FAC 45, Igal Talmi et al.

JEF A A o S 56 P R 0 e 2

Many-body nucleus

(%%) 20



1plh

max
b4, ab
V=, +E E c“<I>“+E E c; Dy
=1 a= N+1 1> j= la>b=N+1
slngle double
excitations (S) excitations (D)
N K
abr abe ab('d abed
D DI DR U DD DENT
1>j>k=1a>b>c=N+1 1>j>k>l=1 a>b>c>d=N+1
triple ¥ quadrui)le
excitations (T) excitations (Q)
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BATTA -

1) Nuclear forces

NNN done \/

NN 347 A

2) % J1EEA
Viow-ks Similarity Renormalization Group (SRG)

3) Many-Body methods

a) Configuration-interaction Gamow shell model

b) In-medium Similarity Renormalization Group (IM-SRG) (Gamow and conventional)

22



Resonance and continuum

Neutron number ——»

d

Closed quantum system

well bound

HO basis

Y(r, O)=eF R (r)

&

h L B ‘
Open quantum system

scattering continuum

[~ 72 4V ()]s (N =Ep (@)

23



Berggren basis: T. Berggren, Nucl. Phys. A109 (1968) 265

Berggren 604X “AfE 1" w1 715
HRE &S 77 72 SR 2T 18
Y(r, D)=e " Mg (r)

[~ 72 V()]0 () =Ep; (1)

T. Berggren, PhD in 1966 (Lund)

But E can be complex, and [ @z (1)@ (r)=1 (Berggren/y ik —/<4)

/

K{E{H: E=E,—i

[

2

(1, t)=e " Et Mg (r)=e Ent/igp (1) e~ Tnt/20

\

WS A TG, decay width: Ty, =hIn2/I

R A SR AFR T 775 1R L2 B S 2 T PR 1S 55 |

24



Complex-momentum space: bound, resonance and continuum

K Woods-Saxon in complex-k space

2m "2

~—>
5
z

8 scattering continuum
c — — — — — — — — — —
a narrow resonance — ance 0d,,, m—1.06-0.089i
: 1 e =0.0
g // k2 k3 - = = e e e e e === =0 .
i | :)
] ™ 7 Re(k)
A
3 ! o 1y -3.22-0.00i
.
% ¢ decaying states
&
0d,, -5.31-0.00i (MeV)
u(k,r) ~ CTH (kr) + C™Hy (kr), r — 400 WS SPE’s
! ! ! L ' Ll ' Al l LS ' Ll w
—Bound state 8 - 2
— Decaying resonance | Resonance . f dr Ugjn (r) =1
Scattering state . 6 ] 0
—||:~4 4 -
£ 2 1 1
o e G~ CH(k)C(k) = —
- (reg) ) 2T
\ L 1 i 1 i 1 L 1 i
//\ 0 10 20 30 40 50
10 15 20 25 30 r (fm)

r (fm) 25



ab initio Gamow Shell Model

BATKE 17T ISR T8 ab initio Gamow Shell Model

To remove hard core,
but still keep good

Bare forces:

Strong repulsion,
slow convergence

descriptions of NN
scattering phase shifts

Q(E) = PVP+ PVQ— i —QVP. g# >m<
()

Q-box
folded
diagrams

+00

U(0, —o0) :(11131?,%_121(1[_1_();(_1)11 /t dtl/ﬂ'l dtQ.../ﬂ "ty Hy(t) Hy(t) . Hy () ’ t } :
Non-degenerate extended Kuo-Krenciglowa folded-diagram

method (EKK) by Takayanagi, NPA 852, 61 (2011)
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S-, 0-box folded diagrams

in complex-k Berggren basis

P Q
Heff 0

ZIN

,,
“ | O

Q| o QXHX Q@

P+Q =1




60EARCART, BB AR EER R T4 5 KB B T — &%
AT, RERTEENZDETE GHEZEHRBEEERE)

G.E. Brown 60°s: \ILSERE J1 R THHEAZ G iRl i,
0-box folded diagrams, V,,,, .«

R A ) B A |
18 LS 1B R A% O AT RE !




3.01
2.5]
2.01
1.51
1.0;
0.51
0.0

log(Density)
N
(8]

°He
0.113
2+ |
0.0355 .~
............ 0+ |
GSM EXP
........ \ ) - \/alence
=\ density ... Core
—— Total
O+
%He halo

Density

a0y

0001042

- A TAGE-Dd

T DO0E D4

5 O00E -08

6He correlated density distribution

p(r,0) = (¥|6(r —1r)6(r; —1)6(012 — O)|¥)
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SCI fi I\ ]E WS V0 -F3EPRA (Tetraneutron)
CRKME6OLERT, FF4E)
HOME  ASTRONOMY  SPACE EXPLORATION  ARCHAEOLOGY PALEONTOLOGY BIOLOGY  PHYSICS  MED
L] . .

Physicists Observe Elusive Four- M. Duer et al., Nature 606, 678 (2022)

Neutron System: Tetraneutron !
Jun 23, 2022 by Enrico de Lazaro « Previous | [ ® ®He(p, p*He)

o 30 |- — “n resonance
Published in Physicists using the Superconducting Analyzer for Multi-particles from | __ Continuum
Physics Radio Isotope Beams (SAMURAI) in Japan have experimentally observed a - [ — Background
Tagged as resonance-like structure consistent with a tetraneutron state after 60 years % | — Total
Apha pericie of experimental attempts to clarify its existence. z 20—
Helium ~
Helium-4 g B l
Helium=8 Laboratory frame Proton / % : !
Neutron 8 et - ]
Proton s Targm 2 © 0 - ! ;"
SAMURAI [ ) . proson. ... Zypam - * |
Tetraneutron M&;\’ % an : " L 4 Y%
Fouight Like — .\ _® 0 W{ e
E,, (MeV)

ScienceNews

NewScientist

NEW! US JOBS SECTION

ELEMENT

Theory says it can't exist,
but experiments have found
a new type of matter..

SWEETNESS AND MIGHT
wesome power of the glycor

CHAD S ANCIEN‘I’APE
Is this really the missing linl

NASA's new vision emerges
Row over ‘turning rivers around"
New scare links food to blindness

By Emily
JUNE 22, 20

If confirmed, ‘tetraneutrons’

Physicists may have ﬁnally spotted elusive clusters of four neutrons
id help sci e

understand nuclear forces

31



Chiral EFT N3LO + NCGSM, # EH Z {58 xFk: Gamow H A

PHYSICAL REVIEW C 100, 054313 (2019)

Ab initio no-core Gamow shell-model calculations of multineutron systems

J. G.Li,' N. Michel® >’ B. S. Hu®,! W. Zuo,*’ and F. R. Xu®'-"
'School of Physics, and State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, China
2 Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China
3School of Nuclear Science and Technology, University of Chinese Academy of Sciences, Beijing 100049, China
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7=1
Neutron
6139s
Z=0  peto000% 20
~100 keV
ToFERAS
Op1/,
Ops»
0sy),
protons
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PHYSICAL REVIEW LETTERS 123, 212501 (2019)

W 25 X SR T 1%

Location of the Neutron Dripline at Fluorine and Neon

D.S. Ahn,' N. Fukuda," H. Geissel,” N. Inabe," N. Iwasa, T. Kubo,""" K. Kusaka,' D.J. Morrissey,’
D. Murai,” T. Nakamura,” M. Ohtake,' H. Otsu,' H. Sato,' B. M. Sherrill’ Y. Shimizu," H. Suzuki,'
H. Takeda,] 0. B. Tarasov,ﬁ H. Ueno,l Y. Yanagisawa,' and K. Yoshida'

'RIKEN Nishina Center for Accelerator-Based Science, RIKEN, 2-1 Hirosawa, Wako, Saitama 351-0198, Japan
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24 |0XygEN |

N N =20 stable isotopes
22c

\ H rare isotopes

A=3Z +4 -
| * " . isotopes searched

19,
g = in this work

16 == neutron dripline
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1% 2 X & Nuclear Landscape
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1% X 4 4% 32 . Element production

S process
Pb (82) -

B Mass known
O Half-life known
[ nothing known

| r process I

Supernovae

Cosmic Rays

protons /
‘H(1) b
neutrons |B|g BangI

stellar burning




Chiral EFT 3NF (NNLO) BE) Gamow 3NF

{__ +| Chiral EFT 3NF
1. E. Epelbaum et al., PRC 66, 064001 (2002);

}X X 2. P.Navratil et al., PRL 99, 042501(2007)

Phenomenological 3NFs:
- Urbana (1995) ’++

- Tucson-Melbourne (1975-1999)

- Illinois (2001-2010) @ ¢! A-resonance (m ~1232MeV, t ~10-24 s)

PAd 1 | isobar degrees of freedom i BRIR /)N,
| [\ | fELagranian™ A AANE &
a b ¢ (m,=939.6 MeV, m;=938.3 MeV%)7

- CD-Bonn + A (Deltuva, Sauer, 2003)




GSM with %0 core: N3LO(NN) + N2LO(NNN)

Son (MeV) NN NN+3N Expt.

24 ~ N 11 - MO0 S O)¢ . . . .
O 9.110 r.038 6.925 Ma, Xu, Coraggio, Hu, Li, Fukui, Angelis,
250 6.254 3.568 3.453

260 3.362 —0.150 —0.018 N.Itaco, Gargano, PLB 802, 135257 (2020)

E (MeV)

_10 T 6 - -
=& Continuum CC: NN+3N(eff) [31] 0.03%12
-15 —#- SM(HO): NN+3N [3] . =t
A =6~ GSM: NN+3N (this work) 5k 0.049 Il 0.027 "
=20 SM(WS): NN (this work) o015 =1° 0.05*2! 0.037 i + 0,033
. : - -t . +
_os -:- gSl\t/I.NN(thls work) | ak _%10_020 Oﬂ_%,z BESW — J
A P 0.008 0.030 wmmi/2+(0.001)
=30 O —~ 12t —(1/2+)
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Summary

scattering continuum

Berggren complex space

Ab initio nuclear structure calculations with resonance and continuum considered

1. Complex EFT 3NF at N2LO
2. Ab initio Gamow shell model with a core
calculating complex S-box and Q-box folded diagrams

Both the continuum coupling and 3NF are important in nuclei around driplines
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Thomas-Ehrman shift (TES) in mirror pair

:190 19Na
: 20 |
Both continuum L |
L E ™ 1+— Continuum effect
effect and 3NF S 1+e @ Qe 3 e—
> 2 0 £ 2 0305
[5) | %] S e, .
- = A 3 5 g
are important to <ok O O .0 i
o | + + ¥ 0.10¢
UL
make the R T 7
= i34 —_ 34,1 | If no 3NF, calculation
observed TES s 2 TR = GF=" ’
0.0f = 75im (5+)_.. cannot give the correct
Yeuas® 2 2 /e
[SM(NN) Expt. SM(3N) SM(N) SM(3N) GSM(3N) Expt. GSM(NN) | order of the levels.
I (w/o Coulomb) i

CIB: charge independence breaking, a violation of rotation invariance in isospin space.
T=1 NN interaction: Tz=+1 (pp), 0 (np) and -1 (nn)

The main reasons: m,#m,, n’, n¥ mass splitting CIB is more significant than CSB

CSB: charge symmetry breaking, a violation of rotation invariance by 180°

Only for pp and nn

S. Zhang, Y.Z. Ma, J.G. Li, B.S. Hu, Q. Yuan, Z.H. Cheng, F.R. Xu, PLB 827, 136958 (2022)
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RN TCBR 73 [B] - 43 PR = 8] 22 4 ] it
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