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Scattering lengths & three-body systems
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e a,(*®B) strong enough for Efimov states?
e how big should it be?
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as(1°B) strong enough for Efimov states ?
how big should it be ?
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Discovery of the “dineutron” ?

cao=N

PHYSICAL REVIEW LETTERS

First Observation of Ground State Dineutron Decay: °Be Son —1—

A. Spyrou, Z. Kohley, T. Baumann, D. Bazin, B. A. Brown, G. Christian, P. A. DeYoung, J. E. Finck, N. Frank, E.
Lunderberg, 5. Mosby, W. A. Peters, A. Schiller, J. K. Smith, J. Snyder, M. J. Strongman. M. Thoennessen, and A. w

Volya
Phys. Rev. Lett. 108, 102501 — Published 9 March 2012

T
o
[

R Ty
alred-up Neutrons

e
PhYSlCS See Focus story: Nuclel Emit

>

We report on the first observation of dineutron emission in the decay of “Be. A single-proton knockout
reaction from a 53 MeV /u 17B beam was used to populate the ground state of Be. *Be is bound
with respect to the emission of one neutron and unhound to two-neutron emission. The dineutron
character of the decay is evidenced by a small emission angle between the two neutrons. The two-
neutron separation energy of *Be was measured to be 1.35(10) MeV, in good agreement with shell
model calculations, using standard interactions for this mass region.
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Commentjon “First Observation of Ground State Dineutron
2n

Decay: “Be” 260) & 16Be ?
F M._Marques, N. A. Orr, N. L. Achourl, F. Delaunay, and J. Gibelin |
Phys. Rev. Lett. 109, 239201 (2012)
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News spread ...

Journals « Physics PhysicsCentral APS News ‘

physics’

.

PhySTCS ABOUT BROWSE PRESS COLLECTIONS Magazine

: . : %) | nuclear physics
Focus: Nuclei Emit Paired-u &) DAY

; > f NUCLEAR PHYSICS | RESEARCH UPDATE
March 9,2012 = Physics 5,30

» Dineutron emission seen for the first time

14 Mar 2012

A neutron-rich nucleus can emit a neutron pair as a single unit ps a product

PHYS "" -ORG Nanotechnology v Physics v Astronomy & Space v Technology ~

fyaN=[

Home » Physics » General Physics » Aprl 12, 2092

Two neutrons at the same time: Discovery of dineutron decay

Michigan State University
Neutrons bud
and target (org (Phys.org) -- Nuclear physicists recently withessed an atomic nucleus do something that nobody had ever seen
resulting bery one do before — two neutrons at the same time.

neutron pairis
Emitting them, that is.

A neutron-only nucle . )
The experiment revealed a brand new form of nuclear decay, the process by which unstable atoms release

energy and transform into more stable forms. But instead of emitting known patterns of radiation, the nucleus
nuclei, but the new e ejected two correlated neutrons simultaneously — a dineutron. Though physicists had long theorized about the emission of a neutron pair |

pairing as a product g

|exist outside the nucl existence of this form of decay, this was the first experiment to see the dineutron event in action.

extend our understanding of

mugleagphustcs ol ne “We have for the first timelunambiguously observed dineutron decay and clearly identified it |n beryllium-16,” said and the processes taking
Artemis Spyrou, professor of nuclear physics.

The newly discovered|dineulron decay mode joins the 15 other known forms of atomic decayjinc[udmg double
proton emission, double beta decay and double positron emission. The results hold promise to strengthen
scientists’ understanding of the strong force that holds nuclei together and the processes taking place within
neutron stars.
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Sculpting Beryllium 16 [S18, Kubota/Corsi]
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Beryllium 16 goes to Hollywood

O tme
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Beryllium 16 goes to Hollywood
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Beryllium 16 goes to Hollywood @

SAMURAI Magnet
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DALI2 ppcil
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Beryllium 16 goes to Hollywood

SAMURAI Magnet

NEBULA

| ‘1.

DALI2" ppcyl

X\

@ momenta : spectroscopy (E, I, J7)

n correlations : decay, sequentiality ... £ Corsi, PLB 797 (2019) 134843 : QFS into *Be

=1 Kubota, PRL 125 (2020) 252501 : 2n in 1!Li
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The new Beryllium 16 [Monteagudo]
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new Beryllium 16 [Monteagudo]
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Probing the 2n wave function [Monteagudo, Casal]

:jﬁ ,‘;qr‘J

» Dalitz plot of 2n decay:

14Be(2—|—)
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Probing the 2n wave function [Monteagudo, Casal]

» Dalitz plot of 2n decay:
14Be(2—|—)
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=1 Wang, PRL 126 (2021) 142501
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Should they exist ?

(=1 FMM & Carbonell, EPJA 57 (2021) 105

» ‘Exact’ calculations are categorical !

(=1 Gléckle, PRC 18 (1978) 564 : V/,, X4.2
(1 Offermann, NPA 318 (1979) 138 : V/,,,x3.7 (+P-waves)

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

(=1 Hemmdan, PRC 66 (2002) 054001 :

. [000) -
S of
g 10E 3n(3/2_)
ol 7
\_E/Boé 00, ..o " ]
o..,.o.--' oo
o
-10 = : 5
Re(E) [MeV]

“3n resonances close to the physical region will not exist”
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Should they exist ?

FMM & Carbonell, EPJA 57 (2021) 105 » Many-body approximations, not so much ...
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£ o ceee”” i Shirokov, PRL 117 (2016) 182502
ol O’,....- ] (=1 Gandolfi, PRL 118 (2017) 232501 , 3n/4n 17
el I U U S (=] Fossez, PRL 119 (2017) 032501
-10 -5 0 5
=1 Li, PRC 100 (2019) 054313
Re(E) [MeV] (2019) /
“3n resonances close to the physical region will not exist”
Deltuva, PRL 123 (2019) 069201
(3n) = Lazauskas, PRC 71 (2005) 044004 : 3NF [ €3 Deltuva, PRC 100 (2019) 044002 o 3n/4n LI!!!
(=1 Ishikawa, PRC 102 (2020) 034002 r volution lin
(4n) 1 Lazauskas, PRC 72 (2005) 034003 : 4NF [ (2020) (trap/evolution/scaling)

(3,4n) | &1 Hiyama, PRC 93 (2016) 044004 : 3NF(7=3/2) [J! = Deltuva, PLB 762 (2018) 238 QM enhancements ...
Higgins, PRL 125 (2020) 052501
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Searching for 3n into the light

ca=n

1 Miller, NPA 343 (1980) 347

3H (=, ) 3n
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Searching for 3n into the light

1 Miller, NPA 343 (1980) 347 :

3 —
H(m™, ) 3n
Yoke Yoke
.
C-magnet 7 / C-magnet,
41x9lcr? / / 41x9icm
9 7
3% radigtion
length Au _ ! 4 Common poie tip
converter Lo 8 | ax218 cm?
T —_‘\ 800'— | T | I | J
- e Mulli Wire — 2 e woe '
- i [ ritium datc with _
shielding Chnpf:gers pockground sublraced i
wall Tei 2 (23,326 events /
. Cgl?l'?g;'s = i 1
10
DM o 3 rs (AXB);.) g <
e Target  — % ol +
CH, degrader o8 50cm S
200+ —
%0 910 100 1o 140

Ey(MeV)
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Searching for 3n into the light

1 Miller, NPA 343 (1980) 347 :

3H (7=, &) 3n

Yoke Yoke

w0 e

3% radigtion
length Au

Common pole tip

Pb ;
shiﬁlding g;‘onpf:g:f;ol
we X Trigger
Y counters
219_9M9Vfc i 3 S (AxBI-,.Lg
T2 I I
CHy degraoder Target 50cm

“We have performed an experiment highly. sensitive to
3n structure near threshold and see no. evidence for it.
A shift to low 3n energy can be explained in terms of the
simple s-wave pairwise interaction between neutrons”

Counts /0.5 MeV

converter. b T | H1x218 cm 2
L x _ \ 800

Amado model
— —— 3n Plane wove

L= Tritium dato with

background sublracted y
(23,326 events

plotted)

100

1o
Ey(MeV)

140
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Don’t waste your money !

=1 Offermann & Glockle, NPA 318 (1979) 138 :

“The [changes] are not so small that one likes to push forward a
very expensive experiment to measure a three-neutron resonance”
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Don’t waste your money !

=1 Offermann & Glockle, NPA 318 (1979) 138 :

“The [changes] are not so small that one likes to push forward a

very expensive experiment to measure a three-neutron resonance”

reaction initial state final state

('16) *He (®He, ar) *n

£ Shimoura, NP1512-SHARAQ10 (% ):> 8 8 ( %)jj nb  Nev ~10s

N v~ 4n:E,F

o results

117) 8 4

(Glzsch:j(|\||3|;1P4C;2_52MURA|19 (%%):> o <:§/ 8 \9_/:> fb PneYtE;OOOS
' 8 3 4

(CI]-?F?\/IM/Han(gl,D,l\?lfl)51{2—;|:A|_UI:lA};34 (% ):> O 90 (V&Q)/:> mb N ~10,000s

‘n&'H: E, T, Q

SHe (p.2p) 'H — 3H + *n?
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Don’t waste your money !
—

=1 Offermann & Glockle, NPA 318 (1979) 138 :

“The [changes] are not so small that one likes to push forward a
very expensive experiment to measure a three-neutron resonance”

o results

reaction initial state final state

('16) *He (®He, ar) *n . o ~10s
(BR)-B B BB » Mo

¢=1 Shimoura, NP1512-SHARAQ10 R

("17) 8He (p.pc) “n (%%):> %) ¢§ 8 \o//:> J71s) L\lne\:t I;J ]I.\OOO S

(=1 Paschalis, NP1406-SAMURAI19

('17) ®He (p,2p) {*H+"n} ) 10000,
(BR)-0 oo (@B ™ i row,

1 FMM/Yang, NP1512-SAMURAI34

-~

SHe (p.2p) 'H — 3H + *n?

SHe (p,pn) "He* —— “*He + 3n 777
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“Excited state with unusual structure”

=1 Korsheninnikov, PRL 82 (1999) 3581 :

SHe (p,d) "He

i f

6He,
4He |i : A
: |
n
3
150
d+n+6He 2
% [
- 6 +
o 100 He(27)+n
o
Q 1 - e——
E
50
8 E——
0 I
. B i JERRG i 4H 6 7
a2 W TR P U Vg e 3“ He n
E)15--10-5 0 5101520 25303540 + + He

E above n+6He (MeV)
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“Excited state with unusual structure”

=1 Korsheninnikov, PRL 82 (1999) 3581 :

SHe (p,d) "He

i f

6He,
4He |i : EE |
- {
n
3
150
d+n+-6He 2
% [
6
— He(2%)+n
\ R
E
50
o o
0 I
LN eedablng, | 4 6 7
E)15--1(1-5 0 5101520 25303540 He+3n He+n He

E above n+6He (MeV)
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“Excited state with unusual structure”

=1 Korsheninnikov, PRL 82 (1999) 3581 :

SHe (p,d) "He

JERE AN

11

3 S ——  ——
150 &0
- b d+n+6He 2
v > 60} 6HT
2 100 |3 e(2)+n
Q 5340 ]
2 g —
E 5
] S 20 o—
0 [E—
o it Ik 4 6 .
951055 0 510152025303540 15105 0 5101520 253035 40 He+3n He+n ‘He
E above n+6He (MeV)
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“Excited state with unusual structure”

cSoEr
=1 Korsheninnikov, PRL 82 (1999) 3581 :
SHe (p,d) "He
4He;.; E ]
— B
3 - =  —
isof 1 Qo = - O
b d+n+6He 5 f
% > 60} 2 —
E ey
Q X 40
T 1 e———
g g
E :
] S 20 o—
0 E—
o it Ik 4 6 .
951055 0 510152025303540 15105 0 5101520 253035 40 He+3n He+n ‘He
E above n+6He (MeV)
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SAMURAI S34 collaboration (part)
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PRELIMINARY results! [Lenain]
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PRELIMINARY results! [Lenain]

L] 8He(p,pn)GHe+n

300

200

Counts/ 1000/ 15keV
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PRELIMINARY results! [Lenain]
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PRELIMINARY results! [Lenain]

|

| ®He(p,pn)®He+n
] ®He(p,p2n)*He+2n

300

200 |-

Counts/ 1000/ 15keV

Counts/ 1000/ 25 keV

n n n
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PRELIMINARY results! [Lenain]
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PRELIMINARY results! [Lenain]
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VERY PRELIMINARY results! [Lenain]
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VERY PRELIMINARY results! [Lenain]
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VERY PRELIMINARY results! [Lenain]
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VERY PRELIMINARY results! [Lenain]
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VERY PRELIMINARY results! [Lenain]

3 |
o 1000F 1
&P |
| i
SHe*4-n i 1
800 .
1 et " T
i) 600-
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500 — first evidence of 3n_emission !
— no significant |3n| signal ?

— PS4 exploration in progress ...
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Scattering lengths & three-body systems

1®Be|: *Be+n+n ciBelén Monteagudo, PhD

O

e a4(nn) strong enough for “dineutron” ?

e experimental signature ?

2B|: "B+n-+n  =Hiyama, PRC 100 (2019) 011603R

on|:

Opportunities and Challenges in Few-Body Physics: Unitarity and

e a,(*®B) strong enough for Efimov states?
e how big should it be?

N-+n-+n & Cyril Lenain, PhD

e do multineutrons exist ?

e should multineutrons exist ?
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Boron 19: two large as! [Gibelin]

——— State 3: E = 2.37 MeV (L=0)
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L q ——— State 1: E,= 0.68 MeV (L=2)
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>
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—— State 5: E = 4.37 MeV (L=0)
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Boron 19: two large as! [Gibelin]

[] -100 o
O M

Total Fit

> [T T ‘ T

QL o | State 1: E = 0.68 MeV (L=2)

o C

o H State 2: E = 1.60 MeV (L=0)

28 70H

S ¢ State 3: E,= 2.37 MeV (L=0)

3k

O 60f State 4: E,= 3.15 MeV (L=0)
3 State 5: E = 4.37 MeV (L=0)

a
o
T T 11

Background

pis AR

B+2n [MeV]
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Boron 19: two large as! [Gibelin]
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e — State 5: E,= 4.37 MeV (L=0)
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Boron 19: two large as! [Gibelin]
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Boron 19: two large as! [Gibelin]

B 50
, 4OF (=1 Spyrou, PLB 683 (2010) 129
= I
= 18
O = R
BC SR as(*°B) < —50 fm
i R
I - 20
5B I
10 -
. O-‘/ ) R Py YT YYE ¥
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17B+n+n: Efimov trimers? [Hiyama, Lazauskas, Carbonell]

» Efimov effect: » Three-body calculation:
“a scale-invariant 3-body attraction” —20 fm =1 Hiyama, PRC 100 (2019) 011603R
=1 Naidon & Endo, Rep Prog Phys 80, 5 (2017) o’_o\

}___> S,,(1°B)

— induced long-range interaction — () = 0.14+0.39 MeV

— discrete scale invariance

—  Borromean binding (@)

a<0 Energy a>0
'

00O © 0O l/a

\

e Efimov physics:
— Universality if |as|>>00 ...

— number of trimers > 1 ...
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17B+n+n: Efimov trimers? [Hiyama, Lazauskas, Carbonell]

» Efimov effect:

“a scale-invariant 3-body attraction”
(=1 Naidon & Endo, Rep Prog Phys 80, 5 (2017)

— induced |long-range interaction

— discrete scale invariance

—  Borromean binding (@)

a<0 Energy a>0
'

000 000 l/a

. ,

e Efimov physics:
— Universality if |as|>>00 ...

— number of trimers > 1 ...
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» Three-body calculation:

=1 Hiyama, PRC 100 (2019) 011603R
—20 fm Y (2019)

f 00 San(*B)
—100 fm (\ }:> — 0.14+0.39 MeV
/

4 =
£ _V=38640 a;= -50 ]
N — V=40304 a=100
. — V=40899 a =150
3 3
Lol L E
> af /j
o 3
3E E
AE =
S g T S I 7

e n-n: Bonn A (all waves) / CD MT13 (s wave)
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17B+4+n—+n: Unitary Limit

» Faddeev/GEM : =1 Hiyama, PRC 100 (2019) 011603R
T O100||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

0,05 i

% -010}— ]

= ]

o ]

~_ 015 —

T S

'020:— — n'’B+nnBonn all PW —:

- — nl7B+nn CDMT S-wave

i — - Unitary limit a_=a_ =-infty ]
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] 9B bound state!

| unbound excited states !
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17B+4+n—+n: Unitary Limit

» Faddeev/GEM : =1 Hiyama, PRC 100 (2019) 011603R
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] 9B bound state!

| unbound excited states !

[] good description @ Unitary Limit!
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17B+4+n—+n: Unitary Limit

» Faddeev/GEM : (=] Hiyama, PRC 100 (2019) 011603R 00—
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17B+4+n—+n: Unitary Limit
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Boron 18 : better constraint on as [Gibelin]
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Boron 18 : better constraint on as [Gibelin]
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Summary & Conclusions

> e @

%Be|: 1“Be+n+n | ciBelén Monteagudo, PhD

Q e there is no “dineutron” emission
e probe of the 2n wave function!

2B|: 1"B+n+n  =Hiyama, PRC 100 (2019) 011603R

e short answer: no Efimov trimers

e long answer: good description @ Unitary Limit !

Sn . N—+n-+n & Cyril Lenain, PhD

e first direct detection of 3n emission !

e no trineutron (yet), but no money was wasted ...
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