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n experiment

As searching for Blgfoot (Hibagon): even though nobody have proved its existence, it does not prove contrary.

As ln most experiments of this sort, however, a negative result
cannot be regarded as conclusive ano further experiments are needed
to give additional welght to our result.

P. Schiffer and =R. vandenbosch, ** Search for a Particle-Stable
TetraNeutron," Phys. Lett.5292 (19632)

o He(y, 2n)4n

o re(m, T4

7. P. Gorringe et al., Phys. Rev. C 40, 239

o FLL(m, SHe)

Y A Batusov et al., Sov.). Nucl.Phgs. 2¢, 129 (1977
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4n to be or not to be?

* “nisallrendy resonant n 1S, state
AVig  INOY  Reld9z  Exp

4

a,, (fm) -1849 -18.60 -1754 -18.5(4)

v, (fm)  2.84 2.82 2.84 2.80(11) © (3He),, Ls bound fDY N>34
F(Vug)  0.874 0.930 - R. Gquardiola, ). Navarro, Phys. Rev. Lett. €4 (2001) 1144
* Enha wcem@/wt {mt?r Y.~1.09 (V,=YV,,) is A OA) ——
enough to bing 2n ©- T~ -
*  Paull principle pre 4
‘fYDVM. bll/\«df«ll\:@! Att —— AV18
- - - Reid 93 a
Age—>t00: a 24 Az
9

a.
D. S. Petrov, C. Salomown, av

Lett. 93, 090404
G.V. Skorniakov and KA.
Teor. Phys. 31, ##5 (1956,

V*m (fm?; A?)
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Theory

v’ Not-bound (almost tn unison)

S, Pleper, PRL 90(200 3):252501

arXivanuel-th/020200=

R.L., PhD thesis université Joseph Fourvier (2003)

v s Resonant 222

wWhat Ls resonance?

In physics, resonance is a phenomenon in which a vibrating
system or external force drives another system to oscillate with
greater amplitude at a specific preferential frequency.

capture yield

Sowe are spectacular... n+2*Am at WTOF (CERN)
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Others get Nobel prize... CMS

CMS Preliminary 1291 (13 TeV) CMS Preliminary 12.9 b (13 TeV)
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v s Resonant 222

wWhat Ls resonance?

In physics, resonance is a phenomenon in which a vibrating
system or external force -~~~ mmmthn mrintoes e monillats e

greater amplitude at a s
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Controversial models

v’ Not-bound (almost tn unison)

S, Pleper, PRL 90(200 3):252501

arXivanuel-th/020200=

R.L., PhD thesis université Joseph Fourvier (2003)

(H) (MeV)

v s Resonant 222

wWhat Ls resonance?

a. S-matrix pole.. One can always find some S-matrix poles.
Phgsécm poles, mwpl‘ngsﬂcat Little shaky, but we are used to Lt..

S, Plieper, Phys, Rev. Lett, 90(2003):252501

S, qandolfi et al,, arXivi1612,01502 ~realistic tnteraction \
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“This suggests that there might be a *n resonance near 2 MeV, but since thi

questionable models and stab’LLLt@ of the veults!! GFMC calculation with no external well shows no indication of stabilizing

at that energy, the resonance, if it exists at all, must be very broad.”

*ACCC: Awa%tlc Contlnuation Ln the coupling constant

Vo [ Rukuling V. M. Krasnopol'sky, ). HordCek : “Theory of
Resonances_ Principles and Applications”

e  Realistic NN nteractions
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v’ Not-bound (almost tn unison)

S, Pleper, PRL 90(25 Pt 1):252501

arXivanuel-th/020200=

R.L., PhD thesis université Joseph Fourvier (2003)

v s Resonant 22?2
wWhat Ls resonance?

a. S-matrix pole.. one can always find some S-matrix poles.
P’mgsécm poles, wow»p?‘ngsécat Little swalqg,, but we are used to Lt..

No pbservable S resomances:

R.L et al., Phys. Rev. C 71, 044004 (2005)

No pbsenvable *un resomances:

R.L ¢t al., Phys. Rev. C 93, 044004 (2016) , Phys.
Rev, C#2, 034003 (2005)
*  Realistic NN tnteractions
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Theoretical tools

R. L. §_Jawme Carbonell Bmiko Hiyama § Masayasu Kamimura
v Fm{d@ﬁv»\(awubovg‘@,@ equations tn v gaussian expanston methool
conflguration space . ,
| Solution technique
v FY equations in conflgurntion space v Schvodinger equation

v\ Partial-wave expansion in angular
momentun, Splin, LSoSpLin
v Expansion in Lagranoe-mesh basis v Expansion in Gaussians with ranges tn
D. Baye, Physics Reports 565 (2015) 1 geom@tmc PWD’@V@SSLOW

M. Kamlnura, Phgs. Rev. A 38, 621 (19€9); E. H’Lgama et al.,
Progress tn Particle and Nuclear Physics 51 (2003) 223

v CS method for resonances

). Nuttal and H. L. Conen, Phys. Rev. 188 (1969) 1542
T. Myo, Y- Kikucht et al.: Prog. Part. Nucl. Phys. 79 (2014) 1

©  well-adapted for the scattering process
® Now-variational, slow convergence

v’ Itevative linear algebra wmethods v Full matrix diagonalisation,

Matrix size ~107 Matyix stze ~10 000

J. Carbonell (IPNO), E. Hiyama & M. Kamimura (Riken), R. L.



CS method

E. H. and M.K. technique due to diagonalisation of full matrix allows to ldentify also resonances
in a vielnity of real-€ axis, which does not necessarily evolve from b.s.
But we have not observed such!

0 .
4
L \:{&\ n JTE=O+
within Cs wethod and according Balslev ano -1} N b) Broad resonance -
Combes thorem. The energy pole Ls stable with I \95‘115? |
respect to 0. Re(B) corvesponds to energy with respect\%i— DR o i
to 4w breakup threshold. 1ma(€) corvesponds to I'/2. = \\(_“f
o | ~2 o
E .| AN ] |
E. Balslev and ). M. Combes, Commun. Math. Phys 22, 1971, 280 = -3 \‘OQQ\ \°
Q %% ©
\ 9y °
Q, 0=16"
—4r \QCQO % a 1
N 8 Z‘S 180 O ¢
— ] (o}
_5 L L 1 e_22| % a.l Q@l o (@]
0 2 4 6 8

Re(E) (MeV)
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How to favorize An, maybe something missing?

NN Linteractions are wot perfect. in darticular i part!

y=4.1
* N S-Wave 5 1 5
(results at un " e 16 wuclear data.
3 7 h‘_" .
. P ) nn PFz -104 |~ AV18
Vv "Wa\/e.. | e Nijﬂ"l ”
1. If one boos 204 |—"—Reid93 ~t (bouwnd)
2. Ifowne boos | [ AVI4 . However
boost factor to -30 - —
Yp~3 = zevring.
404
S ]

TABLE III. Enhancement factor values ()7/) at which dineutron resonances become subthreshold (£, = 0), and imaginary energy values
Im (E)(y,) at this point (MeV). Resonance energy E,., for physical nn interaction (i.e., at y = 1) obtained using ACCC method.

Py ‘PF
Nijm II Reid 93 AV14 AV18 Nijm II Reid 93 AV14 AV18
V. 2.27 2.26 2.08 2.24 1.64 1.71 1.46 1.73
Im (E)y/)) —10.2 —10.3 —10.6 —10.2 —45.6 —36.9 —56.2 —40.3
Eo.ly=1) —14.1-1721 —14.2—18.51 —103—18.11 —12.1—-18.0f —-205—64.81 —159-399; —179-80.11 —34.1—-45.4;
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How to favorize 3n, maybe something missing?

NN LnteractL

39 4=3.7
© wnsS-waves 0 Re(E) (MeV)
) \ ' 5 10
(results at untt ——=—= o . ; . the nuclear data.
A '::r"i!x._
© An P-waves: 3 A e
1. If one boost _ Fow=oro e " ont (bound)
2. f one boost 6 e ° \-\ fn. However
boost factor to h / e Y
- - \\ 4
— _ * |
TABLEIV o~ «— ACCC o .
nn channel to #,5 T o CS by !i
JT =2 di Y42 ..
et E 12 ~y=2.8 - ®
O

FIG. 6. (Color online) J™ = 3 /2~ three-neutron state resonance
v.(3n) trajectory obtained when reducing the strength W of phenomeno-

3 logical Yukawa-type force (open circles for CS and solid line+star
E(*n) MeV points for ACCC methods). The trajectory depicted by full circles
represents one obtained using CS, when reducing enhancement factor
y for * P,—* F, nn interaction. The trajectory depicted by full squares
is the dineutron resonance path in the * P,—* F> channel, obtained by
enhancing nn interaction in these waves. Presented results are based

]. C&I‘bOHEll ( on the Reid 93 model.




How to favorize “n, maybe something missing?

NN interactions are not perfect, tn particular wn part!

° L S-WAVES can wot renoer dineutron pa'wg attroctive
(results at uw’btar’utg LLmit!!). Moreover the&d ave the nost constraineo b@ the nuclear data.

* nn P-waves: ( *P, Ls moderate, *P, Ls very repulsive)
1. If one boost all the P-waves ’demoamtlcaug’. Dineutron becomes resonant (bound)
2. I one boost only attractive P-waves, one may get bound or resonant “n. However

bOOSt -[[actoy tO Ma\/e encnia alnlia vocriamiat 4ia clarmisl A Ino ar —~=111

Yo~1.1 LS ¢ 0 | | | | aclear scattering.
366 358 ;037 .
350, O o 0
036 .
2 3.49 o o 2 |
(@) (o}
> 035
g 339
= -4 °
4 0 34
=
- (o]
-6
033
Table 3.5: Critical en -5 0 5 10 15 20 tineutrons.

Re(E) (MeV)
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(results at uw’btar’utg LLmit!!). Moreover the&d ave the nost constraineo b@ the nuclear data.

A, [fm]

How to favorize “n, maybe something missing?

NN interactions are not perfect, tn particular wn part!

L S-Waves can not rewder dineutron pa’ws attractive

nn P-waves: (

6 O T T T T T T T T

*P, Ls moderate, *P, Ls very repulsive)

1. If one boost all the P-waves ‘democratically . BLUTBIEASE VAN B b A iesond)
2. I one boost only attractive P-waves, one may get bound or resonant “n. However
boost factor to have reasonably resonant *n should be y,~3!!!

1 |—9—(He)(He),v=1.6)
40 - 30 By .
—0— ('He) -(He), 7,=1.9

—HE—n-n

201 ki

[A]

-20-

404

|
Yoo J:
°

-0+
00 02 04 06 0.8

10 12 14 1.6
)
e
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DEMCLES L nueleay secattering.
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Theory

Not answered:
1) If there is a S-matrix pole, which does not evolve from b.s.
2)  Effect of uncertainty in nwn interaction, presence of ZNF

If resonmance is not related to S-matrix pole

R.L, Jaume Carbonell; Ph 5s'wat Review C #2 (2005) 034003

*  Vpn lnteraction Relod 9=

* No Vainn
* Collective interaction Ls added and then gradualy removed:

>

Vin = We™P/Po; p = \/2(7‘12 +1f + 18+ 1)

JT 0 1 2 07 1- 27
Wo 38.70  38.67  38.68 2200  22.02 10.38

Po=25fm
w 3.0 3.2 3.0 35 3.6 1.1

Ereo(W =0) -1.0-9.91 -1.1-9.8i -1.4-9.7i -1.1-6.3i -1.1 -6.51 -1.4-10.9i
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How to favorize “n, maybe something is missing?

NN interactions are not perfect, tn particular wn part!

°* A S-WaveES can not remder dineutron pa'wg attvactive
(results at uw’ucw’ucg Limatt). Moveover th% are the most constratned with nuclear data,
wWLosSt accurate.

* nwn P-waves: (PR, attractive, *P, s moderate, *P, § *P, very repulsive)
1. If one boost all the P-waves ’demoamtlcaug’. Dineutron becomes resonant (bound)
2. I one boost only attractive P-waves, one may get bound or resonant “n. However
boost factor to have reasonably resonant *n should be y,~3!!!

Yo~1.1 Ls enough to account for the dis - S Lear scattering.

MmO .

° RBut*n system still has the last Trump carol:

15
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cal exp

E )IE

exp

(E

0,35

0,30-
0,251
0,20-
0,151
0,10-
0,05
0,001
0,051

-0,10
-3,5 -3

10 9

3nF: the last Joker

Stsyphe effect of the traditional aNF's
Ln neutron rich systems:

0 -25 -20 -15 -1,0 -05 0,0

J. Carbonell (IPNO), E. Hiyama & M. Kamimura (Riken), R. L.




Explore an effect of 3nF

AVE + Coulomth foree

B.E.(3H) : -FF6 MeV
B.E.(3He) : -F.02 MeV
B.E(*He) =-25.1 MeV

AVE + Coulomth force + 2 22
;},,f E E IT ” '-_ L'i+};ik+irki).-’ hn P;;}T,(T)
B.E.((3H) : -2.42 MeV T=1/2 n=1

B.E.(3He) : -F.F4 MeV
B.E(*He) =-22.44 MeV

=1 /D)= _O —
s (*He) =1.652 fie W, (T=1/2)= -2.04 MeV b, =4.0fm

W= +35 MeV b,=0.75 fm

Experlméwt:

B.E.(CH) : -2.48 Mev

B.E.(3He) : A FF MeV

B.E(*He) =-28.20 MeV

s (fHe) =1,671+0.014 fm (EXP)
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Explore an effect of 3nF

AVE + Coulomth force +

T=1/2 n=1

W, (T=1/2)= -2.04 MeV b, =4.0fm
W= +35 MeVv b,=0.75 fm.

z—l—r +r2 1 bﬂ
:;I E E Wi (T JAR TR Pijr(1')

2) : FF of inelastic e scatt. ST T

inel

Hiyanwa, GLosony Kamdbmur

~J

0 1 Phgs 225\/ CH0 (3004)

OGP (HRT),

J. Carbonell (IPNO), E. Hiyama & M. Kamimura (Riken), R. L.
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Explore effect of 3nF

9
> W (T)e i TR0 Py (T)

2 n=1
W, (T=3/2)= free b, =4.0fm
W= +35 MeVv b,=0.75 fm.

nergy trajectory of J=07 state changing W,

A ) EXP .
O 0 0 A4 G OI I I
-3 | -33 0p-30
o)
0 -28
-1k o] i
o)
©
< 2
0 —21 P
= £
m =
E -3f
_4 -
_5 ] |
-2 0 2 4
Re (E) (MeV)
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Explore effect of 3nF

AVE + Coulomth force +

1—|—r +r2 z I:-ﬂ
z;f E E Wi (T')e JAR TR Pijr(1')

T=1/2 n=1
W, (T=3/2)= free b, =4.0fm
W= +35 MeVv b,=0.75 fm.
-58 -56 -54
0 Q”.:_, Fa'at G,Ujlocﬁ T T T T ) )
38 34 ° s .. | energy trajectories for ) =27 § ) =27 states,
000 I qualitatively the same, but
_*] - 0 - - ,
o o evew larger W, are bnvolven
- o
D 2 J'=2 O -45
= -2 5 -26 O -
= i}
J £ 0 -44]
— c
= <
i 42 0|
4[’1 resonance
_4 - a
J'=2", 2
_5 1 1 1 1 1 1 1 1 1
2 0 2 4 6 a8
Re(E) (MeV)
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Little dependence on NN interaction

Im (E) (MeV)

4n threshold

4
a) N resonance

_at 1"

o
o
o~
O
O
8]
&)

20

-16

2 o 2 4
Re(E) (MeV)

6

INOY
AVE’
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Reality of strongly attractive 3nF: n-°’H scattering

e
4
. “He H
v\
[
TN A
____________ T . .
*H+N threshold ]
6- | .
- AV8/W=-10 MeV ;"F\'w.__.
54 ——exp. n 1
— - | 1Il‘.l"t"'-,L
a 4 N
b 3- -
gl e L | /f |
~40 30 20 10 5 __/L/\\ ]
W,(T=3/2) (MeV) I R o
14 4
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Approximation of the experimental observable

b. Awd i vapld variation of observables without presence of

S-matrlx poles Ln the v’LchLtg?

Calucel &G., Ghivardil C, Phys. Rev. 169 (1968) 1239

St

——— " . S S S S S S S S E—— E—

I v I

W (T=3/2) |
— -2.04 MeV
——-18 MeV (broad resonance) 1

-30 MeV (narrow resonance) |
-36 MeV (n, is bound)

J. Carbonell (IPNO), E. Hiyama & M. Kamimura (Riken), R. L.
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S5H system

TABLE II. Summary of some theoretical results for "H. Resonance energies are given relative to “H + 2n.

Reference Method Er (MeV) I' (MeV)
[7] Cluster, model with source 2-3 4-6
[23] Three-body cluster 2.5-3 34
[31,35] Cluster, J-matrix, resonating group model 1.39 1.60
[36] Cluster, complex scaling adiabatic expansion 1.57 1.53
[32] Cluster, generator coordinate method ~23 ~1-4
[33] Cluster, complex scaling 1.59 248
[34] Cluster, analytic coupling in continuum constant 1.9+0.2 0.6+02

24
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*PF, wave enhancement factor needea to bind

4.39 3.99 3.55 2.50 ~2.40 AV1S8
4.42 3.98 3.53 2.35 INOY

5.38 4.80 4.20 2.76 2.68 N3LO

—+— EXp
14— MT1-n
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Conclusion

» Existence of the bound “n system is not consistent with the modern nuclear
interaction models

e Presence of the observable resonant *n states also seems to be inconsistent
with our current understanding of nuclear interaction

* If this resonance reconfirmed experimentaly there remain three posibilities
with increasing theoretical challenge to unveil the underlaying phenomena:

v" The observed resonant behavior is not artifact of resonant *n, but some
complex reaction mechanism involving 12-nucleons

v" We have non-standard resonance in “n, which appears without presence
of S-matrix pole in vicinity of real energy axis

v' We fail to understand nuclear dynamics based on nucleon degrees of
freedom

Acknowledgements: The numerical calculations have been performed at IDRIS (CNRS, France). We
thank the staff members of the IDRIS computer center for their constant help.
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