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Introduction:

The lightest isotope is Hydrogen (H).
Exp.

n P
2H J=1+1-2.22 MeV
What about n-n?

N N
n n-—— " / ! 1 ....... Neutron matter
¢ O o & 9
bound
=0 S=0 N N 4

Might not bound 9 How many neutrons make bound?

No bound state



Theoretical calculation

S.C. Peiper et al., Phys. Rev. Lett. 90, 252501 (2003).

Peiper et al. suggested that there would be possibility to exist

a tetraneutron system as a resonant state at Er=2 MeV
using AV18+I1L2 3N force with GFMC.
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Candidate Resonant Tetraneutron State Populated by the *He(*He *Be) Reaction
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A candidate resonant tetraneutron siate is found in the missing-mass spectrum obtained in the double-
charge-exchange reaction “He(*He, *Be) at 186 MeV/u. The energy of the state is 0.83 4 0.63(stat) +
1.25(syst) MeV above the threshold of four-neutron decay with a significance level of 4.9¢. Utilizing the
large positive (@ value of the (*He, *Be) reaction, an almost recoilless condition of the four-neutron system

was achieved so as to obtain a weakly interacting four-neutron system efficiently. 4 N b rea k u p th res h 0 | d
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After the observed data, there have been positive and negative
theoretical results.

Positive result:

A.M. Shirokov et al., PRL117, 182502 (2016).

Non-core shell model calculation+JISP16 NN interaction
Er=0.8 MeV with [ =1.4 MeV

S. Gandolfi et al., PRL118, 232501 (2017)

Quantum Monte Calro Method +Chrial (NNLO)
interaction+Woods

Saxon-well : extrapolation
Er=1.84 MeV with [ =0.282 MeV



Not positive , not negative result

K. Fossez et al., PRL119, 032501 (2017)
no-core Gamow shell model+ N3LO, JISP16
Er~ 7 MeV, [ ~3.5 MeV to 3.7 MeV

[
=

* NCGSM-2p2h

¥ NCGSM-2p2h (n.o.)
= NCGSM-3p3h (n.o.)
* DMRG (n.o.)

Much higher energy and
broader width than observed data___
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Negative results

PHYSICAL REVIEW C 93, 044004 (2016)

Possibility of generating a 4-neutron resonance with a T = 3/2 isospin 3-neutron force

E. Hiyama
Nishina Center for Accelerator-Based Science, RIKEN, Wako, 351-0198, Japan

R. Lazauskas
IPHC, IN2P3-CNRS/Universite Louis Pasteur BP 28, F-67037 Strasbourg Cedex 2, France

J. Carbonell
Institut de Physique Nucléaire, Université Paris-Sud, IN2P3-CNRS, F-91406 Orsay Cedex, France

M. Kamimura
Department of Physics, Kvushu University, Fukuoka 812-8581, Japan
and Nishina Center for Accelerator-Based Science, RIKEN, Wako 351-0198, Japan
(Received 27 December 2015; revised manuscript received 26 February 2016; published 29 April 2016)

We consider the theoretical possibility of generating a narrow resonance in the 4-neutron system as suggested
by a recent experimental result. To that end, a phenomenological T = 3/2 3-neutron force is introduced, in
addition to a realistic N N interaction. We inquire what the strength should be of the 3n force to generate such a
resonance. The reliability of the 3-neutron force in the 7 = 3/2 channel is examined, by analyzing its consistency
with the low-lying T = I states of “H. *He. and *Li and the *H 4n scattering. The ab initio solution of the 4n
Schrodinger equation is obtained using the complex scaling method with boundary conditions appropriate to the
four-body resonances. We find that to generate narrow 4n resonant states a remarkably attractive 3N force in the
T = 3/2 channel is required.

Introduce our paper First, let me explain my method for this calculation.



Our few-body caluclational method

Gaussian Expansion Method (GEM), since 1987

- A variational method using Gaussian basis functions

- Take all the sets of Jacobi coordinates

Developed by Kyushu Univ. Group,
Kamimura and his collaborators.

Review article :
E. Hiyama, M. Kamimura and Y. Kino,
Prog. Part. Nucl. Phys. 51 (2003), 223.

High-precision calculations of various 3- and 4-body
systems:

Exotic atoms / molecules , Light hypernuclei,
3- and 4-nucleon systems, 3-quark systems,

multi-cluster structure of light nuclei,




In order to solve the Schrodinger equation, we use
Rayleigh-Ritz variational method and we obtain eigen value E
and eigen function V.

(H-E)¥ =0

Here, we expand the total wavefunction in terms of a set of
L2-integrable basis function {®,:n=1,....,N)}

N
v = Zl Cn P,

The Rayleigh-Ritz variational principle leads to a generalized
matrix eigenvalue problem.

N ™
(®|H ~ E| £ Cu®,) =0,  (i=1,..N)
I

W



Where the energy and overlap matrix elements are given by
Hin= <(Di| H | cI)n >
Nin= <q)i| 1 |ch >

Next, by solving eigenstate problem, we get
eigenenergy E and unknown coefficients C_

(H)-E (N6 =

. y,




Gaussian Expansion Method (GEM)

2 R, R
1 C=2 2 10 s 2
C=3
hQ hQ ‘
H=———V2 - = V2. + VO + VO (ry) + VB (r,)-
20, 7 2ur €
[H — E] Wy =

W yar = O3 (ry, Ry) + O (ra, Ro) + O3 (r5, Ry)



Uyar = 00,1, Ry) 4+ 071 (10, Ry) + ) (13, Ra)

Basis functions of each () N (c)
Jacobi coordinate D (Tc) Yh_n(rc)g ?,DNL(RC) YLﬂJ(Rc)
(c=1-3) N

25, (re R = 3 CnLimol) (r) 0§, (R [Yi(E.) © YL (E)]

(C 1 _ 3) nl,N L T
Determined by diagonalizing H



Radial part : Dt (1) = pl o= (r/rn)?
Gaussian

r _ )2
function UnL(R) = RY e~ (R/EN)
Gaussian ranges 1, =711a" " (n =1 — Nmax)
In geometric Ry = Ry AV (N =1 — Nuax)

progression

Both the short-range correlations and the exponentially-
damped tail are simultaneously reproduced accurately.

R, In the case of four-body problem,
r We have one more Jabobi coordinate.

1O P 3
=1
K-type (i =7-12)




by solving eigenstate problem, we get
eigenenergy E and unknown coefficients C,

O
=
I

-




Benchmark-test 4-body calculation : Phys. Rev. C64 (2001), 044001

Benchmark test calculation of a four-nucleon bound state

H. Kamada,* A. Nogga, and W. Glockle by 7 groups 4 H e
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Exp. -28.33
MeV

Benchmark-test calculation of the 4-nucleon bound state

Good agreement among /different methods

In the binding energy, r.m.s. radius and wavefunction density

H. KAMADA et al.

TABLE 1. The expectation values (7) and (V) of kinetic and
potential energies, the binding energies £ in MeV, and the radius in
fm.

Method (T) (V) E, N
FY 102.39(5)  —128.33(10)  —25.94(5) 1.485(3)
GEM" 10230 —128.20 —25.90 1.482
SVM 102.35 —128.27 ~25.92 1.486
HH 102.44 —128.34 —25.90(1) 1.483
GFMC  102.3(1.0) —12825(1.0) —25.93(2) 1.490(5)
NCSM  103.35 —129.45 —25.80(20)  1.485

)
EIHH 100.8(9) —126.7(9) —25.944(10) 1.486

very different techniques and the complexity of the nuclear
force chosen. Except for NCSM and EIHH, the expectation
values of T"and 7 also agree within three digits. The NCSM
results are, however, still within 1% and EIHH within 1.5%
of the others hut note that the FTHH reanlts for 7 and 17 are

@)
c
=

PHYSICAL REVIEW C 64 044001

0.025 T T T T T

0.02
—
T

= 0.015
=
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p—
@)
S
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FIG. 1. Correlation functions in the different calculational
schemes: EIHH (dashed-dotted curves), FY, CRCGV, SVM, HH,
and NCSM (overlapping curves).



NN: AV potential (Central +spin-orbit +tensor)

_I_

A phenomenological three-body force

TaNN= 1/2
p 4

3/2 2 we use
72 1 2 T=1/2 three-body force
uﬁ Z Z Wil TR Pijr(L)
T=1/2 n=1 ‘He
Wi(l'=1/2) = —=2.04MeV by =4.0 fm
Wo(lT'=1/2) = +35.0 MeV by =0.75fm To distinguish proton or neutron,

we use isospin.
This potential has been applied to “He. Proton=>t=1/2, t,=+1/2

E. Hiyama, B.F. Gibson and M. Kamimura, Phys. Rev. C 70 (2004) Neytron=>t=1/2, N =-1/2
031001(R)

T, =1x1/2+2x(-1/2)=1/2



20.58 3He+n zv.00 YT 2_ (5.31
__________ N |
0 20.21 0,
1982 3H+p
0" 0.0 MeV 07 0.0 MeV
1 (-28.30 MeV) 1 (-28.44) E,
EXP X CAL
‘He ‘He

AV8 NN +Coulomb potential + three-body force reproduce the
data.



NN: AV potential (Central +spin-orbit +tensor)

_I_

A phenomenological three-body force

TaNN= 1/2
p 4

3/2 2 we use
72 1 2 T=1/2 three-body force
uﬁ Z Z Wil TR Pijr(L)
T=1/2 n=1 ‘He
Wi(l'=1/2) = —=2.04MeV by =4.0 fm
Wo(lT'=1/2) = +35.0 MeV by =0.75fm To distinguish proton or neutron,

we use isospin.

This potential has been applied to “He. Proton=>t=1/2, t,=+1/2

E. Hiyama, B.F. Gibson and M. Kamimura, Phys. Rev. C 70 (2004) Neytron=>t=1/2, N =-1/2

4

031001(R)

T,= 1x1/2+2x(-1/2)=1/2
Apply to nnnn system



3/2 9

f_;rﬁ — T TH n(1)e (5430t T) Pijr (1)

T=1/2 n=1

. nnn_3/2
—2.04 MeV by =4.0 fm

Vg
+35.0 MeV  bo = 0.75fm
We need T=3/2
three-body force.
But, we have no idea
how much attraction
we need.

4n

Tz(nnn)=3x(-1/2)=-3/2

For 4n system, we need T=3/2 three-body force. We use the
same potential with T=1/2, but, different parameter of W,.

W,(T=3/2)= free b,=4.0fm => W, should be adjusted so as to reproduce

the observed 4n system
W,(T=3/2) = +35 MeV b,=0.75



N3 N N L\ 4 T_A*
K-type H-type 1L \ b?BriadOresonance .
The energy pole is stable E—z—
with respectto 6. o
E 3¢

Re(E) corresponds to energy
With respect to 4n breakup threshold.
Im(E) corresponds to I /2.

The observed 4n system was reported from the bound region to resonant region.
In order to obtain energy position (E,) and decay width (I"), we use complex

scaling method.

{H(H) E(HHE[} ST (QJ B 0 @TLE(T) = 7 e —(r/rn)?
Vi rr, (0 Z CK *I?' (K) Z C‘ (IJ () UniL(R) = RY e (/BN

N N, N, re =+ e, Re = Ree. po = pee® (¢ =K. H)

-4+

5 1 Il
/ 0 2

4n breakup threshold Re® MeV)




Im (E) (MeV)

energy trajectory of J=0+ state changing W,

EXP

< >
O 0 0 W NS Ol [ | [ [
-3 | -33 Op30
0 -28
-1t 0] ]
0]
e o)
-2l ir.;g 0 ~24 ]
£ 0
c 0
0
_3 L 4
0 -20
4
a)'n resonance °
47 T_n+ ° |
J=0 o)
O -16 MeV
_5 I | I | I I |




12—
- 0
4 &
10 b) n resonance )
gl =o'
I energy
6r e ? voe? -
S | !
)] (]
2 4 o’
— L] y
W -t .
0 2f f .
= | Exp. K
L
0 .
ve  4nthreshold
9+
_4 L
-35 -30 -25 -20 -15
W,(T=3/2) (MeV)

It is noted that | took benchmark test of

In order to reproduce the data of 4n system,
We need W,(T=3/2)=-36 MeV~-30MeV.

Attraction is 15 times
Stronger.

It should be noted that W,(T=1/2)=-2.04 MeV
to reproduce the observed binding energy
of 4He, 3He and 3H.
3/2 9
133,;\ _ Z Z H__;n(T)E—(rfj+-r32k+-r§é) /b? Piii(T)
T=1/2 n=1
W,(T=3/2)= free b,=4.0fm
W,(T=3/2) = +35 MeV b,=0.75 fm

Question: W, value for T=3/2 is reasonable?

To check the validity of three-body

force, we calculate the energies
of 4H*He(T=1) ALi.

An with Faddeev-Yakubovsky method by Lazauskas. My result is the same as that by FY.



T.Elﬁ
8.481 3 |eoo - p(39°)
ptn 615 0-
i P o
527 O P kag 1-
407 2"
250 i~
319 2
0000
. 5 0.000 o L SHe+p
af H H+n =

Table 4.24: Energy levels of 'L defined for channel sadius o, = 4.9 .

Table 4 1: Energy levels of *H defined for channel radivs o, = 4.0 fm. All energies and widths are in the c.m. system.
All energies and widths are in the cm system.
EMeV)| T T |I'MeV)| Decay |Reactions
EcMeV)y [J7] T |I'(MeV)|Decay| Reactions L _TJ et ; }
— : g5t r | 6.03 | p.’He b
gt || 1 54 [o'H (L1 0 - | 2350 | o :
3l || 1| em|at | | _ R
208 o 89 |o'H 208 [ 1 035 | p gHe ]
L - £ic b
143 - 1 1200¢ 1 .'1H 11’ 12 285 I | 1351 P, He 3
2319 MeV sbove the n + °H mass. s40TMeV abovethep | *He mass.
bPI'I'IlJﬂl'J'l}'jpl. "Primarilj;“[‘l.
* Primily ' ¢ Pﬂmaﬂly'[‘l.



i 4 1
)T 4 ‘e 'H —— Exp. *H (-5.29 MeV)

_6_ i
\ \\ If we use W;=-36MeV~-30 MeV
I o 1 to reproduce the observed data of 4n,
T We have strong binding energies
e of 4H, *He (T=1) and 4Li.
Ntreshold | This result is inconsistent with
the data of A=4 nuclei.
The J=2- state of A=4 nuclei
should be resonant states.

- —_———— — — — — — — —

40 00 -0 -0 0
W,(T=312) (MeV)

Conclusion: to reproduce the data of 4n, unlikely attractive three-body
force is required.



A. Deltuva, Physics Letters B 782, 238 (2019).
Faddeev Yakubovsky method+SRG potential (based on AV18 potential)

0 | " SRG[4.355] ]
\\&\
— Y
> r _E ]
= .5 [10F e ; %"\ |
1 [ o L o, t*\ . +
10 | 45 o0 55 + Scaling factor: f< 4.3=> no resonant state
5 0 5 10 15



M. D. Higgins, C.H. Greene, A. Kievsky, M. Vivianni,
Phys. Rev. Lett. 125, 052501(2020)
Phys. Rev. C 103, 024004 (2021)

Hypersherical harmonics Method

AV8 potential which is the same one used by me.

4 j\)\\ 3 '0 3 I | I ww{;f&(rﬁi}:}fﬂl‘fﬁ'ﬂ‘m‘D’I ]
L m 3 ,\,0»0’“0‘ 2T _ ]
I \ .E 2.5 A
— I - & 2.0 &
i 3: \\ E 1.5 f ]
L , < ore e OTOCOOODCTOTOOTTTTTTT
= D \ g 1.00 ¢/ o " '
LQVLLI 2j \ ﬂ_ctf 0.5 jﬁ'g
sle SN ool
L - RN 0.0 05 10 15 20 25 3.0
1} N
- S [Energy (MeV)]'
! Mf‘-&- o "0,
ol gasseees -SSR
0.0 0.5 1.0 1.5 2.0 2.5 3.0
[Energy (MeV)]"?

No resonant state
They used AV18 potential and they had no resonant state.



Summary of the 4n calculation

Author Method How to obtain resonant state  V, resonance
A.M. Shirokov et al. Non-core shell model + phase shift analysis JISP16 Er=0.8 MeV

[ =1.4 MeV

S. Gandolfi et al. Quantum Monte Calro extrapolation chiral(NNLO) Er=1.84 MeV

[ =0.282 MeV

K. Fossez et al.,, no-core Gamow shell model N3LO, JISP16, Er~7MeV

[ ~3.5MeV

E. Hiyama, R. Lazauskas et al., Gaussian Expansion + CSM AV8 No resonance
Faddeev Yakubovsky

Deltuva, Faddeev Yakbobsky  + AGS SRG(AV18),NLO, No resonance
M. D. Higgins et al., Hypersherical harmonics  phase shift analysis AV8, AV18, no resonance

L. Wu, S. Elhatissari, U. Meissner, S. Shen, L-S. Geng, and Y. Kim, EFT lattice, PRL 136, 142502(2026)
Chiral N3LO no plauteu
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- & "Haip, p*Hel
| — *n resonance

-- Continuum

[ — Background

— Tota

=20 0

Just recently, experimentally, one peak near 4n breakup threshold in the cross section

has been reported.

“He( p, p*He)4n

Question: How do we interpret this experimental data theoretically?

20 40 &0
F. Mo\



PHYSICAL REVIEW LETTERS 130, 102501 (2023)

"He( p, p*He)4n

Low Energy Structures in Nuclear Reactions with 4n in the Final State

We calculated the reaction using several

Rimantas Lazauskas . . .
Université de Strasbourg, CNRS, IPHC UMR 7178, F-67000 Sirasbourg, France kl N d S Of N N N te ra Ctl on.
Emiko Hiyama We see to have a peak near 4n threshold
Department of Physics, Tohoku University, Sendai 980-8578, Japan and RIKEN Nishina Center, Wakeo 351-0198, Japan Wlth 0 ut 3 N F -[-' orce.
e o We include 3NF force. But effect of 3NF

Universiié Paris-Saclay, CNRS/IN2P3, LJCLab, 91405 Orsay, France

is small.
We interpret that a peak is emerged as

| a consequence of the final interaction among
éﬁq x  AV18 e 4n system and 4 neutrons in 8He projectile.
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Table cloth puller

e https://youtu.be/W0Omzk-wBIQ|

What is definition of ‘resonant state’?
Mathematically, when we have a pole, this is a resonant state.

000
on p°

4n are not realized that a is removed
by proton. Can we say this is resonant state?



Thank you!
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