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Bound multineutron: no way?

1

2w is allready resonant in *s,, state
AVig  INOY  Reld9z  Exp

a,, (fm) -1849 -18e0 -1754 -185(4) $
r, (fm) 224 2.82 2.84 2.20(11) b ry (&) 12.5
(Vi)  0.874 0.920 - < o
A 1.080 1102 1.08F - £ o
g 24 YS i'Qjﬁ
*Buhancement factor y.,~1.09 (V,=yV,,) is enough to
bind 2n in tS, state 4

(®He) , Ls bound for A>34
R. Gquardiola, ). Navarro, Phys. Rev. Lett. 24 (2001) 1144
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Bound light multineutron: no way!

.. apart from some unsownd speculations

Th. Faestermann et al., Phys. Lett. B 824, 126799 (022)

*  Noany significant experimental evidence
* Theory (bn unison): no way for *n-nl

S. Pleper, PRL 90, 252501 (2003)

C. Bertulant § V. ZeLevLmsVag,J. Phgg. G 29 2431 (2003)

NLK. T’WM{% ule, arXivinucel-th/0202002

R.L., PhD thesis Unlversité Joseph Fourrier (2003)
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https://arxiv.org/abs/nucl-th/0203003

how we define 1t?

* Experument : some vapid variation (pr@{erewtlau@ rise) of cross section tn o
process velated with “n production... OK, BUT not every hill is a mountain

= Signal from X+ - resonance from X, “n or +7?
= Rapid cross section variations arve also produced bn repulsive systems!
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experimental results

As searching for Lochness monster

'As tn most experiments of this sort, however, a
.wega’cwe result cannot be regarded as
.oowomswe anol further experiments are needed
|to glve additlonal weight to our result.

|’4> Schiffer and =. vVandenbosch, ™~ Searvch for a
|'4>artwte Stable TetraNeutron," Phys. Lett.5 292

The Loch hf-m Monster, As Shelehed by AMr,
A. Grant From Lieut-Commander Gould's
Intereating Monagraph Upon the Subject.
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., Observation of a correlated free four-neutron system
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how we define 1t?

* Theory: pole of the scattering amplitude in the vicinity of the “n physical reglow... not
much better, If not even worse...

* Mathematical object in 2D-manifold, verified by physical observable in 1D
= Possibility to manipulate poles - create false ones
= rRapld variations of cross section without poles tn the

scattering amplitude (calucel &, Ghirardil ¢, Phys. Rev. 169 (1968) 1329)

= Poles, which has no Link (evolve) to bound states | /
(see repulsive square well example) .

Bound stat

Awntl-resonance Resonance

A< 2 A< 4o

i nuclear physics resonances are associated with ‘almost’
bound structures?!




theoretical results

Rigorous treatment of the continuum: Non-rigorous continuum:
oObservable 2n & *n resonant states:

S. qandoldfl et al,, Phys. Rev. Lett, 118, 232501 (2017)
J- G L, Phys. Rev. C 100, 05432132 (2019)

No obsenvable Smn resomant States:

A. Csttb et al., Phys. Rev. € 53, 1589 (199¢6)
H. Witala et al., Phys. Rev. C €0, 024002 (1999)
A, Hemmdawn et al., Phys. Rev. C 66, 054001 (2002)

L | Obsenvable *n resonant states:
RoL e al, Phys. Rev. 071, 044004 (2005) S. Pieper, Phys. Rev. Lett. 90(2002), 252501

A Deltuva, Phys. Rev. C 97, 034001 (2018) | ]
S. Ishikawa, Phys. Rev.C102, 034002 (2020) M. Shirokov et al., Phys. Rev. Lett. 1137, 182502 (2016)

No obsenvable *u resomant states:
S. A. Soflanos et al., ). Phys. § 23, 1619 (1997)

K. Ara, Phys. Rev. C 68, 034303 (2003)
R.L etal, Phys. Rev. CF2, 034002 (2005);

E. H’Lgama et al., Phys. Rev. CI3, 044004 (2o1e);
PTEP 2017, 0F3D03 (R01F)

AL Deltuva et al., Phgs. Lett. B FRR, 2238-241
(2018); Phys. Rev. C100, 044002 (2019)

K. Fossez et al., Phys. Rev. Lett. 119, 032501
M.D. Higgins etal., Pays.  Rev. Lett 1255,

052501 (2020). p p
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Non-rigorous continuum:

oObservable 2n & *n resonant states:

S. qandoldfl et al,, Phys. Rev. Lett, 118, 232501 (2017)
J- G L, Phys. Rev. C 100, 05432132 (2019)

obsenvable *u vesomant states:

S. Pleper, Phys. Rev. Lett. 90(2003), 252501
M. Shirokov et al., Phys. Rev. Lett. 1137, 182502 (2016)
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theoretical results

Rigorous treatment of the continuum: Non-rigorous continuum:

No observable 2n resomant states: Obsenvable n & *n resonant states:

S. qandoldfl et al,, Phys. Rev. Lett, 118, 232501 (2017)
J- G L, Phys. Rev. C 100, 05432132 (2019)
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* The most favorable state to form tetraneutron is 0F
* For trineutrons 3/2 state Ls found to be the wmost favorable.

* All the studies agree on:
v’ the dowminance of v, (5S,) in multineutron systewms,
v’ Minor role of Vv, P-waves : wmoreover 3PF, is attractive, *P, is
repulsive, *P, is moderate
v’ Negligible contribution of 3nF (3n never gets close to each other)
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Theory Is ruthless for 3n & 4n

*n is allready resonant in *s, state
AVig  INOY  Reld9z  Bxp

a,, (fm) -1849 4860 AF54  -18.5(4)

v, (fm)  2.24 2.82 2.94 2.80(11)
(V) 0.8F74 0.930 -
Y. 1.080 1102  1.08F @ -

*

Enhancement factor y.~1.09 (V,=yV,,,) is enough to
bind 2n in tsS, state

* Speclal case of physies treated by Effective field theory (EFT) : since a,,,, >>v,, at low
energies this system is lnsensitive to the details of the interaction and depends solely
ona,,

*  Now let promote multineutron by making its interaction in *s, wave slightly wmoe
attractive, just to binol dineutron with B=-8=+¢ (a,,= +00), for this case we get
MWLV&VSQL PV@O{LCJCLOI/\/ D{ S D. S. Petrov, C. Salomon, and 4. V. SML@@VLLK&D\/ ijs, ReV.
g —>+oo Apg—0 598 (S) g ) =07) e S, St G e G

O =118 O ()=1/2%)

S. Bndo et al., Few-body syst. 51 (2011) 207

as-fﬁf=’0;952 agff Q =1/2-,3/2_), ... GV.Skomniakov and KA. Ter-Martirosian, Zh. ERSp.
! Teor. Phys. 31, 775 (1956) [Sov. Phys. JETP 4, 648 (1957)]
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Theory

*  Now let promote multineutron by making its interaction in *s, wave slightly wore
attmcti\/e,just to bind dineutron with B=-8=+¢ (a,,= +0), for this case we get

universal prediction of EFT:

1/,7,0
n-(nn) 1/,7 1
3/2 _!1

(nn)-(nn)  0%,0

IS ruthless for 3n & “4n

1.19(1)'NOY  1.18(1)AVi8  1.18

-0.96(1)'NOY  -0.95(1)Av18 _0.952
-0.96(1)'NOY  -0.95(1)Av18 _0.952
0.599CDBonn 0.5986(5)

D. . S. Petrov et al, Phgs. Rev. Lett. 93, 090404, A. Deltuva, PM@S. Rev. A 96 (2017F) 022701,
S. Endo et al., Few-body syst. 51 (2011) 207

A Deltuva, Phys. Rev. A 96 (2017) 022701

061 f

dqg¢'a
N

11T — 0.5986 4+ 0.105-% + 0.0005

aff a
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Theory is ruthless for 3n & “n

U(Tpe) = 1P (Tpe

Presence of *n § *n resonant states Ls not compatible with @M!

RL. J. Carbonell, E. Hivama



Results of Duer et. al.

Laboratory frame Proton ./ l‘latl.ll‘e

8He Target nature > articles > article
Zbeam Download PDF
Astiche | Oypster Ao o | Published: 22 kine 2023
Observation of a correlated free four-neutron system
M. Duer B3, T, Aumann, R. Gernhiuser, V. Panin, S. Paschalis, D. M. Rossi, N. L Achouri, D. Ahn, H.
Fig. 3: Missing-mass spectra.
E ® “Help, p"He)
ag - — “n resonance
== Continuum
= | — Background
I — Total
g 20 - Nown-
I lnteracting
I " HO /
[ fHe raoius
. e A L [[Fileees o |
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Right peak ts succesfully described using S(E) = (Y7 (E)|w;™)]

COSMA model of:

V. Grigorenko et al., Bur. Phys. ). A19 (2004) 187

How to explain the left peak?
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Drawbacks of COSMA

* Why consider free 4n distribution in the final state?
n's are strongly correlated.

* There is no consistency between the final and the initial
states of 4w

* St wave function s very complex, sinee valence neutrons
are strongly corvelated. Lowest HO shell largely fails to
account for the complexity of “He.

Outgoing current (arb. units)

0-0[} 5 L ‘llﬁ L ]5 s 20 0 T T T T T v 1T ¢~ 1 17 T T 0 I\ ! ’ ! ' ! j 4' ' ! ’ ! j ! H '
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C He --- Exp. ] ‘\q 1!2"' SRG o m 1
Fig. 11. Continuum response of the *n system in the MWS -10f ] 0 = hQ =20 MeV ]
with a *Gaussian” source (13). Solid, dashed and dotted curves F 1 Lo ) . ]
correspond to rms hyperradius {p,,,,) of the source equal to E sk N4LO (A =500 MCV) 1 7 sk “"He AN == "He 112" NCSM ]
8.9, 7.3, and 5.6 fm, respectively. Panels are calculated with z F A =24 f -1 1= : ™ -2 % 1/2 NCSM 1
(a) no final-state interaction, (b) RT potential (the correct n-n ) 205 srRG ~ ~* M 1 2. 172 ™. — %0 0" NCSM 1
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M. Vorvabl et al., Phys. Rev. C 9F, 034314 (201%),
//indico.ectstar.euw/event/1/contributions/4 g/attachments/z6/42/Vorabbl.pof




Model

1 N
Hy=Hy + XY [Wa(r))(@alr)|+ Y Vaalr) Hp=Ho+ Y Vanlrij).

=1 1< g=1 i j=1

(1) Hy|Uy) = Eg,|Vy).

Actlon of *He mean fleld on valence w's,
adjusteol to He § “He gs binding

_________________________ ~

S(E) = |(LP;}”(E)||6|LP;}”&

o)

*He

o (fM)

Technology

* FY etquations § CS method

Numerical solution:

*  PW expansion § Lagrange —-mesh method

fppt.com



Low energy peak is well reproduced without

any “n resonance
No forbidden states: with Paull blocking of HO states:

4
ra (fm) Vo (MeV) Wa (MeV fin ") <1 >3 (Im) po (fm) Vy (MeV) Wy (MeV fm~") <12 >3 (*He) (fm) <l >% (*He) (fm)

20 «2.4038 <0.3345 4.12 1.5 _118.60 _2.553 255 2.02

25 155 02005 437 -

40 -1.6113 01351 5,39 25 61757 -0.2125 266 3.05

T T 10 -22.114 -0.0507 3.12 3.72

1.5-3.6

2.90(8) [43], 2.72(7) [37] 2.92(4) [43], 2.67(7) [37]

Strength | of the ph ieal acore neutran interactions (described in soction 11) as o function of
interaction range ro. adiusted 1o reproduce binding of neutron hales in *He and *He auclei, In the last column caleulated hale

neatron radii in *He are presented and compared with an estimation from ab-initio calculation of ref. [33] using cxpression of

oq. (9).
- , R.L et al., Phys.Rev.Lett. 130 (2o22) 10
——Avi8;p=3m |
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1.2 o MT13 7
— Av18; p=2fm
é 0.8
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E,, (MeV)
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= M. Dueretal
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Independence of nn interaction

Low energl response does wot depend on the details of nn(n) interaction, owtg A,
Conslstent with EFT arguments

— ,;:f';"‘-f: x AV18
2 027 | 4 . MT 13
5 % :at :{N‘]LD
- yNLO+3NF |
£ r
E 0.1 x ”‘
= I *\.x
<+ & .
%) , 5
'-';-' . ;k“ e S
D'D - ! T T rl- -'. T T !
0 5 10 15 20
Egn (MeV)

R.Letal, Phgs, Rev.Lett, 130 (2023) 10




Importance of 2n+2n correlations

/ — - 1 04 1 1 1
W 0.2 \ —rY,n ] 3
c A . g= rry ——-100. fm
Z ' i 2 18.6 fm
> . - g=1 T 0.31 -—---18. -
& | PR —m-g=2 > ——=- -80fm
= FAN = ] R —— 1.5fm
iy f A -
E 0.1+ il ! M, r m ! 3
o / 4 "‘-._ = 0.2+ i \ o
L= f \) e — 1
= H ‘"\_ o i
g |/ ) —— =
w ,‘l a “‘v-_,._____ P I "%
/ S _TEm——===1 c 0141/ i
D.U T T T v I i .“-
0 5 10 15 20 w 1 AN
T I ——
E4qn (MeV) 0.0 b - =
0 5 10 15 20
FIG. 2: Low energy four-neutron response functions calcu- E4n {ME‘V)
lated with the AV18 nn interaction and po=2.5 fm. Differ-
ent transition operators O were considered in order to visual-
ize the effect of the core—rem]l corrections. The olive-dashed FIG. 3: Low energy four-neutron response functions for the
curve corresponds O = Z i Yg(n} red-dotted together with scaled nn MT13 potential adjusted to reproduce different
the dashed-dotted curves are for O = > A7 ®@d:}g operators, scattering lengths values.

solid-black curve represents the reference result with O=1.

R.Letal, Phgs. Rev.Lett. 130 (2023) 10




Bound multineutron: no way?

Tt
e

2w is allready resonant in *s,, state
AVig  INOY  Reld9z  Exp

a,, (fm) -1849 1860 1754 -18.5(4)

v, (fm)  2.84 ll\ r, (&) 12.5
V(vmiw) O,Q7~4 4 Ill I I
—~ _auis ) 297
oS
Te LOEC | - - -Reid 93
°< 2 — Aziz Ve 1229
*Enhancement facto  f T | — 2P
state 'E
Naw”

. Lett. 84 (2001) 1144

at 1K
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H isotopes

2H -2.22 ‘P

3H -8.48 ' n

SH+n Broad \ )
resonant e |
states n

4-.. 5H ?

JrH) | BCH)-BCH) (MeVv) n

20 1.2-201
1 1.0-2..0L

O 0.8-4 .11
1- 0.2-2.50

RL. J. Carbonell, E. Hivama



TABLE I. Summary of experimental results for “H. Resonance energies are given relative to *H + 2n.

Reference Reaction Detected Ep (MeV) I' (MeV) Epeam (A MeV) P h— ST
[7 *H(t.p)°H ~ 1.8 7.42 R s,
[18] He(p.2p)°H 17403 19404 36 ol S
[19] *Hit.p)’H t.p.n 1.8+0.1 < 0.5 19.2 ) y
[21] *H(t.p’H t.p.an =2 - 19.2 b P \
[22] *H(r.pYH t.p.n =2 ~13 19.2 I |
[24] “He(">C.X 4+ 2n)°H 1.2n =3 =6 240 d r\ g
[25] *He(d.*He)’H *He .t 1.8+£0.1 =06 22 \ /
[26] *He(d,*He)’H 184£02 2 \ e
127) “He(d, He)'H He : 22 .
[28] "Be(r—,pt)°’H p.t 52403 5.540.5 E. <30 MeV R h Rt 3
[28] "Be(r .dd)’H .t 6.1L04 45412 E. < 30 MeV Yoo UE 2P

014310-2

[17] P. G. Young, Richard H. Stokes, and Gerald G. Ohlsen, Phys.
Rev. 173, 949 (1968).

[18] A. A. Korsheninnikov, M. S. Golovkov, 1. Tanihata, A. M.
Rodin, A. 5. Fomichev, S. . Sidorchuk, S. V. Stepantsov, M. L.
Chelnokov, V. A. Gorshkov, D. D. Bogdanov, R. Wolski, G. M.
Ter-Akopian et al., Phys. Rev. Lett. 87, 092501 (2001).

[19] M. 5. Golovkov, Yu. Ts. Oganessian, D. D. Bogdanov, A. S.
Fomichev, A. M. Rodin, S. L. Sidorchuk, R. S. Slepnev, 5. V.
Stepantsov, G. M. Ter-Akopian, R. Wolski er al., Phys. Lett. B
566, 70 (2003).

[21] M. 8. Golovkov, L. V. Grigorenko, A. S. Fomichev, S. A.
Krupko, Yu. Ts. Oganessian, A. M. Rodin, 5. 1. Sidorchuk,
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[24] M. Meister, L. V. Chulk;v, H. Simon, T. Aumann, M. J. G.
Borge, Th. W. Elze, H. Emling, H. Geissel. M. Hellstrom, B.
Jonson et al., Phys. Rev. Lett. 91, 162504 (2003).
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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 sourc4 2-3 4-6
[23] Three-body cluster 253 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, generalor coordinate method ~3 ~1-4
[33] Cluster, complex scaling 1.59 248
[34] Cluster, analytic coupling in continuum constant 1.9+02 0.6+£02

[7] L. V. Grigorenko, N. K. Timofeyuk, and M. V. Zhukov, Eur.

Phys. J. A 19, 187 (2004).

[31] A. V. Nesterov, F. Arickx, J. Broeckhove, and V. S. Vasilevsky,
Phys. Part. Nucl. 41, 716 (2010).

[32] P. Descouvemont and A. Kharbach, Phys. Rev. C 63, 027001
(2001).

[33] K. Arai, Phys. Rev. C 68, 034303 (2003).

[34] A. Adachour and P. Descouvemont, Nucl. Phys. A 813, 252
(2008).

[35] J. Broeckhove, F. Arickx, P. Hellinckx, V. §. Vasilevsky, and A.
V. Nesterov, I. Phys. G 34, 1955 (2007).
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Cluster models, tnvolvig approximations for 5-bool Y A yna miles
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* FH+untn wmodels: without n-antlsymetrization between the core Svalence

*HAn+n models: ncluding n-antisymmetrization, however by freezing “H core




INOY Potential N LO Potential
ECH-ECH) E (Mev) e(H)-e(H) E_(MeV)
05 00 05 10 15 20 25 30 05 00 05 10 15 20 25 30
P[1,1]
<dE>=4.3 MeV P11
<dE>=4.0 MeV
sgséilzo.lz MeV _ - 2] E([igEi]:o 13 MeV
Binding Energy input Egzéz]zo.m MeV Binding Energy inpqt <dE>=0.19 MeV
(0,300) MeV / 28 points (0,300) MeV / 23 points
ECH)-ECH) =1.65(5)-11.26 (&) ECH)-ECH) =1.2(1)-11.15(1.5)
SECSM: 1.2(1)-11.2(1) SECSM: 1.25(10)- 11.20(5)
To compare with *H resonances =2
E(*H)-ECH) =1.31(3)-2.02(2) EC*H)-ECH) =1.17(3)-1.99(3)

R.L. etal, Phys.Lett. B 791 (2019) 335

RL. J. Carbonell, E. Hivama



5—b00{5 cluster model 4n+3H:

* Paull blocking between valence neutrons § ones

within 3H core mimicked by projecting out forbidden HO states 7" ~
’ 7’ Il
*  n->H potential adjusted to n-H scattering, ' n
*  Gaussian expansion method to solve bound state problem §
stabilization technique to estimate resonance position b
n
E Ec\ 180
Eg Er-_-_""--h_l__‘_L"I"""-h—u________
TR T
7 "E."f%ﬁ"- 10 .
a5 5" ‘a"'-._s
= ’ [ e b=Bfm E
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E. Hiyama et al., Phys.Lett B 833 (2022) 137367

(n cow{tlct with:
H-H. LLetal., Phgs. Rev.C 104 (2021) 6, LO61306
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Conclusions

Presence of 2n and 4w resonant states Ls not compatible with @M

Very striking dynamical phenomenn was observed by Duer et al.,

wheve sharp low-energy peak appears waturally without any
underlying “n resonant state

Presence of the peak Ls independent of nn/zn interaction and is
consequence of weakly bound 4w belng tn the tnitial state (halo
nuelens), enhancing 2n—+2n structures

Effect should manifest tn similar atomic or nuclear systems: 4n
Halo nuclel ave priviledged place to Look for.

We conflim existence of a pronounced vesonwant state in “H.
However we oo wot expect to flmd narrow rvesonances in heavier
hydrogen Lsotopes.
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