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TeTpaHEUTPOH:

* Cuctema mn3 4 HenUTpoHoB. HectabunbHa, T. €.
npeacTtasnset cobon pe3oHaHc: obpa3yeTcs Ha
KopoTkoe Bpems ~(3.8 £0.8) x 1022 cu

pacnagaetca. Bpemsa »1U3HM pe3oHaHca t obpaTHO

1

nponopumMoHanbHo ero wupuHe I': t ~ o

* Pe3oHaHC TeTpaHenTpoHa npeacKkasaH Hamu B 2014 .
Brnepsblie Habatogancsa ¢ manomn ctatuctukon (4 coboitna) B8 2016 r.;

OKOHYaTe/IbHO NOATBEPHKAEH B IKCMEPUMEHTE C XOPOLIEN CTaTUCTUKOM
B 2022 .
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* Pe3oHaHC TeTpaHENTPOHA NpeacKkasaH Hamu B 2014 .

Bnepsblie Habaoaancsa ¢ masnomn ctatuctukon (4 coboitna) B8 2016 r.;

OKOHYaTe/IbHO NOATBEP}KAEH B IKCMEPUMEHTE C XOPOLLEN CTAaTUCTUKOM
B 2022 .



N3oTOonnYecknin cnuH (M30CNUH):

* U3ocnuH T u ero npoeKuynAa TZ — XadPaKTEPUCTUKU SINEMEHTAPHDBLIX HaCTUL, U

Anep
1 1 . 1
* HyKnoHbl: T = =; npunyem NPoToHbl: 1T, = +=, HEUTPOHbLI: T, = —-=
2 Z 2 4 2

* CNoXKeHne NMOCMUHOB aHANOTMYHO C/IOXKEHUID MOMEHTOB B KBAHTOBOM
MeXaHUKeE

+fAppaA=Z+N,T,=-(Z—N),T = T

* A30CcNMHOBbIE aHAN0rM — COCTOAHUA Pa3HbIX A4ep C OAUNHAKOBbIMHU AnT



[Mpmep, MHTepecHbIN ANA Halero obcyaeHus:

‘H:A=4,Z=1,N = 3: ‘Li:A=4,Z=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 17, T =1, E, =0.320 MeV,I' = 7.35 MeV
0, T=1, E, =2.080 MeV,I' = 8.92 MeV 0°, T =1, E, = 2.080 MeV,I"' = 9.35 MeV
17, T =1, E, = 2.830MeV,I' = 12.99 MeV 17, T =1, E, = 2.850MeV,I' = 13.51 MeV



[leMoKpaTu4yeckmnun pacnaga,:

e Pacnag TeTpaHenTPOHa — AEMOKPATUYECKUI pacnaj, T. €. HUKaKadA
NoACUCTEMA HE MMEET CBA3AHHbIX COCTOAHMUIA.

» leMmoOKpaTU4ecKkmne pacnagbl Ha 3 YacTULLbl UCCNEA0BANIUCH
TEOPETUYECKN U IKCMEPUMEHTANbHO; C AEMOKPATUYECKUM pacnagom
Pe30HaHCca Ha 4 YacTuLbl Mbl CTa/IKUBAaeMCA BNeEpPBble, TEOPUA TaKOro
pacnajga He pa3paboTtaHa.




TeTpaHEeUTpOH
e [leMOKpaTn4eckni pacnag, (HeT cBA3aHHbIX NOACUCTEM)
* MeTopa runepchepmyeknx rapMoHmK

* B 3-mepHOM NPOCTPAHCTBE YMNC/IO NEPEMEHHbIX ANA CUCTEMbI 4 HEUTPOHOB
3:4— 3,y =9;8B0OANTCA A/IMHA P B O-MEPHOM NPOCTPaHCTBe M 8 yrnos:

U(r1, 7, ma) = ®(0) Ve (), p= \ Z(ri ~ R)2,

. .. ™ 3A —6
. (3A—-4)/2 -
D,k = (I)f;(/)) =P ) '\r';n[\'(/))s L=K+ o ;
h? d? L(L+1 . ) :
P g EE D42 () 4 37V 000F (p) = EE(p).
2m d“p p= T
* MpUbANKEHME: YUTEH OTKPbLITbIA KaHan pacnagac £ — L. — K. +3 =5,

* Ho BCe BO3MOXHble KaHa/ibl KaHanbl yuTeHbl B MOBUK Kak 3aKpbiTble KaHanbl



Yem MHTEepeceH TeTpaHEUTPOH?
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Yem MHTEepeceH TeTpaHEUTPOH?

* JKCNEPMMEHTA/IbHbIE MOUCKU TETPAHENUTPOHA BeIUCb 0Kos10 60 neT,
OKOHYaTe/IbHO OOHapyXeH pe30HaHC TeTPpaHenTpoHa B 2022 T.

* [paHMLa cTabnnbHOCTU AAEP, AAPA HA FPAHULLE CTAaBUNBHOCTU U
B6/1M3M ee, B TOM YMC/IE U 33 ee Npeaenamu

* HemTpoHHaA maTepusa, B TOM YUCAe U C HEOONbLLIMM YNC/TIOM
HENTPOHOB

* B3aumoaencTeme HEMTPOHOB APYr C APYromM, B TOM YMUCNE U
TPex4acTUYHble NOJIY4EHO TO/IbKO B Pa3HbIX Moaenax (ectb AaHHble

No pp- U Np-paccesHnto, NPAMbIX AaHHbIX MO NN-B3aMMOAENCTBUIO
HeT)
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History of the tetraneutron studies

* 1963: First experiments: 4He(n‘,n+)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: 7Li(llB, 14O) *n,
7Li( "L, 10C) *n, etc.
e 2002 r.: F. M. Marqués et al., Phys. Rev. C 65, 044006 (2002) —
12c(**Be, 1°Be) *n reaction: bound tetraneutron discovered (6 events)!




History of the tetraneutron studies

e 2002 r.: F. M. Marqueés et al., Phys. Rev. C 65, 044006 (2002) —
12C(MBe, 10Be) *1n reaction: bound tetraneutron discovered (6 events)!




History of the tetraneutron studies

e 2002 r.: F. M. Marqueés et al., Phys. Rev. C 65, 044006 (2002) —
12C(MBe, 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 = > to bind the
tetraneutron

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



History of the tetraneutron studies

e 2002 r.: F. M. Marqueés et al., Phys. Rev. C 65, 044006 (2002) —
12C(MBe, 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)
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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:

(Hy—E)w; " =F

wi = GH(E)FY .
an is a wave function of 4 neutrons in the initial 8He outside the *He core
described within COSMA, Ll’f) 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)‘P4 = F4.n,
(+) _ 0
LIJ4 = G+(E)F4n.

Outgoing current (arb. units)




History of the tetraneutron studies
e 2016:

e 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.
e 2016:

* First description (prediction) of the tetraneutron resonance (A. M. Shirokoy,

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

 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 £(£ + 1) with

2
Ezﬁmin: min+3:5' p

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

e 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.
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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 10225,



Outgoing current (arb. units)

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

SHe(p; *He, p) *n reaction
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Blue dashed curve in 2022 experiment
is taken from Grigorenko et al, 2004
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Dreams to the Future



Mpobnembl onncaHmA TeTpaHEeUTpoOHa

CywecTBoBaHME pe30HaHCa TeTPpaHeUTPOHA NOATBEPKAEHO.
B yem npobrema TeopeTnyeckoro onnucaHma?
Bugnmo,

1) meToa onNMcaHUA AeMOKPaTUYECKOro pacnaja pe3oHaHca Ha 4 YyacTuubl;
2) B3aMMOaeNCTBNE HEMTPOHOB APYr C APYrom



Mpobnembl onncaHmA TeTpaHEeUTpoOHa

Bsanmoaencteme HEMTPOHOB ApPYr C APYroM B ONMCAHMKU pe3oHaHca 4n:

ar 1 Ha AaHHbIN MOMEHT pe30HaHC
— Tetraneutron - v
- . 1 TeTpaHeuUTPOHa NOAYYEH TONILKO C 3TUMMU
| Energy — o
o - » 1 NN-B3aumogeiicteuamu:
E 21_ 3 JISP16, Daejeon16: mArkne B3anMoaemncTams,
7;:; N 1 npeanoxeHHble Hamu, He TpebytoT NNN-cun;
% 1F | 120 R ] ocTanbHble B3aUMOAENCTBUA, UCKYCCTBEHHO
s [ 1 cmAaryeHHole, Tpebytot NNN-cunbl, Ho NNN-
O | [crmmon et e tonten e ossoross | ] CWAbI C T = 3 /2 HEM3BECTHbI.
- 2:m:2:2:2:23::t:l::Z.“!%::;Y'pﬁi}‘:331},1353358‘%3316&) 1 Hanpumep, c NN-s3anmogerictenem N3LO
. Li, et al., Phys. Rev. C 100, 054313 (2019 ] o
1L I [ 1T 4 6e3cmAryeHna pe3oHaHC TeTPaHEUTPOHA He

2016 2022 2016 2018 2018 2018 2019
= NCSM NCSM NCSM NCSM  GSM

EXPT  JsPi6 Daell6  N3LO N3LO N3LO MO/ y"‘I d€TCA
(2.0) (1.5) Lowk



* OTKpbITUE TETPAHENTPOHA CTaBUT BOMNPOC O
cepbe3HOM NnepeocMbICIEHUN B3aMMOAENCTBUS
HYK/IOHOB APYr C APYrom



Tetraneutron?

® 8He(p, p*He)
— 4n resonance

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

2) R. Lazauskas, E. Hiyama, J. Carbonell, 0
Phys. Rev. Lett. 130, 102501 (2023)

3) I. A. Muzalevskii et al.,

arXiv: 2312.17354

30 |-

- -~ Continuum
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There are still some people who are g I T:tcalgmund
skeptical about the tetraneutron N 20|
resonance. In particular, 2 [
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Tetraneutron?
* |. A. Muzalevskii et al., arXiv: 2312.17354

« Reactions: “He( °He, °Li) *n,

20 (a) * [Duer et al.] J_

10}

B B

°He( °He, *He) 'H —» °*H+ *n S —
: [ (b)
* The later reaction transforms to | 2H(.8He Lifa T
“He( ®He, °Li*) *n in the limit of the ol . -
highest H decay energies and - V ]
6y:x . 3 3 1
Li* - "H+ “He 0 . .

0 T W — ' o
i H("He,'He) H _>_,_’_ Energy gates (MeV) |

* Interpretation: the low-energy peak is not

s} — ‘ntH E,(H)>8 |
related to the tetraneutron per se, but to the : i | e E*(Li)<18
8He structure and the reaction mechanism SR E*(GLD<24-.

.
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* “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”
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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(07", 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, =2.080MeV,I' =8.92 MeV
17, T =1, E, = 2.830MeV,I' = 12.99 MeV

* Expected: 01, 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 + 4C > 180 + 4H*(0*, T = 2)



Speculations: 4Li

* Binding energy: 4.619 MeV

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

* Expected: 0%, 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

* 41i*(0*,T = 2) may be created in various other reactions.



Speculations: 4Be (tetraproton)

* Binding energy: ? Expected approximately —3.5 MeV

e Spectrum: ? Expected 27, T =1 —gs., E, =0,I' = 2.5 MeV
?

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



Speculations: “He

* Binding energy: 28.296 MeV

* Spectrum: 0%, T =0 —gs., E, =0
0", T =0, E, =20.210 MeV,T = 0.50 MeV
0-,T=0, E, =21.010 MeV,I" = 0.84 MeV
2-, T =0, E, =21.840 MeV,I' = 2.01 MeV

* Expected: 07, T = 2, E, ~ 31 MeV,T ~ 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, T = 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, ' < 200 keV
What about 12C + 4He™(0*,7=2)?
That is 160* (0*,7=2): E,, = 22.721 MeV, I = 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 Be

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



Conclusions

* Do the tetraneutron and its analogues exist?

* There are people who doubt

* However, it seems interesting to search for them
* s it possible?
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——NCGSM-CC: N°LO
NCGSM-CC: Daejeon16

—— NCSM: Daejeon16 .

— EIHH: NN+3N










Energy/Width (MeV)

Tetraneutron theory summary

(2.0) (1.5)

- Tetraneutron -
__ ¢ CEnergy _
- Width ¢ -
I ¢ ¢ R i
[ 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) _
A. M. Shirokov, et al., AIP Conf. Proc. 2018, 020038 (2018)
B Li, et al., Phys. Rev. C 100, 054313 (2019) ]
- I I I | I |
2016 2022 2016 2018 2018 2018 2019
NCSM NCSM NCSM NCSM GSM
EXPT  1sp16 Dael16  N3LO N3LO  N3LO

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 = 5 are unknown.

4 particle decay theory is not well established
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patience!



