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THEORETICAL SEARCH.

?
PRECISION MODELS OF THE NUCLEAR FORCE <_> BOUND NEUTRON CLUSTER

I) Modify AV18/IL2** 11) Enhancef’ only 3PF, channel of
AV14, Reid 93, Nijm II, AV18

**S. C. Pieper, Phys. Rev. Lett. 90, 252501 (2003)
TTR. Lazauskas and J. Carbonell, Phys. Rev. C 71, 044004 (2005)
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I) Modify AV18/IL2** 11) Enhancef’ only 3PF, channel of

1 AV14, Reid 93, Nijm II, AV18

eAVnN(1Sp) long range (271 exchange)
= A&NN(ISQ) ~ 12°

=4 n-2n

**S. C. Pieper, Phys. Rev. Lett. 90, 252501 (2003)
TTR. Lazauskas and J. Carbonell, Phys. Rev. C 71, 044004 (2005)



THEORETICAL SEARCH.

?
PRECISION MODELS OF THE NUCLEAR FORCE ., BOUND NEUTRON CLUSTER

I) Modify AV18/IL2** 11) Enhancef’ only 3PF, channel of

1 AV14, Reid 93, Nijm II, AV18

eAVnN(1Sp) long range (271 exchange)
= A(SNN(lsO) ~ 12°

=4 n-2n

eAVyn(1Sp) short range

é‘*n—)zn—zn

**S. C. Pieper, Phys. Rev. Lett. 90, 252501 (2003)
TTR. Lazauskas and J. Carbonell, Phys. Rev. C 71, 044004 (2005)



THEORETICAL SEARCH.

?
PRECISION MODELS OF THE NUCLEAR FORCE ., BOUND NEUTRON CLUSTER

I) Modify AV18/IL2** 11) Enhancef’ only 3PF, channel of

1 AV14, Reid 93, Nijm II, AV18
eAVNN(1Sp) long range (271 exchange)

= A(SNN(ISO) ~ 12°
=4 —=2n-2n
eAVyn(1Sp) short range

= 471 — zf’l — 21’!
.VNNN(T = 3/2)

= B(®Li,®He) >> Bexp.

**8. C. Pieper, Phys. Rev. Lett. 90, 252501 (2003)
1R, Lazauskas and J. Carbonell, Phys. Rev. C 71, 044004 (2005)
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PRECISION MODELS OF THE NUCLEAR FORCE ., BOUND NEUTRON CLUSTER

I) Modify AV18/IL2** 11) Enhancef’ only 3PF, channel of

AV14, Reid 93, Nijm II, AV18
eAVyn(1Sp) long range (27t exchange) J

= A(SNN(ISO) ~ 12°
2

=4 n-2n

eAVyn(1Sp) short range

= 471 — zf’l — zi’l
oVann (T = 3/2)

= B(®Li,®He) >> Bexp.
oVanwn (T = 2)

= B(HI) >0

**S. C. Pieper, Phys. Rev. Lett. 90, 252501 (2003)
TTR. Lazauskas and J. Carbonell, Phys. Rev. C 71, 044004 (2005)
Il A. H. Wuosmaa et al., Phys. Rev. C 95, 014310 (2017)
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?
PRECISION MODELS OF THE NUCLEAR FORCE

I) Modify AV18/IL2**
eAVyn(1Sp) long range (27t exchange)
= A(SNN(lsO) ~ 12°
2

=4 n-2n

eAVyn(1Sp) short range

= 471 — 27[ — zi’l
oVann (T = 3/2)

= B(®Li,®He) >> Bexp.
oVanwn (T = 2)

= B(HI) >0

**S. C. Pieper, Phys. Rev. Lett. 90, 252501 (2003)

T1R. Lazauskas and J. Carbonell, Phys. Rev. C 71, 044004 (2005)

Il A. H. Wuosmaa

al., Phys. Rev. C 95, 014310 (2017)

.. BOUND NEUTRON CLUSTER

11) Enhancef’ only 3PF, channel of
AV14, Reid 93, Nijm II, AV18

4
stable 3n
and

unbound 2n



THEORETICAL SEARCH.

PRECISION MODELS OF THE NUCLEAR FORCE ; BOUND NEUTRON CLUSTER
I) Modify AV18/IL2** 11) Enhancef’ only 3PF, channel of

1 AV14, Reid 93, Nijm II, AV18
eAVNN(1Sp) long range (271 exchange)

= Adnn(1Sg) =~ 12° v

=4 —=2n-2n stable 3n
eAVyn(1Sp) short range and

=4 —=2n—2n unbound ?n

.VNNN(T = 3/2)

= B(®Li,®He) >> Bexp.
oVannn (T =2)

= B(HI) >0

Fine tuning is necessary to avoid devastating effects on other nuclear systems.

**S. C. Pieper, Phys. Rev. Lett. 90, 252501 (2003)
T1R. Lazauskas and J. Carbonell, Phys. Rev. C 71, 044004 (2005)
Il A. H. Wuosmaa et al., Phys. Rev. C 95, 014310 (2017)




THEORETICAL SEARCH.

HrierARCHY!? BETWEEN 3- AND 4-NEUTRON RESONANCES.

Vyaol;)ds-Saxon + Vﬁn + V%nn
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s, Gandolfi, H.-W. Hammer, P. Klos, J. E. Lynn, A. Schwenk, Phys. Rev. Lett. 118, 232501 (2017)
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HrierARCHY!? BETWEEN 3- AND 4-NEUTRON RESONANCES.

Vy:};)ds-Saxon + Vﬁn + V%nn
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E*(n) < E*(*n)

Gandolfi, H.-W. Hammer, P. Klos, J. E. Lynn, A. Schwenk, Phys. Rev. Lett. 118, 232501 (2017)
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—18F rod ; % % Q§
_20F
2

1970 1975 1980 1985 1990 1995 2000 2005year

A [u,m (150)} ~ 3%

*E. S. Konobeevski* , Yu. M. Burmistrov, S. V. Zuyev, M. V. Mordovskoy, and S. I Potashev, Phys. At. Nuc., 73, 8, (2010)
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How do significant 2n
uncertainties translate to the Vi

o i) Relevant uncertainties.
systems?
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nn>
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1970 1975 1980 1985 1990 1995 2000 2005year

assume
Alfann(*So)] ~ 3% ~ Alan (P))]

*E. S. Konobeevski* , Yu. M. Burmistrov, S. V. Zuyev, M. V. Mordovskoy, and S. I Potashev, Phys. At. Nuc., 73, 8, (2010)



SEARCH FOR A STABLE NEUTRON CLUSTER.

How do significant ?n

uncertainties translate to the Vi
systems?

ii) Appropriate parameterization of A(%n).
PIEPER, PANDHARIPANDE, WIRINGA, AND CARLSON

PHYSICAL REVIEW C 64 014001
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(A4)
R. B. WIRINGA, V. G. J. STOKS, AND R. SCHIAVILLA 51
IV. PROJECTION INTO OPERATOR FORMAT vi= 3 uplris)0% . (25)
pTas
We can project the strong interaction potential given ~ Here the first 14 operators are the same charge-
above from S,T,T, states into an operator format with independent ones used in the Argonne vy4 potential and
I 18 terms are given by
A=zl |
S = 1,7y, 04005, (04:05) (TiT5), Sy Sig(TioT;), LS, L-S(rim)),
* L2, L3 (7i-7j), L*(03-05), L (04 03) (i75), (L-S)?, (L-8)*(7y-7;)
and

. (26)




SEARCH FOR A STABLE NEUTRON CLUSTER.

How do significant ?n
uncertainties translate to the

systems? .
v ii) Appropriate parameterization of A(?n).

For %,,,, — 0, use EFT(7t):

7 " " A 2 A A,fz(rzﬁﬂ'z)
Hnuc] _Z 2m +Z[ PS:O+C§"\PS:1} N U+ Z Zd (1/2_1/67-1 T]) AR
i<j i<j<kcyc
A N A2 2
+ Y Pr— [€1 L-S+ep Sij} e &
i<j

(E F. Bedaque, J.-W. Chen, H. W. Hammer, D. B. Kaplan, U. van Kolck, G. Rupak, M. J. Savage (199x-201y))
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ili) Most susceptible Nu observables.

Exclusion of components.

2 consequences of anti-symmetrization . K . .
Sign inversion of effective interactions.
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Y

Lore — |’ of ground state maximizes the number of configurations in minimal
angular-momentum states with attractive pair and effective interactions.

A bound state has no overlap with a basis state which contains repellent — assuming E-independence — substructures.”



IsOSPIN SYMMETRY.

EFFECT OF A (NON-PERTURBATIVE) TENSOR INTERACTION: neutron-neutron vs. proton-proton

Opp [Deg]
0.6 , . P
! Il /”
./, .
0.4 A
7 v ,/’
v/ e
0.2 A -
Vs ,”
© Eem. [MeV]
RN 2 3 4
\\\ - 3P2
02 % - oy
N
N - - 3Py
—0.4 \‘. - - 3P 43P 43P

i) Comparison between PWA (- - -) and EFT(jt) (tetra-neutron critical, —) :

Seemingly small difference in low-energy P-wave phase shifts.

T Workman, Briscoe, Strakov sky, NN PWA, PRC (2016)



IsOSPIN SYMMETRY.

EFFECT OF A (NON-PERTURBATIVE) TENSOR INTERACTION: deuteron & neuteron

10 -
—3P, - 3F, (nn)

_SSI —3D1 (np)

“n unbound
2 h B
| —
' “4n bound
| Lol TR T L Ll

0.1 1 10

€tensor

i) Coupled “low-L” neutron-proton system most e-sensitive;
ii) Many “higher-L” pairs more sensitive than one;

iii) Hence, without Py, _1, the iterated tensor is inconsistent with B(np) = 2.22 MeV.



IsOSPIN SYMMETRY.

COMPARISON OF RENORMALIZATION SCHEMES: €spiv-ormrr ; Erensor » €L5+5;, & A.

27 0nn (°Py) [Deg]
4 T

e(S12+ LS)

2 €
. T )
N E(LS)
1 NN

N\ \\ D -~
NI CIPRU )

A R N e
SN EFT(#)

2 4 6 8 10
Eem. [MeV]
i) lim 6,,(P,contact) =0 but lim 8,,(P,e) = finite
A—oo A—o0

ii) The tetraneutron can be stabilized with an interaction with smaller impact on the
same 2-neutron partial wave.



STABILITY THROUGH INCREASING NEUTRON NUMBER.

COMPARISON OF CRITICAL INTERACTION STRENGTHS: dineutron & trineutron

—0.05  a(®Py) [fm?]
-0.10

Eo(®n) [MeV]

e xL-S
— o (0.515 L - 8§ — 0.115 Si2)

i) An increasing attraction in the relative nn P-wave binds the trineutron (J™ = %7)
before any P; dineutron.



STABILITY THROUGH INCREASING NEUTRON NUMBER.

COMPARISON OF CRITICAL INTERACTION STRENGTHS: dineutron & trineutron

2.5 T
X2
X2
X2 X2
201 mrmmmmmm oo g
=
L
w
~ 15 B
=
©
e 1.0 - Xo=mmms e Xo-———=X0
B N e Xr====x,
05 | I I | [
4 6 8 10 12
A [fm™]
X0 Jan-gs =0 X1 Jan—gs =1 X2 Jan—gs = 2

D
i) Effective 3P, — 1 interaction too weak to stabilize 31 before 21 ...



STABILITY THROUGH INCREASING NEUTRON NUMBER.

COMPARISON OF CRITICAL INTERACTION STRENGTHS: dineutron & trineutron

2.5
X2
X2
X2 X2
200 mmmmm e .
=
L
w
~ 15 *
=
©
e 1.0 - Xo=mmms e Xo-———=X0
B N e Xr====x,
05 | I I | [
4 6 8 10 12
A [fm™]
X0 Jan-gs =0 X1 Jan—gs =1 X2 Jan—gs = 2

- s
i) and for | = % , there is no contribution from a 3P, — # state.



STABILITY THROUGH INCREASING NEUTRON NUMBER.

COMPARISON OF CRITICAL INTERACTION STRENGTHS: dineutron & trineutron

2.5 T
X2
X2
X2 X2
20| mrmmmmmmeem oo g
=
L
w
~ 15 B
=
©
e 1.0 - Xo=mmms e Xo-———=X0
B N e Xr====x,
05 | I I | [
4 6 8 10 12
A [fm™]
X0 Jun-Ggs =0 X1 Jpn—gs =1 X2 Jun-Gs = 2

- s
i) and for | = % , there is no contribution from a 3P, — n state.

ii) The e disturbance cannot overcome the limit set by the multiplicity of a 3Py or
3P; dineutron in the %7 trineutron state.



STABILITY THROUGH INCREASING NEUTRON NUMBER.

COMPARISON OF CRITICAL INTERACTION STRENGTHS: dineutron & trineutron

2.5 T
X2
X2
X2 X2
200 mmmmmm e .
=
L
w
~ 15 *
=
©
e 1.0 - Xo=mmms e Xo-———=X0
B N e Xr====x,
0.5 =
4 6 8 10 12
A [fm™]
X0 Jun-Ggs =0 X1 Jpn—gs =1 X2 Jun-Gs = 2

- s
i) and for | = % , there is no contribution from a 3P, — n state.

ii) The e disturbance cannot overcome the limit set by the multiplicity of a 3Py or
3P; dineutron in the %7 trineutron state.

iii) A (RG) invariance.



STABILITY THROUGH INCREASING NEUTRON NUMBER.

COMPARISON OF CRITICAL INTERACTION STRENGTHS: triton & trineutron

T T
X1
B/3 - M- - - - - - - o ————m o ST B
__25f X1 -
<
hcl
w
~~ 20| ey s e X0
= X0 X0
]
=
£ 15 -
w
10F - B
| | | | |
4 6 8 10 12
A [fm™!]
X0 Jpn—gs =0 — Jnpn—gs =1

The stability of >H reflects the insignificance of relative P-waves
in its ground state.



STABILITY THROUGH INCREASING NEUTRON NUMBER.

COMPARISON OF CRITICAL INTERACTION STRENGTHS: trineutron & tetraneutron

O -
X0
— . 09| -
<
il X0
w
~— 081 N
— X0
<
o017l n
w 2/3 L B e |
X1
0.6 - N
X1 X1 X1
| | | | |
4 6 8 10 12
A [fm™!]
X0 Jan—as =0 X1 Jan—gs =1

The tetraneutron is significantly more sensitive wrt. P-wave attraction compared with
the trineutron.



STABILITY THROUGH INCREASING NEUTRON NUMBER.

COMPARISON OF CRITICAL INTERACTION STRENGTHS:

2.0

1.5

1.0

e[*He] / e [*N]

2/3

A<y & tetraneutron

T
,,,,,, [ R
[
[
= @
@
Y |
[al
o o o
Ol |
l l l l l
4 6 8 10 12
A [fm™!]

[1*He/*n  0%He/*n  =*He/?n

o ‘He/*H

Numerical refinements = Ae(A) < Ae(A’) < 0 for A’ < A.



EFFECTIVE 27’1 — 21/1 AND 37’1 — 1 INTERACTIONS

€ = “UNPHYSICAL” TO BIND THE FRAGMENTS.

0

1
Attractive nn 3122

imply effective trimer-fermion and dimer-dimer interactions =

Ground-state quantum numbers of *71.



EFFECTIVE 27’1 — 21/1 AND 711 — 11 INTERACTIONS

€ = “UNPHYSICAL” TO BIND THE FRAGMENTS.

3

15,

Attractive nn Py

imply effective trimer-fermion and dimer-dimer interactions =

Ground-state quantum numbers of *71.

150 150 3 Po 3Py

0®0]°®0° ) [[0®0]°+®2]2+ o enot? s o enot?
EERICIEE R > JT=2t 20 [BoslreBes]™ [Beil'oloi)]

0,1,2



EFFECTIVE 27’1 — 21/1 AND 37’1 — 1 INTERACTIONS

€ = “UNPHYSICAL” TO BIND THE FRAGMENTS.

1
Attractive nn 3;2 imply effective trimer-fermion and dimer-dimer interactions =

Ground-state quantum numbers of *71.

Jo=0,1(1,%) Jo =01 Je =9,1(1,%) Jo=1,2(2.%)
ey et neo!yt? neo!@yt? neo! @2
L1102 113 1 1 N 13 0,1(1,2) K 13 0,1(1,2) | 13 0,1(1,2)
[Bearedtos] [laosres]t¥es] ™ [osros]Ftos] " [Heosres)ttey]



EFFECTIVE 27’1 — 21’1 AND 711 — 11 INTERACTIONS

€ = “UNPHYSICAL” TO BIND THE FRAGMENTS.

3

1
Attractive nn 3122 imply effective trimer-fermion and dimer-dimer interactions =

Ground-state quantum numbers of *71.

.
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ey
3
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I
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Je=0,1(1,2) Je=9,1 Je=0,1(1,2) Je=1,2(2%)
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L. = odd inaccessible for bosons ~ | & (471) =0T

*D. S. Petrov, C. Salomon, and G. V. Shlyapnikov, PRL 93 (2004), P. Pieri and G. C. Strinati, PRB 61 (2000)



EFFECTIVE 27’1 — 21’1 AND 711 — 11 INTERACTIONS

€ = “UNPHYSICAL” TO BIND THE FRAGMENTS.

3

fermion-fermion attractive = dimer-dimer attractive:

lim D ~ *0.6

App /r—00 Apn

*D. S. Petrov, C. Salomon, and G. V. Shlyapnikov, PRL 93 (2004), P. Pieri and G. C. Strinati, PRB 61 (2000)



EFFECTIVE 27’1 — 21’1 AND 711 — 11 INTERACTIONS

€ = “UNPHYSICAL” TO BIND THE FRAGMENTS.

3

2-neutron attraction (assumed) insufficient for bound dimers.
= Detune to analyze V.

*D. S. Petrov, C. Salomon, and G. V. Shlyapnikov, PRL 93 (2004), P. Pieri and G. C. Strinati, PRB 61 (2000)
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EFFECTIVE “n — “n AND 1 — 11 INTERACTIONS

€ = “UNPHYSICAL” TO BIND THE FRAGMENTS.
Bosonic S-wave dimers:

0<app < am and —a~ ' =kcotd implies opp > O

- 1.01
0.90 |- S0
11.00
0.80 |- e
g 2 N o o099
§ 0.70 | o °
S ,
s {0.98
060 o
; H0.97
050
4‘1 é é 1‘0 1‘2 0-96
A [fm™!]
o dim (352) =08 O B const
o— Anyn =2 const.

*D. S. Petrov, C. Salomon, and G. V. Shlyapnikov, PRL 93 (2004), P. Pieri and G. C. Strinati, PRB 61 (2000)



EFFECTIVE

2y — 25 aAnD 3

€ = “UNPHYSICAL” TO BIND THE FRAGMENTS.

Bosonic P-wave dimers:

0<app < amy and —a ! =k cotd implies dpp
T 1.010
*
+1.005
- S, +1.000
______ N
|- O \\\
" +0.995
i o
| | |
4 6 8 10 1z 090
A [fm™!]

O lim, /q,,, -0 (ZDTS) =06 O— B(Zn) & const.

1n — n INTERACTIONS

> 6117!

3B(*n) MeV]



EFFECTIVE

€ = “UNPHYSICAL” TO BIND THE FRAGMENTS.

In [B('n)

2 3

n— 21/1 AND 711 — 11 INTERACTIONS

= %/1 SUSTAINS 2 BOUND STATES.

—_ ground state
—_— 1°* excited state

—— 2" excited, “2xdineutron” state
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Why is *1 not bound although the 2-2 interaction is more attractive than the 1-1,
which sustains a stable 2112



EFFECTIVE 27’1 — 21/1 AND 711 — 11 INTERACTIONS

€ = “UNPHYSICAL” TO BIND THE FRAGMENTS.

3

Why is *1 not bound although the 2-2 interaction is more attractive than the 1-1,
which sustains a stable 2112

For energies E(*11) > 2 x B(’n) other states could be accessible, e.g. ,
the 1 trineutron.
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EFFECTIVE “n — 21/1 AND 711 — 11 INTERACTIONS

€ = “UNPHYSICAL” TO BIND THE FRAGMENTS.

Why is *1 not bound although the 2-2 interaction is more attractive than the 1-1,
which sustains a stable 2112

For energies E(*11) > 2 x B(’n) other states could be accessible, e.g. ,
the 1 trineutron.

Such a channel increases the likelihood of a bound *7 if the trineutron-neutron
effective interaction is attractive in the L, which are relevant for 7 (*n) = 0% .
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EFFECTIVE “n — 21/1 AND 711 — 11 INTERACTIONS

€ = “UNPHYSICAL” TO BIND THE FRAGMENTS.

Why is *1 not bound although the 2-2 interaction is more attractive than the 1-1,
which sustains a stable 2112

For energies E(*11) > 2 x B(’n) other states could be accessible, e.g. ,
the 1 trineutron.

Such a channel increases the likelihood of a bound *7 if the trineutron-neutron
effective interaction is attractive in the L, which are relevant for 7 (*n) = 0% .

Nucleons in a m,; = 806 MeV universe provide a concrete example:

Nuclei from QCD — Nuclear data at m,; = 806 MeV



binding energy [MeV]|

30

10

ot

2 NUCLEONS AT m,; = 806 Msv.~>

singlet By (IS()) — -
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2) With our A-e parametrization, shallow N7 states are fine-tuned.
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[...] I SCORN THE MAN WHO IS NOT TRYING
ON HIS OWN WORK TO MEDITATE. [...]!

e(*n) [e(*n)]

T Friedrich von Schiller, The Song of the Bell (1798)
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At

Agit-neutron nucleus is
bound at nuclear scales

VM < Acrit :

the M-neutron is either
unstable or decoupled.



