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Multineutrons: Tetraneutrons?

» Well-established facts:

o N=2(X) --- 105(v)
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Multineutron experiments & probes

two step missing mass neutron detection
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Missing-mass backgrounds

34He (m—, ™) 3*n
=1 Gilly, PL 19 (1965) 335 X

(4n)

(3n) =1 Sperinde, PL 32B (1970) 185 X
(3n) = Sperinde, NP B78 (1974) 345 X
(4n)

(=1 Ungar, PL 144B (1984) 333 :

r Yo ) Be (+2)
o “He(Tt,M) 4n %

'—\
o
o
T
>
I

d°0/dQdP [nb/sr/(MeV/c)]
ol
—o—

(o)
S
T
o=
—o—
A
4|>_.;
Hi
L

S‘E‘Eiiéi&

" T(7) = 165 MeV

P(1t) [MeV/c]

EXA online conference 2021 / Vienna (online) / September 15, 2021

0
210 220 230 240 250

(3n) |1 Ajdatié, PRL 14 (1965) 444 : *H(n, p)3n (/) X
(3n) [&2 Thornton, PRL 17 (1966) 701 : *H(n, p)°n X
(3n) [E2Ohlisen, PR 176 (1968) 1163 : “H(¢,°He)3n (v/) X

— very poor data
— some unclear “enhancements’ ...

(3,4n) =1 Cemy, PL 53B (1974) 247
Li("Li,''C)3n X

TLi("Li,'C)4n X
50

40! E('Li)=79.6 MeV |

T
e
- S—
é >(.

T

30

20

T

Counts/370keV

T

10

45““50“”55 | 60 65
E(°C) [MeV]

“The neutron as a building block” / F.M. MARQUES



XXI century signals: GANIL & RIKEN
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XXI century signals: GANIL & RIKEN
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Sculpting exotic nuclei @ RIKEN:
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Sculpting exotic nuclei @ RIKEN : Oxygen 28
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Tetraneutron context @ RIKEN (N

» Three experiments: same beam (®He) & energy (150-200 MeV/N)?

reaction initial state final state o results
i ()-8 B @B v o
(;Qscij:(I\Ilj:ge)-:/:‘MURAllg <Q%>:> o <:g 8 \o/:> f1b L\lnertg;OOOS
s o (BYB)- 0 00 (BF)- m N~ 1000:

EXA online conference 2021 / Vienna (online) / September 15, 2021 “The neutron as a building block” / F.M. MARQUES



Tetraneutron context @ RIKEN (NI

» Three experiments: same beam (®He) & energy (150-200 MeV/N)?
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Hydrogen 7 & Tetraneutron ‘emission’ ? [S34, FMM /Yang]

» SHe(p,2p) 'H @ 150 MeV/N:
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— 7-body final state !
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e N=6 (p3/2) sub-shell closure ?
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Hydrogen 7 & Tetraneutron ‘emission’ ? [S34, FMM /Yang]
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o N=6 (p3/2) sub-shell closure ?

SH “H °H °H 'H

e an array of arrays:

— MINOS liquid H target
( o — DALI Nal crystals

Qo -(033)

— 7-body final state !
— FWHM ~ few MeV

» SHe(p,2p) 'H @ 150 MeV/N:
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Hydrogen 7 & Tetraneutron ‘emission’ ? [S34, FMM /Yang]
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Hydrogen 7 & Tetraneutron ‘emission’ ? [S34, FMM /Yang]
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o N=6 (p3/2) sub-shell closure ?

SH “H °H °H 'H

e an array of arrays:
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— MINOS liquid H target

( Q — DALI Nal crystals
°° — SAMURAI spectrometer
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— 7-body final state !
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VERY PRELIMINARY results [Lenain] N & s

1 °H Hetn

15000 - e(p,pn) n ]

>

x N

&3 10000 - ]

4\(2 B

c

8 L ]

¢ 5000 - i
07\\\\\\\\\\\\\ + IV I S R S R A R R S
0 1 2 3 4 5

E(frag+xn) [MeV]

L=

NEBULA

NeuLAND

EXA online conference 2021 / Vienna (online) / September 15, 2021 “The neutron as a building block” / F.M. MARQUES



VERY PRELIMINARY results [Lenain] N & s

) 1000
8 6
15000 - | "He(p,pn) Het+n

P +*+ [] 8He(p,p2n)4He+2n 750%
& 10000 - | | 2
I » ’ -1 500 &
1= ﬁ 1=
3 o ! 3
O 5000 o *.é.‘ Jo50 O

[ ’ |

% N |

Ll & N&.

(1) A Rdnaca. " S WS

0 1 2 3 4 5

E(frag+xn) [MeV]

L=

NEBULA

NeuLAND

EXA online conference 2021 / Vienna (online) / September 15, 2021 “The neutron as a building block” / F.M. MARQUES



VERY PRELIMINARY results [Lenain] (o

» ) 1000

15000 - 1 °He(p,pn)°Hetn ]
> ' :4. ] ®He(p,p2n)*Het2n - 750 2
Y4 I ¢ 8 Y4
&4 10000 - ‘b B
> » * -1 500 &
5 | ‘r (6% of runs) S
S 5000 e **‘., 2500

* .. |

) o,\ i

; .\"‘\l\\o ]

0 | TN P enrmpmnd ()
0 1 2 3 4 5
E(frag+xn) [MeV]
ey 150
15000 - 1 °He(p,pn)°He+n

> 1 ®He(p,pn)*He+3n >
2 1100 Xx
T » =1 PRL 82 (1999) 3581 Q
N 10000 - + 2]
g HM 7
% i; + 1 50 %
/ S sl PREEJMINARY |~ 8

B j Yy |

NEBULA - XA )
NeuLAND 0O 1 2 3 4 5 6 7 8 9 10

E('He) [MeV]

EXA online conference 2021 / Vienna (online) / September 15, 2021 “The neutron as a building block” / F.M. MARQUES



Summary & Perspectives

“As in most experiments of this sort, however,
a negative result cannot be regarded as conclusive”

(=1 Schiffer, PL 5 (1963) 292
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» Promising 2020s perspectives !

reaction initial state final state o results
'16) “He (8H “n
s (BN-B B BB b N
=1 Shimoura, NP1512-SHARAQ10 4
—— n: ET
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— high statistics & resolution

— 6n experiments (1°He decay) ...
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» Promising 2020s perspectives ! » Meanwhile, the theory ...
reaction initial state final state 5 results e all exact calculations categorical :
oo (D)~ B B (BB~ 10 — signals cannot be 3/4n “states” !
(n) Melp'n o) o ‘:Q B o~ w L <0 e many-body approx. claim resonances ...

('17) ®He (p.2p) {*H+*n} e consensus: independently of V, !
CIFMM/Y(:n:NF”)1512-SAMURAI34 (%%): o 00 (&m):> R N~ 10,0005 p y nn(n)

— “n&'H: E, T, Q

— thresholds & extrapolations
— high statistics & resolution

— 6n experiments (1°He decay) ...
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Theory : another hard & interesting quest

» ‘Exact’ calculations are categorical !

(=1 Gléckle, PRC 18 (1978) 564 : V/,,, X 4.2

(1 Offermann, NPA 318 (1979) 138 : V/},, 3.7 (+P-waves)

1 Witata, PRC 60 (1999) 024002 : avoid 2n with V/,,(1Sg) x 1
=1 Hemmdan, PRC 66 (2002) 054001 :
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“3n resonances close to the physical region will not exist”

(3n) &1 Lazauskas, PRC 71 (2005) 044004 : 3NF X
(4n) I Lazauskas, PRC 72 (2005) 034003 : 4NF X
(3,4n) ' Hiyama, PRC 93 (2016) 044004 : 3NF(7'=3/2) X!
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Theory : another hard & interesting quest

» ‘Exact’ calculations are categorical ! » Many-body approximations, not so much ...
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“3n resonances close to the physical region will not exist”

(3n) &1 Lazauskas, PRC 71 (2005) 044004 : 3NF X
(4n) I Lazauskas, PRC 72 (2005) 034003 : 4NF X
(3,4n) ' Hiyama, PRC 93 (2016) 044004 : 3NF(7'=3/2) X!
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Theory : another hard & interesting quest

» ‘Exact’ calculations are categorical ! » Many-body approximations, not so much ...

(=1 Gléckle, PRC 18 (1978) 564 : V/,,, X 4.2 =1 Pieper, PRL 90 (2003), 252501 :

(1 Offermann, NPA 318 (1979) 138 : V/},, 3.7 (+P-waves)

(1 Witata, PRC 60 (1999) 024002 : avoid “n with V/,,(1Sg) x 1

(=1 Hemmdan, PRC 66 (2002) 054001 :
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“3n resonances close to the physical region will not exist”

(3n) &1 Lazauskas, PRC 71 (2005) 044004 : 3NF X
(4n) I Lazauskas, PRC 72 (2005) 034003 : 4NF X
(3,4n) ' Hiyama, PRC 93 (2016) 044004 : 3NF(7'=3/2) X!
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“the resonance, if it exists at all, must be very broad”

\
=] Shirokov, PRL 117 (2016) 182502

(2016)
1 Gandolfi, PRL 118 (2017) 232501
) \ 3n/4n v/ ?
(=1 Fossez, PRL 119 (2017) 032501
(2019)

=1 Li, PRC 100 (2019) 054313

=1 Deltuva, PRL 123 (2019) 069201
(1 Deltuva, PRC 100 (2019) 044002 » 3n/4n X !

(7 Ishikawa, PRC 102 (2020) 034002 ) (trap/evolution/scaling)

(=1 Deltuva, PLB 782 (2018) 238
QM enhancements ...
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EXPAND project (French ANR)

» Expand NEBULA multineutron capabilities:
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e France: LPC, IRFU, IPNO
e Japan: TlTech, RIKEN
e +90 bars: Commissioning & Day-1 in 2022 (7)
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