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TeTpaHEeUTpPOH:

e Cuctema 13 4 HenUTpoHOB. HectabunbHa, T. €.
npeacTtaBnasetr cobom pe3oHaHc: obpa3yeTca Ha
KopoTKoe Bpema ~ (3.8 £ 0.8) x 1022 ¢ 1

pacnagaetcs. Bpems »M3HU pe3oHaHca t 0bpaTHO

1
nponopunoHanbHO ero wupuHe I': t ~ =

* Pe3oHaHC TeTpaHENTPOHaA Npeacka3saH Hamu B 2014 .
Brnepsble Habatoganca ¢ masom ctatuctukon (4 coboitna) B 2016 r.;
OKOHYaTe/IbHO NOATBEPKAEH B SKCMEPUMEHTE C XOPOLUEN CTaTUCTUKOM
B 2022 .



TeTpaHEeUTPOH:

[ ®He(p, p*He)
* Cuctema n3 4 HenTpoHoB. HectabunbHa, T. €. ‘°’°:"--gon;inuumd
| — Backgroun

L — Total
20

npeactasaseT coboi pesoHaHc: obpa3syeTca Ha
KopoTKoe Bpema ~ (3.8 £ 0.8) x 1022 ¢ 1

Counts per 2 MeV

10-

pacnagaeTca. Bpemsa »xmn3HM pe3oHaHca t obpaTHO
1 0 Bees

NPONOPUMUOHANbHO ero wupuHe I': t ~ - 9 s

* Pe3oHaHC TeTpaHENTPOHaA Npeacka3saH Hamu B 2014 .
Brnepsble Habatoganca ¢ masom ctatuctukon (4 coboitna) B 2016 r.;

OKOHYaTe/IbHO MNOATBEPXKAEH B SKCMEPMMEHTE C XOPOLLEN CTaTUCTUKOM
B2022r.



N3oTONMYecKkmnm cnuH (M30CNUH):

* N13ocnnH T u ero NPOEKUNA TZ — XdPaAKTEPUCTUKUN ITIEMEHTAPHDBIX HaCTUL, U

Anep
1 1 . 1
* HyKnoHbl: T = > IPUHEM NPOTOHbI: T, = +E’ HEUTPOHDbI: T, = —

* CnoxeHne MOCNMUHOB aHA/IOMTMYHO CNOKEHUIO MOMEHTOB B KBAHTOBOM
MexXaHUKe

+8ppaA=Z+N,T,==(Z—N),T 2 |T,|

* /30CcnMHOBbIE aHA/I0TN — COCTOAHUSA Pa3HbIX A4ep ¢ ognHakoBbiMM A n T



[Mpymep, MHTEPECHbIN ANA Hallero obcyXaeHus:

‘H-A=4,Z=1,N = 3: Li:A=4,7=3,N=1.

Binding energy: 5.604 MeV Binding energy: 4.619 MeV

Spectrum: 27, T =1 —gs.,, E, =0 Spectrum: 27, T =1 —gs.,, E, =0
17, T =1, E, =0.310 MeV,I' = 6.73 MeV 1-,T =1, E, =0.320MeV,I' = 7.35 MeV
0, T =1, E, =2.080MeV,I' =8.92 MeV 0-, T =1, E, =2.080 MeV,I' = 9.35 MeV
17, T =1, E, = 2.830 MeV,I' = 12.99 MeV 1-,T =1, E, =2.850MeV,I' =13.51 MeV



[leMoKpaTn4ecKkmnin pacnaa;:

* Pacnag TeTpaHeMTPOHa — AeMOKPaTUYECKMIM pacnaj, T. €. HUKaKasn
noAacmMcTemMa He MMEeEeT CBA3aHHbIX COCTOAHUMN.

e lemoKpaTnyeckue pacnaabl Ha 3 YacTULbl UCCNeS0BaNNUCD
TEOPETUYECKN U IKCMEPUMEHTAIbHO, C AEMOKPaATUYECKUM pacnagom
pe3oHaHca Ha 4 YyacTuLbl Mbl CTaJIKUBaeMcs BNepBble, TEOPUs TaKOro
pacnana He pa3paboTaHa.

.....



TeTpaHEenTpoH
e [lemoKpaTn4eckni pacnag (HeT cBA3aHHbIX NOACUCTEM)
* MeTopa runepcpepryeknx rapMmoHuK

* B 3-mepHOM NPOCTPaHCTBE YNCNO NEPEMEHHDLIX A1 CUCTEMbI 4 HEUTPOHOB
3:4— 3, =9;8BOAUTCA ANIMHA P B 9-MEPHOM NPOCTPaHCTBE U 8 Yr0B:

U(r1, 7, 7a) = P(0) Ve (), p= \ Z(T’ — R)2,

o~ [, \ /D - 34'4 - (
O, =P (p) =p B4V 20, k(p), L=K+ 5 :
h* d? L(L+1 i
W d BB D 0L () + 37V 20 () = BOL(p)
2m d<p p* -
* MpUBAUIKEHME: yUTEeH OTKPbITbIM KaHan pacnagac £ =L, = K. .. +3=5.

* Ho BCe BO3MOMHble KaHabl KaHanbl yuTeHbl B MOBWK Kak 3aKpblTble KaHa/bl



Yem MHTEpPECEH TETPAHEUTPOH?
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Yem MHTEpPECEH TETPAHEUTPOH?

* JKCNepuMeHTaNbHble MOUCKM TETPAHENTPOHA BeNnCb okono 60 ner,
OKOH4YaTe/IbHO OOHapy*KeH pe30HaAHC TeTpaHenTpoHa B 2022 T.

* rpaHVILI,a cTabunbHoOCTH A0ep, 44pa Ha rpaHmue CTabuNbHOCTU U
B6/ 113U ee, B TOM YNC/1e U 3a ee Mnpepgeiamm

* HeMTpoHHaA maTepua, B TOM YUC/IE U C HEOONbLLUMM YNCIOM
HEUTPOHOB

* Bsaumoaencresme HEUMTPOHOB APYr C APYrom, B TOM YUCE U
TPEXYACTUYHbIE NOJIY4EHO TOJIbKO B Pa3HbIX moaenax (ectb AaHHble

No pp- N np-pacCceaHunto, NPAMbIX AaHHbIX MO NN-B3aMMOAENCTBUIO
HeT)



N-d paccesHune

* U3 ctatbu Kimiko Sekiguchi B
Tpyaax NTSE-2018
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History of the tetraneutron studies

* 1963: First experiments: 4He(n_, 7 )4n reaction and searches in nuclear
fission — no bound, no resonant states found

e Around 1980: Theory of democratic decays (no one subsystem has a bound
state) into 3 and 4 fragments suggested (R. Jibuti, R. Kezerashvili, K. Sigua et al)

* End of 1980s: Experiments with heavy ions: “Li(*'B, **0) *n,
7Li( L, 1OC) *n, etc.
e 2002 r.: F. M. Marqués et al., Phys. Rev. C 65, 044006 (2002) —
12C(MBe, 1OBe) *n reaction: bound tetraneutron discovered (6 events)!




History of the tetraneutron studies

e 2002 r.: F. M. Marqués et al., Phys. Rev. C 65, 044006 (2002) —
12C(**Be, °Be) *n reaction: bound tetraneutron discovered (6 events)!




History of the tetraneutron studies

e 2002 r.: F. M. Marqués et al., Phys. Rev. C 65, 044006 (2002) —
12C(”Be, 1OBe) *n reaction: Was the bound tetraneutron really found?

No confirmation in later experiments

* This work give rise to a number of theoretical studies
* Conclusion: bound tetraneutron is impossible with modern NN interactions
L . 3 .
* Attempt to create a tree-nucleon force with isospin T = E to bind the
tetraneutron

* Conclusion: it destroys description of nuclei with A = 4



History of the tetraneutron studies

e 2002 r.: F. M. Marqués et al., Phys. Rev. C 65, 044006 (2002) —
12C(”Be, 1OBe) *n reaction: Was the bound tetraneutron really found?

No confirmation in later experiments

* Detailed studies of a possibility to obtain a low-energy tetraneutron resonant
state, narrow enough to be measured experimentally. Various NN and NNN
interactions used, various approaches explored (Faddeev —Yakubovsky
equations, Gamow shell model, complex scaling, analytical continuation of
coupling constant, etc.)

* Conclusion: no narrow resonances found

* Note: theory of the decay in 4 fragments is not well-developed; really, we
had no experience with such decays



History of the tetraneutron studies

Eur. Phys. J. A 19, 187-201 (2004)
DOI 10.1140/epja/i2003-10124-1 -Il;:sjgsl?.?gﬁzN AL A

Broad states beyond the neutron drip line

Examples of °H and *n

L.V. Grigorenko'?#, N.K. Timofeyuk?®, and M.V. Zhukov*
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Abstract. Theoretical studies of broad states in the few-body systems beyond the neutron drip line have
been performed. We introduce a theoretical model which allows to incorporate the initial structure of col-
liding nuclei, reaction mechanism, few-body effects and final-state interactions in studies of broad unbound
states. The model is directly related to the sudden-removal approximation for high-energy knock-out or
break-up reactions. We apply this model to qualitative studies of some general properties of broad few-
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History of the tetraneutron studies
L. Grigorenko, N. Timofeyuk, M. Zhukov, Eur. Phys. J. A 19, 187 (2004)

Theoretical study of ®He(p; *He, p) *n reaction. Fast knock-out of #He from
8He, Schrodinger equation with a source:

(H—E)¥;"” =FY
(+) _ 0
VY, = G+(E)F4n.
F(in is a wave function of 4 neutrons in the initial 8He outside the 4He core

described within COSMA, le) is the *n wave function in the Hyperspherical

approach. There is no “*n resonance; however, the initial distribution of 4

neutrons in 8He within this mechanism produce a wide bump in the cross section
at large energies.



History of the tetraneutron studies

L. Grigorenko, N. Timofeyuk, M. Zhukov, Eur. Phys. J. A 19, 187 (2004)
SHe(p; *He, p) *n reaction

(+) _ 0
(H4—E)LIJ4 = F4n,
(+) _ 0
VY, = G+(E)F4n.

Outgoing current (arb. units)




History of the tetraneutron studies
* 2016:

* Japanese experiment 4He( SHe, 2a) *n (K. Kisamori, et al., Phys Rev. Lett. 116,

052501 (2016)): tetraneutron resonance (marginal statistics: 4 events),
E,. = 0.83 + 0.65(stat) + 1.25(syst) MeV, I' < 2.6 MeV.

* 2016:

* First description (prediction) of the tetraneutron resonance (A. M. Shirokoy,
G. Papadimitriou, A. I. Mazur, |. A. Mazur, R. Roth, J. P. Vary, Phys. Rev. Lett. 117,
182502 (2016)): E,. = 0.844 MeV, I' = 1.378 MeV. No-core shell model plus
SS-HORSE method for resonance description, democratic decay, JISP16 NN
Interaction

e Publicity, mass media (Phys.org, International Business Times, etc.)



Our later (preliminary) tetraneutron studies

* 2016: Our description (prediction) of the tetraneutron resonance (A. Shirokov
et al, AIP Conf. Proc. 2038 (2018)): E,. = 0.98 MeV, I' = 1.6 MeV. No-core shell
model plus SS-HORSE method for resonance description, democratic decay,
Daejeonl16 NN interaction

 Democratic decay experiences high centrifugal barrier £(L£ + 1) with
£:£min:Kmin+3:5' ’02

* We can expect that system will prefer to arrange dynamically a
2-body channel n + >*n with trineutron resonance or “n 4+ “n channel

» In this cases we get the *n resonance at slightly smaller energy of
E. and essentially smaller width I'. Hence 2-body channels with

smaller width will be suppressed and system will decay
democratically into 4 neutrons.



History of the tetraneutron studies

* 2016: Japanese experiment 4He( 8He, 2a) *n (K. Kisamori, et al., Phys Rev. Lett. 116,
052501 (2016)): tetraneutron resonance (marginal statistics: 4 events),
E,. = 0.83 + 0.65(stat) £ 1.25(syst) MeV, I' < 2.6 MeV.

* 2016: First description (prediction) of the tetraneutron resonance (A. M. Shirokov,
G. Papadimitriou, A. I. Mazur, I. A. Mazur, R. Roth, J. P. Vary, Phys. Rev. Lett. 117,
182502 (2016)): E,- = 0.844 MeV, I' = 1.378 MeV. No-core shell model plus
SS-HORSE method for resonance description, democratic decay, JISP16 NN
interaction. Our similar predictions later with some other interactions

e 2019: One more theoretical prediction: Gamow shell model with SRG-softened chiral
EFT NN interaction (J. G. Li, N. Michel, B. S. Hu, W. Zuo, F. R. Xu, Phys. Rev. C 100,
054313 (2019)): E,, = 2.64 MeV, I' = 2.38 MeV

» 2022: Darmstadt experiment 'H( ®He, pa) *n (M. Duer et al., Nature 606, 678
(2022)): statistically approved resonance E, = 2.37 £ 0.38(stat) + 0.44(syst) MeV,
['=1.75 £ 0.22(stat) £ 0.30(syst) MeV.



Laboratory frame

Centre-of-mass frame
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E.=2.37+0.38(stat.) + 0.44(sys.) MeV,

I'=1.75+0.22(stat.) £ 0.30(sys.) MeV.

corresponding lifetime of (3.8 + 0.8) x 107%?s.



History of the tetraneutron studies
L. Grigorenko, N. Timofeyuk, M. Zhukov, Eur. Phys. J. A 19, 187 (2004)
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[Mpobnembl onncaHns TeTpaHenTPoHa

CylLiecTBoBaHMe pe30HaHCa TETPAHEUTPOHA NOATBEPKAEHO.
B yem npobnema TeopeTnyeckoro onmncaHua?
Buanmo,

1) meToa, onMcaHMAa AEMOKPATUYECKOTO pacnaja pe3oHaHca Ha 4 yacTtumupl;
2) B3aMMOAENCTBUE HEUTPOHOB APYr C APYrom



[Mpobnembl onncaHns TeTpaHenTPoHa

BsavmogencTesme HEMTPOHOB APYr C APYrOM B ONMCaAHUM pe3oHaHca 4n:

Ar 7 Ha AaHHbIM MOMEHT pe30HaHC
o Tetraneutron . o
- 1 TeTpaHEeUTPOHA NOoJiy4eH TONbKO C 3STUMMU
F ' ;d: + 1 NN-B3aumogeiicTBUAMMU:
g 23_ 4 JISP16, Daejeonl6: mArkme B3anmonencTsms,
£ - { NpPeano)eHHble Hamu, He Tpebytot NNN-cun;
% 1| 10 B ] ocTanbHble B3aMMOAENCTBUSA, NCKYCCTBEHHO
¢ [ 1 cmaryeHHble, Tpebytotr NNN-cunbl, Ho NNN-
D Ob | [mmsoremmesen | 3 onblc T = 3/2 HeusBecTHbl.
- m l:htl“f()&’) 1 Hanpumep, c NN-B3anmogeunctasnem N3LO
“E L 1| l [ T4 6e3 cMmAryeHna pe3oHaHc TeTpaHenTpoHa He

2016 2022 2016 2018 2018 2018 2019
—

NCSM NCSM  NCSM  NCSM  GSM
EXPT  1sp16 Dael16  N3LO N3LO  N3LO NMnoJi V“l d€TCA
(2.0) (15)  Lowk



* OTKpbITUE TETPAHENTPOHA CTaBUT BOMPOC O
cCepbe3HOM NepeoCcMbICAEHNM B3aUMOAENCTBUA
HYK/JIOHOB APYr C APYrOMm



Tetraneutron?

There are still some people who are

skeptical about the tetraneutron
resonance. In particular,

1) L. G. Sobotka, M. Piarulli, Nature
606, 656 (2022)

2) R. Lazauskas, E. Hiyama, J. Carbonell,

Phys. Rev. Lett. 130, 102501 (2023)
3) I. A. Muzalevskii et al.,
arXiv: 2312.17354

Counts per 2 MeV

* SHe(p, p*He)
— “n resonance
-- Continuum

— Background




Tetraneutron?
|. A. Muzalevskii et al., arXiv: 2312.17354

Reactions: “He( ®He, °Li) *n,

“He( °He, *He) '"H —» *H+ *n

The later reaction transforms to

“He( ®He, °Li*) *n in the limit of the
highest “H decay energies and

°Li* - °H + °He

Interpretation: the low-energy peak is not

related to the tetraneutron per se, but to the
8He structure and the reaction mechanism

“The existence of low-energy tetraneutron
resonance would mean a radical revision of
everything we know about neutron-rich nuclei
and neutron matter. Our vision of the problem
is that a solution can be found, which is much
less radical”

dW/dE, (arb.units) Events/2MeV Events/2 MeV Events/2 MeV

207 (a) ¢ [Duer et al.] |
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20 (b) o
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ol ied =
60 207 /817 31707 B 1
. H( He4, HS ) H—> Energy gates (MeV) |
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Speculations about tetraneutron analogues

* If the tetraneutron resonance exists with an energy around E, = 2.4 MeV,
we should expect its isospin analogues: tetraproton (“Be) resonance
(0%, T = 2); excited resonant states of 4Li(0*, T = 2); *He(0", T = 2);
‘H(O™, T = 2).

 Studies of these states is very interesting. If found, they can confirm the

existence of the tetraneutron resonance. Their studies are interesting from
various other aspects.



Speculations: 4H

* Binding energy: 5.604 MeV

* Spectrum: 27, T =1 —gs.,,E, =0
1-,T =1, E, =0.310 MeV,I"' = 6.73 MeV
0-,T =1, E, =2.080 MeV,I' = 8.92 MeV
1-,T =1, E, = 2.830 MeV,I' = 12.99 MeV

* Expected: 07, T = 2, E, = 8.0 MeV,T = 1.8 MeV

* Simplest reaction like n + >H at the energy of this T = 2 state is
forbidden by isospin; if observed, it will be direct observation of isospin
violation

* 4H*(0*,T = 2) may be created in various other reactions, e.g., in a particle
transfer reaction 8Li + 14C > 180 + 4H*(0*,T = 2)



Speculations: 4Li

* Binding energy: 4.619 MeV

* Spectrum: 27, T =1 —gs., E, =0
17, T =1, E, =0.320 MeV,I' = 7.35 MeV
0-,T =1, E, = 2.080 MeV,I' = 9.35 MeV
1-,T =1, E, = 2.850MeV,I' = 13.51 MeV

* Expected: 07, T = 2, E, = 8.0 MeV,T = 2 MeV

* Simplest reaction like p + *He at the energy of this T = 2 state is
forbidden by isospin; if observed, it will be direct observation of
isospin violation

* 4Li*(0*,T = 2) may be created in various other reactions.



Speculations: “Be (tetraproton)

* Binding energy: ? Expected approximately —3.5 MeV
* Spectrum: ? Expected 27, T =1 —gs., E, =0, = 2.5 MeV
?

* 4Be(0*, T = 2) may be hopefully created in some reactions...



Speculations: 4He

* Binding energy: 28.296 MeV

* Spectrum: 0", T =0 —gs.,E, =0
07, T =0, E, = 20.210 MeV,T = 0.50 MeV
0-,T =0, E, =21.010 MeV, T = 0.84 MeV
2-, T =0, E, =21.840 MeV,I" = 2.01 MeV

* Expected: 07, T = 2, E, = 31 MeV,I" = 2 MeV

* | am pessimistic about direct observation of this state: the density of
states in *He at 30+ MeV excitation energy is very high...

* However...



Speculations: “He
What about *He + 4He™(0*,7=2)?
That is 8Be™ (0*,7=2): E,, = 27.4941 MeV, I' = 5.5 keV
4He™(0*,T=2) seems to be more bound in the presence of He(0*,g.s.)
What about 8Be + 4He™(0*,7=2)?
That is 12C* (0*,7=2): E,, = 27.595 MeV, I' < 30 keV
Note, 8Be is approximately 90 keV unbound!
What about 8Be*(2*,E,, = 3.03 MeV)+ *He"(0*,7=2)?
That is 12C* ((2*),7=2): E,, = 29.63 MeV, I’ < 200 keV
What about 12C + 4He™(0*,7=2)?
That is 160" (0*,7=2): E,, = 22.721 MeV, ' = 12.5 keV

Note, 12Cis 7.275 MeV bound with respect 3a threshold. He™(0*,T=2) seems to
be less bound in the presence of 12C as compared with 2Be

e What about 12C*(2+,E,, = 4.4 MeV)+ *He™(0*,7=2)?
* That is 160" (2+,7=2): E,, = 24.522 MeV, I' < 50 keV



Conclusions

* Do the tetraneutron and its analogues exist?
* There are people who doubt
* However, it seems interesting to search for them

* Is it possible?
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Tetraneutron theory summary

- Tetraneutron -
= ¢ CEnergy _
- Width ¢ -
L @ Q ¢ ¢ -
N K. Kisamori, et al., Phys. Rev. Lett. 116, 052501 (2016) ]
M. Duer, et al., Nature, xxx, xxx (2022) |
| A. M. Shirokov, et al., Phys. Rev. Lett. 117, 182502 (2016) |
B A. M. Shirokov, et al., AIP Conf. Proc. 2018, 020038 (2018) 7
N Li, et al., Phys. Rev. C 100, 054313 (2019) _
- I I I I I | -
2016 2022 2016 2018 2018 2018 2019
S — ]
NCSM NCSM NCSM NCSM GSM
EXPT Jsspi6e Daeli6  N3LO N3LO N3LO

(2.0) (1.5)

Lowk

NN interactions and tetraneutron resonance:

Tetraneutron resonance has been obtained with our
NN interactions JISP16, Daejeon16 which do not
require NNN forces and NN interactions softened by
SRG or Low-k approaches (which require NNN forces
but they were avoided). Standard modern meson-
exchange or chiral EFT NN interactions (require NNN)
do not support the tetraneutron resonance. NNN

. . . 3
interactions with T = > are unknown.

4 particle decay theory is not well established



*Thank you
for your
patience!



