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A Recent History
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Experimental claim of a bound tetraneutron from detection of neutron

clusters from “Be fragmentation.
~6 events!

2003 2005

2002



2003 2005

—

2002

No bound tetraneutron using 1) a dineutron-dineutron molecule
model and 2) a toy NN potential.
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2002

No bound tetraneutron using 1) a dineutron-dineutron molecule

model and 2) a toy NN potential.

Modern nuclear Hamiltonians cannot tolerate a bound tetraneutron.
But...
“This suggests that there might be a “n resonance near 2 MeV"




2003 2005
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2002

Complex scaling w/Reid 93 potential (NN only!)
Low-lying “n resonance not seen.
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2015 Future



A recent double-charge-exchange reaction SHe+;He — 9Be +"n

measurement at the RIKEN radioactive ion beam factory (RIBF) suggests a
tetraneutron resonance at 0.83+0.65(stat)+1.25(syst) MeV.

2016

—

2015 Future



2016

2015 Future

Complex scaling w/AV8' potential +

toy T =3/2 3N interaction. Low-lying “n
resonance only possible If other well-known
resonance structure in light nuclel are
strongly perturbed.




2016

2015 Future

Complex scaling w/AvV8' potential + No-Core Shell Model + Single-State

toy T =3/2 3N interaction. Low-lying “n
resonance only possible If other well-known Scattering equations. Compelling
resonance structure in light nucler are A g

strongly perturbed. 0.8 MeV with JISP NN interaction.

Harmonic Oscillator Representation of




NP1406-SAMURAIO.
SHe(p, pa)“n
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“‘Many-neutron systems:
search for superheavy 'H
and Its tetraneutron

decay,” NP-1512-
NP1406-SAMURAI9. SAMURAI34.
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“Tetraneutron
Many-neutron systems: resonance produced by

search for superheavy "H exothermic double-charge
and Its tetraneutron exchange reaction,” NP1512-

decay,” NP-1512- SHARAQ10
NP1406-SAMURAI1O. SAMURAI3G. =19
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“ “Tetraneutron
Many-neutron systems: resonance produced by

search for superheavy "H exothermic double-charge
and Its tetraneutron exchange reaction,” NP1512-

decay,” NP-1512- SHARAQ10
NP1406-SAMURAI1O. SAMURAI3G. =19
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—

2015 Future

Initial efforts using Quantum Monte Carlo calculations with chiral interactions.
(This talk!)




Quantum Monte Carlo Methods

Chiral EFT

- Three-Nucleon Interactions
Fitting cp and ce

Few-body resonances



Quantum Monte Carlo (QMC) Methods




QMC Methods

QOMC methods In two lines:

HIW) = E|W)

lim e |Wr) - [Wo)

T— 00

OMC methods in more than two lines:

J. Carlson et al, RMP 87, 1067 (2015).



OMC Methods - Variational Monte Carlo (VMC) Method

1. Guess a trial wave function Wrand generate a
random position: R=rq,ry,...,ra.

2. Use the Metropolis algorithm to generate new

positions R" based on the probability P = 'ﬁz((i'))“j.

(Yields a set of “walkers” distributed according to
Wrl2).

3. Invoke the variational principle: Ey = %'TTLLL':;) > Ep.



QMC Methods - Diffusion Monte Carlo Method

- The wave function Is imperfect: |Wr) =37, a;|W¥;) .

- Propagate in Imaginary time to project out the
ground state |Wy) .

W(r)) = e "7 |wy)
= e BT [Wo) + Y e EBFoT W) ],

1#+0



QMC Methods - Diffusion Monte Carlo Method

- The wave function Is imperfect: |Wr) =37, a;|W¥;) .

- Propagate in Imaginary time to project out the
ground state |Wy) .
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The Hamiltonian

Of course, the nuclear Hamiltonian 1s complicated.

A p2 A
H = Z—’+Zv,j ZV,/,?+

(=1 Zm/ I<J I</<R

Where should 1t come from?



Chiral EFT




Chiral EFT

NN NN - Chiral EFT: Expand In
powers of Q//\p.

o o) | X} - Q ~ My ~ 100 MeV

Ap ~ 500 MeV

wo  of2) - - Long-range physics:
t‘ | 7 1m exchanges.

N2LO O(A%)3

+:)| {“:‘ H‘ - Short-range physics:
X‘ >|< Contacts x LECs.

- Many-body forces &
currents enter
systematically.

N3LO O(A—Qb)4




Chiral EFT

Local construction possible! up to NLO.

Definitions.
q=p-p,k=p+p

Regulator:

]"'(p7 p’) — e—(P//\)ne—(P,//\)n

Contacts:
o< @ and k

A. Gezerlis et al, PRL 111 032501 (2013); JEL et al, PRL 113 192501 (2014): A. Gezerlis et al, PRC 90 054323 (2014)



Chiral EFT

Local construction possible! up to NLO.

Definitions.
q=p-p,k=p+p

Regulator:
f(p.p) =e=tpHr = /N
> fiong(r) = T—e (7R)" . Ry =1.0,1.1, 1.2 fm.
Contacts:
_ocg-ate R

— Choose contacts o g (As much as possible!)

A. Gezerlis et al, PRL 111 032501 (2013); JEL et al, PRL 113 192501 (2014): A. Gezerlis et al, PRC 90 054323 (2014)



Three-Nucleon Interactions




Three-Nucleon Interaction




Three-Nucleon Interaction

. >~ Jucson-Melbourne a’ Term

- —~ FujIta-Miyazawa




Three-Nucleon Interaction

FL ¢--w--¢ » >~ Tucson-Melbourne a’ Term

FJ ¢--w--¢ + >~ FuUjita-Miyazawa

J >< - — Trm-Exchange + Contact




Three-Nucleon Interaction

FL ¢--w--¢ » >~ Tucson-Melbourne a’ Term

FJ ¢--w--¢ + >~ FuUjita-Miyazawa

J >< - — Trm-Exchange + Contact

J3 >< - — Contact




Fitting cp And ce




Choosing Observables

What to fit cpand cgto?

- Uncorrelated observables.
- Probe properties of light nuclei: *He Eg.

- Probe T =3/2 physics: n-a scattering phase shifts.
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JEL et al, PRL 116, 062501 (2016)




Uncertainty ana
E. Epelbaum et al, EP,

A simultaneous description of properties of light
nuclel, n-a scattering and neutron matter is possible.

YSIS as In

Y NLO

[ | & N2LO(D2,En) [|"
1F | ™= Exp. 1

\ \
SH SHe ‘He

A51 53 (2015).
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JEL et al, PRL 116, 062501 (2016)



Few-Body Resonances




Neutrons Iin A Trap

We confine the neutrons in an external potential.
h2
H=—ZZ—V,-2+ZVvvs("/‘)+ZVU+ > Viik,
- <M i i<j i<j<k

|
Vs (r) = Vo/[1+ eRus)/a7  fixed diffuseness a = 0.65 fm

5 (): ® /] neutrons
F| ® 3 neutrons

—1.0F
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Neutrons Iin A Trap

We confine the neutrons in an external potential.

h2
H== 0o =V + 3 Vius(r) + v+ 3 Vige
|

| I<J I<J<R

Vs (r) = Vo/[1+ eRus)/a7  fixed diffuseness a = 0.65 fm

. C h <l gl ] g cu tOff/ ‘[ ® /4 neutrons ]
2.0F o
Fremaova |_ Of 3 N ® 3 neutrons
Interaction gives

Indistinguishable T
results. T E
= 20} E
+ E3, = 11(2) MeV, _3.0f =
Eu, = 21(2) MeV. _40F, =
5.0 : Rws = 7.5 fm B

- 3n resonance lower B A
—6.00— RV &S

than “n resonance. V035 30 25 —20 15 10 =05 0.0
Vo (MeV)




A Two-Body Test

A simple S-wave potential:

Y. s N2
v(r) = vie () 4 v,e (%)
Vi =-1000 MeV, Ry = 0.4981 fm,
/5 = 865 I\/Ie\/, R, = 0.2877 fm, r» =0.99/2 fm

V(r) (MeV)

—
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A Two-Body Test

A simple S-wave potential:

r b,

V(r) = qu_(ﬁ)z + Vze_( R2 I

Fr =1.84 MeV, T = 0.282 MeV

7T | | |

4m — ———




A Two-Body Test

A simple S-wave potential + Woods-Saxon:

r—ry )2

V(r) = qu_(é) + Vze_( R2

Vs (r) = Vo/[1+ eRus)/a7  fixed diffuseness a = 0.65 fm
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A Two-Body Test

A simple S-wave potential + Woods-Saxon:

r—ry )2

V(r) = qu_(%) + Vze_( R2

Vs (r) = Vo/[1+ eRus)/a7  fixed diffuseness a = 0.65 fm

T T T 7‘
. ' m Rws=301fm
- Different Woods- ~0f = el
Saxon radii: LOE o Rys—175fm
Independence of trap 1=
geometry. g
5—2.():
- Extrapolations give 30
1.83(5) MeV. (Compare 0f -
tO 1.84 Me\/). _[_)() —().3—().2—()‘..; (()\;)(\(;l 0.2 ().3_;
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One-Body Densities

- The *n and “n systems are very dilute.

- 3n and “*n systems show different short-distance
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Helium Chain

That 3n Is lower than “n Is not an artifact of the
Woods-Saxon potential.

In helium chain, *n Is always higher than “n.

L Rws = 2.5 fm, V; = —20 MeV
+
3 0L 9 Rws =25 1fm, V= —-25MeV

E 4 Rws =3.0fm, Vj = —16 MeV
6.0H ¢ Rws =3.0fm, Vj =—-17 MeV

= 4.0F h
g 2.0 —
€9 :
| L
00 W .
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Cold Atoms Connections

Extrapolated energies for 3n and “n are consistent

with scaling like the number of pairs. £ ~ 240

Mean-field mteracUon of dilute gas of spin-1/2
fermions: Eur/A = mﬁ(/?/:a) ~ A = Epe ~ A’

Cold atomic gas experiments could determine If
one-body density behavior 1s governed by large-
scattering-length physics or details of nuclear
Interactions.



- A recent experiment suggests the possibility of a
low-lying tetraneutron resonance.

- More experiments are needed (Coming soon!)

- Chiral two- and three-nucleon interactions at N“LO
support a tetraneutron resonance at 21(2) MeV
compatible with the experimental claim.

- A trineutron resonance might be lower in energy
than a tetraneutron resonance and therefore might

be observable as well.

- Glven the diluteness of the systems, connections to
cold atomic gas experiments are possible.




- A recent experiment suggests the possibility of a
low-lying tetraneutron resonance.

- More experiments are needed (Coming soon!)

- Chiral two- and three-nucleon interactions at N“LO
support a tetraneutron resonance at 21(2) MeV
compatible with the experimental claim.

- A trineutron resonance might be lower in energy
than a tetraneutron resonance and therefore might

be observable as well.

- Glven the diluteness of the systems, connections to
cold atomic gas experiments are possible.

Thank you for your attention!




