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Y. Jin et al., Phys. Rev. Lett. 127, 262502 (2021).

Resonance and continuum couplings are important and need to be exactly treated!
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Resonance state

A resonance state, which represents a decaying process, is time dependent.

Berggren complex-k space transfers a time-dependent problem to a time-
independent problem !
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Many-Body calculations in HO or Berggren basis

NCSM/SM

Including resonance and
continuum coupling via using

Closed quantum system

\well bound /

Berggren basis

HO basis

E. Caurier, et al. RMP 77,427 (2005)
T. Otsuka, et al, RMP. 92,015002 (2020)
B. R. Barrett, P. Navratil, and J. P. Vary PPNP 69,131(2013)

NCSM : also see Xingbo Zhao and Peng Ying’s Presentations

+ Xk Vijk

NCGSM/GSM

e

Open quantum system

) scattering continuum

Berggren basis
Michel, M. Ploszajczak, The Gamow Shell Model, Springer ;
. Michel, et al., JPG 36,013101 (2009)
J. G. Li, et al., Physics 3, 977 (2021)
J. G. Li, et al., Phys. Rev. C 100, 054313 (2019)
J. G. Li, etal., Phys. Rev. C 104, 024319 (2021)
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Resonance and continuum coupling in dripline nuclei :examples
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Theoretical calculations are provided by J. G. Li and N. Michel also for radius

i .G. Li,etal., i ti
Y. Jin et al., Phys. Rev. Lett. 127, 262502 (2021). J.G. LI, etal., inpreparation
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History of Multineutron system

» More than 50 years of multi-neutron searches, especially the tetraneutron.
See arXiv:1608.00169[nucl-th] (2016) Eur. Phys. J. A 57,105(2021),

» Earlier experiments gave negative results, no information about the multi-neutron systems.

> In 2002, Marqués et al reported the possible existence of a bound tetraneutron observed in a breakup
reaction of the 1“Be—>1°Be+4n channel. Marqués et al., PRC 65, 044006 (2002)

> In 2016, Kisamori et al observed of few events of tetraneutron in the doubly charge-exchange reaction
“He(®He,®Be) . Interpreted the tetraneutron as a candidate resonance with Er = 0.83 + 0.65(stat) +
1.25(syst) MeV and width I" < 2.6 MeV. Kisamori et al., PRL 116, 044006 (2016)

reaction initial state final state o results
*He (®He, aa) *n
1 Shimoura, NP1512-SHARAQ10 (% ):> 8 8 (%%):} L an E 11_{,)5
I ®He (p,pa) *n
Future tetraneutron experiments e s (W)= 0 B B Q= .?';"T - 119005 Nature 2022
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https://arxiv.org/abs/1608.00169

History of theoretical researches for the multi-neutron systems

Year Author Journal Conclusion

2003 Bertulani et al J. Phys. G 29, 2431 gave no bound 4n combined dineutron-dineutron
molecule and a toy NN potential

2003 Steven C. Pieper PRL. 90, 252501 employed the GFMC calculated the tetraneutron,

showed the modern nuclear force can not tolerate a
bound tetraneutron and suggested the a tetraneutron
resonance near 2MeV

2005 Lazauskas and Carbonell PRC 72, 034003 used Complex scaling based on Reid 93 NN potential:
no low-lying 4n resonances : no low-lying

2016 E.Hiyama et al PRC 93, 044004 employed Complex scaling using AV8’+(toy)NNN,
low 4n resonance possible only by strongly strongly
modify the nuclear force

2016 A.M.Shirokov et al PRL 117,182502 performed the NCSM with JISP16 interaction
conformed a resonant state in tetraneutron around 0.8
MeV, width 1.4 MeV

2017 S. Gandofi et al PRL 118, 232501(2017)  presented the QMC calculations of multi-neutron
systems, suggested the trineutron and tetraneutron
were both resonance
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History of theoretical researches for the multi-neutron systems

Year Author Journal Conclusion

2017 K. Fossez et al. PRL 119, 032501 performed NCGSM gave energy of tetraneutron may
be compatible with experimental value, but the width
must be too large

2018 A.Deltuva PRC 97, 034001 (2018),  employed Faddeev method gave the absence of an
PLB 782, 238 (2018) observable trineutron and tetraneutron resonance based
on modern two-body force
2018 A.M.Shirokov et al. AIP Conf. proc 020038 Performed NCSM for tetraneutron with different two-

body force, similar results are obtained

2019 A.M.Shirokov et al. Presentation in updated their calculations and gave two resonance
Nanjing@China 2019 states in tetraneutron
2019 J. G. Lietal. PRC 100 054313 Performed NCGSM for trineutron and tetraneutron,

predicting that E (3n) = 1.29 MeV T (3n) = 0.91 MeV
E(*n) = 2.64 MeV T (*n) = 2.38 MeV

2020 Michael D. Higginsetal. PRL 125,052501 Using adiabatic hyperspherical framework, Predicting
2021 PRC 103 024004 that that no resonance and no bound state exists for
the tetraneutron system
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NCSM for tetraneutron
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A. M. Shirokov,et al, PRL 117,182502 (2016)

2019’ workshop, they predict two resonance states of
tetraneutron:

15t E(4n) ~ 0.3 MeV T (4n) ~ 815 keV
25t E(4n) ~0.8 MeV T (4n) ~ 1.3 MeV

A. M. Shirokov Presentation in Nanjing@China 2019

Jianguo Li jianguo_li@impcas.ac.cn Page 9/21

Ab initio NCGSM calculations of multineutron systems



QMC calculations of multineutron systems

H:_Z;—;V?—FZVWFS(F’)—{_ZVU—}_ Z Vf'jk.

i< i<j<k
4|a||||rl||]||||||||1|||||| 3.0 — ———
sl AV18 +IL.2 + external well 2.0 [ ¢ 4 neutrons —
| ¥ 3 neutrons > |
1.0} i P =
U{] :— ,,,-f-" = = t =
T B .-"'..f - - - .‘E
:} ..-—-1_].0_ .#.."’#-. : ¥ ]
= - - - !
& S 2.0 Fws =45 fm, - E
5 . = -
% rﬂ —3_{]— _,":! - w20 | LO 4 poutrons | —
: a P = o. 00H « NLO =
—40F o - | N3LO L ]
F' Rws = 6.0 fm “ —20 .
—2.0} of . —40 1
B .1 Rws=60Mm
—6.0}- Rws =T75fm g4l | —_
i L | | | . i | | | 30  —20 | —10 -
-12 [ N I T "SI NN (N Y Y Y Y Y TN TN N I I T Y (Y O Y| . | | A - R R i I i
-5 -4 -3 -2 -1 0 Ti]ﬁl.[] =35 =30 -25 -20 -=-15 =10 =05 0.0
V, (MeV) Vo (MeV)

Steven C. Pieper PRL 90, 252501(2002)

Only energy, no width!
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NCGSM calculations of multineutron systems

A=17fm™'  21=19fm™' 2A=21fm"!
N3LO 727 (3.69) 7.28 (3.67) 7.28 (3.69)
N2LO,, 732 (3.74) 7.33 (3.78) 7.34 (3.95)
N2LO,,~ 7.24 (3.48) 7.22 (3.58) 7.27 (3.55)
JISP16 7.00 (3.72)
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NCGSM for multi-neutron systems

Interaction : N3LO V,,, 2.1fm*!
Model space : s,,, P3j, In Bergrren basis (45 points)
Pu2s Os2.372: 512,720 Goro IN HO basis. (N, <20)

Method : Davison + overlap method
N. Michel, W. Nazarewicz, M. Ploszajczak, and T. \Vertse, JPG 36, 013101 (2009)
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NCGSM for multi-neutron systems

E(Gn) =1.29 MeV 77(3n) =0.91 MeV The energy of trineutron is lower than tetraneutron.
E(*n) = 2.64 MeV I1(*n) =2.38 MeV QMC extrapolations are agree with our calculations
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Trineutron Would be More Possible to be Observed than Tetraneutron

J. G. Li, N. Michel, B. S. Hu, W. Zuo, and F. R. Xu*, Phys. Rev. C 100, 054313 (2019)
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The History of Tetraneutron
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Observation of a correlated free four-neutron system

Article

3 Laboratory frame
Observation of a correlated free e - Proton ./
four-neutron system
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beam
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The History of Tetraneutron
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A=4 (4H, 4He and “Li ) nuclear systems

@5 : ‘Ll\ - S .
2 .l ' - =@ Li, *He and *H, all the states, except the
E—— T ground state of “He, are unbound bearing
.- - e — oo broad widths.
Nz B k& &P weakly bound
|| unbound v" The experimental energies and widths of
bo.see the ground state of “H and “L.i are either
T e not very conclusive or even contraction.
e éh::,m_ﬁ I T Y
@ht‘i: Jam ™ " The T =1 isospin multiplet states: the
N TR L ground states of 4Li and #H, and the
L ' excietd state of 4He - Isospin symmetry
o, B2 breaking

Energy levels of light nuclei A =4 D.R. Tilley et al. Nucl. Phys. A541 (1992) 1-104
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NCGSM calculation of 4H
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J.G. Li, N. Michel, W. Zuo and FR. Xu*, Phys. Rev. C 104, 024319 (2021)
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Ab initio NCGSM calculation of 4L
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J.G. Li, N. Michel, W. Zuo and F.R. Xu*, Phys. Rev. C 104, 024319 (2021)
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A=4 (*H, *He and “Li) T = 1 state

-30

J.G. Li, N. Michel, W. Zuo and FR. Xu*, Phys. Rev. C 104, 024319 (2021)
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Ab initio NCGSM calculations of multineutron systems

v Comparing the calculated spectra of
the A = 4 systems , the ground states
“L1(T=1), 4H (T=1) (2- and 1-) with
the ground state of “He (T = 0) and
2~ (T=1) excited states.

v" The isospin breaking is mainly
caused by the Coulomb force.

v" The energies and widths are both
different due to the isospin breaking.

v" The splitting of the T =2 isobaric

triplet states.
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1. The Energy and Width of the Multi-neutron systems (Trineutron and Tetraneutron) are
calculated with ab initio no-core Gamow shell model (NCGSM).

v" The calculated Energy and Width of the Tetraneutron in NCGSM are both close
to the recent experimental data (Nature 606, 678 (2022)).

v" The energy and width of Trineutron are both smaller than Tetraneutron in our
NCGSM, suggesting that Trineutron would be more possible to be observed than
Tetraneutron.

2. Theresonant T=1J7= 2" isobaric triplet states of A =4 nuclei (*H, “He and 4Li) are
Investigated with NCGSM.

v More precise experimental measurements are urgently needed.

Thank you for your atlention
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