Few-Neutron Resonances From Chiral EFT
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Motivation
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The Nuclear Landscape
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Extending The Nuclear Landscape
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What Can Theory Offer?

Nuclear theory has experienced a renaissance in the
nast few decades thanks (in part) to two developments.

1. Advances in ab initio many-body methods.

2. Chiral effective field theory (EFT) for nuclear
Interactions.




What Can Theory Offer?

Nuclear theory has experienced a renaissance in the
nast few decades thanks (in part) to two developments.

1. Advances in ab Initio many-body methods.

work with protons + neutrons

2. Chiral effective field N
inte ractiong. controlled approximations



Reach Of Ab Initio Methods
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Chiral EFT

If probed at high energies,
substructure Is resolved.

At low energies, details are
not resolved.

Can replace fine structure
by something simpler
(think of multipole
expansion): low-energy
observables unchanged.

Physics of Hadrons
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Chiral EFT

Physics of Hadrons

If probed at high energies,
substructure Is resolved.

At low energies, details are
not resolved.

Can replace fine structure
by something simpler
(think of multipole
expansion): low-energy e
observables unchanged.

5
E
=
5
8
2,
&

Collective Coordinates



Chiral EFT

" NN - Chiral EFT: Expand In
powers of Q/Ay.
o o) X H - Q ~ My ~ 100 MeV
Ap ~ 500 MeV
o o(g) >< - - Long-range physics:
t}‘ | P T exchanges.
o o) +ID| +121‘ H‘ - Short-range physics:
Ab L X‘ >|< Contacts x LECs.
4 - Many-body forces &
o o) currents enter
systematically.

Weinberg, van Kolck, Kaplan, Savage, Wise, Bernard, Epelbaum,
Kaiser, Machleidt, Meil3ner....



Chiral EFT - Some Highlights

New developments in
power counting (van Kolck,...)
uncertainty quantification (Furnstahl, Epelbaum,...)
optimization (Ekstrom, Forssén,...)

pushing the limits - latest interactions are up to
next-to-next-to-next-to-next-to-leading order!
(Epelbaum, Krebs, MeifRner, Machleidt, Entem,...)

Including A degrees of freedom (van Kolck,
Piarulli, Ekstrom, ...)



Sensitivity Of Neutron-Rich Nuclei To Interaction

Excellent
agreement _i T T T T T T T T T
between different B0k - ysen -
methods. _wf g :
2 _1s0 g g
Very nice 2 0 = neutron -
agree ment with %160 |- driplne _:
xperiment (for a £ [ o MRIMSRG 5 * 0 -
speuﬁc 70 2 ggngSM E
IﬂteraCthﬂ) _180 :_ A - AMEZOIZ_—
£ | | l | I | | | | I B
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Drlpllne Very Mass Number A

Se nS |t|ve to NNN adapted from K. Hebeler et al., Ann. Rev. Nucl. Part. Sci. 165, 457

Interaction. (2015)



The Nuclear Landscape

- How does the complexity of
nuclear structure arise from
the Interaction between
nucleons?

- How and where In the universe
are the chemical elements

110 -

100 +

90 1

80 1

70 1+

7 1
» produced?
50 + :
- What are the properties of
40 1 z
nuclear matter in compact e
1 stellar objects? beta:
20 T+ -1 p
ool 1
10 + _rrr _______ glpha
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170

www-nds.iaea.org N



http://www.nds.iaea.org

| T .
The Nuclear Landscape anSSes & B BB
EEAEEE = EEEes




1 1]
The Nuclear Landscape ..555535 i“
-..--'- - .

r-
-

->

Few-neutron states?



Four Neutrons: A Recent History



2003 2005

—

2002



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.




2003 2005

—

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

—

2002

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



K. Kisamori et al.,, Phys. Rev. Lett. 116, 044006.
A recent double-charge-exchange reaction SHe+3He — $Be +"n

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

Double-charge-exchange reaction
“He + 5He = ?Be + 'n

@ Proton
# Neutron

APS/Alan Stonebraker



K. Kisamori et al.,, Phys. Rev. Lett. 116, 044006.
A recent double-charge-exchange reaction SHe+3He — $Be +"n

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

Double-charge-exchange reaction
“He + 5He = ?Be + 'n

& -

8He

@ Proton
# Neutron

Measured

APS/Alan Stonebraker

Know Pg,,., Pa, P, @and Py« Py
Calculate “missing mass” spectrum of “n.



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.
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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.

Relatively low statistics: More data needed!
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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.
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2016

2015 Present/Future

Complex scaling w/AV8’ potential +
toy T = 3/2 3N interaction. Low-lying 4n

resonance only possible If other well-known
resonance structures in light nucler are
strongly perturbed. See Emiko Hiyama’s
talk, Friday 9:40.




2016

2015 Present/Future

Complex scaling w/AV8’ potential + .
toy T =3/2 3N interaction. Low-lying 4n No-Core Shell Model + Single-State

resonance only possible if other well-known HORSE. Compelling conﬁrmation of a 4n
resonance structures in light nuclei are resonance at 0.8 MeV with JISP NN
strongly perturbed. See Emiko Hiyama's interaction. See Andrey Shirokov's talk,
talk, Friday 9:40. Thursday 9:40.




NP1406-SAMURAITO.

SHe(p, pa)“n

c.f. Tom Aumann’s talk,
Monday 17:00.
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2015 Present/Future



“Tetraneutron resonance
produced by exothermic

NP1406-SAMURAIT9. double-charge exchange
reaction,” NP1512-

8 4
He(p, pa)™n SHARAQ10. c.f. Shimoura-

c.f. Tom Aumann’s talk, San’s talk, just before.
Monday 17:00.

e
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“Tetraneutron resonance “Many-neutron systems:
produced by exothermic search for superheavy 'H

i double-charge exchange and Its tetraneutron decay,’
NPI506-SAMURANS. reaction” NP1512- NP-1512-SAMURAI34. See

SHe(p, pa)*n SHARAQTO. c.f. Shimoura- Miguel Marqués’s talk,

c.f. Tom Aumann’s talk. San’s talk, just before. Thursday 9:00,

Monday 17:00.

—

2015 Present/Future



“Tetraneutron resonance “Many-neutron systems:
produced by exothermic search for superheavy 'H

i double-charge exchange and Its tetraneutron decay,’
NPI506-SAMURANS. reaction” NP1512- NP-1512-SAMURAI34. See

>He(p,pa)*n SHARAQTO. c.f. Shimoura- Miguel Marqués’s talk,
c.f. Tom Aumann’s talk, San’s talk, just before. Thursday 9:00,

Monday 17:00.

Present/Future

-Initial efforts using Quantum Monte Carlo calculations with chiral interactions.
(This talk!)
-See talk by Sebastian Konig, Thursday 10:50, for finite-volume ideas.
-See talk by Stefan Alexa, Thursday 17:00, for more on the HORSE method.
-See also recent work by K. Fossez et al. PRL 119, 032501 (2017), and A. Deltuva
arxiv: 1801.02919 [nucl-th].




Quantum Monte Carlo Methods
Local Chiral EFT

- Three-Nucleon Interactions
Few-body resonances

Outlook and Conclusion



Quantum Monte Carlo (QMC) Methods




OMC Methods - Variational Monte Carlo (VMC) Method

1. Start wit
random

N a trial wave function Yrand generate a

DOSItiIoN: R=1rq,ry,...,I4.

2. Metropolis algorithm: Generate new positions R’
1k _ [Yr(R)I’ X
based on the probability P = s, —> {ﬂ}

3. Invoke the variational principle: Er = riPr) S F,.

(Wr|¥r)



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) .

W(T)) = e Ty
_ e_(EO_ET)T[O(O ‘qJ()) n =(Ei—E ’C?’J]

10

T— 00

W(T) — [Wo) .



QMC Methods - An Example

Trial wave function; e.g.

Wr(x) = v/30x(1-x).




QMC Methods - An Example

Imaginary-time evolution:

T =0.00
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7 (1/ Esep) .



QMC Methods - An Example

Imaginary-time evolution:

T=0.25
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QMC Methods - An Example

Imaginary-time evolution:

T=0.50
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QMC Methods - An Example

Imaginary-time evolution:

T=0./5
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QMC Methods - An Example

Imaginary-time evolution:

T= 1.00
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QMC Methods - An Example

Imaginary-time evolution:

T=1.25
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QMC Methods - An Example

Imaginary-time evolution:

T=1.50
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QMC Methods - An Example

Imaginary-time evolution:

T="1.75
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QMC Methods - An Example

Imaginary-time evolution:

T=2.00
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QMC Methods - An Example

Imaginary-time evolution:

T=2.25
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QMC Methods - An Example

Imaginary-time evolution:

T=2.50
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QMC Methods - An Example

Imaginary-time evolution:

T=2./5
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QMC Methods - An Example

Imaginary-time evolution:

T=3.00
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QMC Methods - An Example
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Local Chiral EFT




Chiral EFT

Local construction possible! up to N“LO.

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

Regulator:

]"'(p7 p’) — e—(P//\)ne—(P,//\)n

Contacts:
o< @ and k

1A. 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 N“LO.

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!)

1A. 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




Choosing Observables

What to fit cpand cgto?

140 ————————————————
[ v NLO
Uncorrelated observables. 1] ° N0 2B |
¢ N2LO (D2,EP) ||
100 - = R—matrix _

Probe properties of light
nuclei: “He Eg.

_80f

J (deg.

60/

Probe T =3/2 physics: n-a 402
scattering phase shifts. x|

JEL et al, PRL 116, 062501 (2016)



A simultaneous description of properties of light
nuclel, n-a scattering and neutron matter 1s possible.
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3n, 4n Resonances
S. Gandolfi, H.-W Hammer, P. Klos, JEL, A. Schwenk, PRL 118, 232501 (2017)




Simulating Unbound Systems?

QMC methods are ideal for simulating bound states.

What can we learn about unbound systems from a
bound-state method?



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:
- \2 e N\ 2
v(r) = Vie (7)1 1,6 (7))

Vins (1) = Vo/[1+ e!Rue)/e]

3.0
~ F[® Rws=30fm]
2.0 B m Rws=4.51m
| m Rws = 6.0 fm

B Rwys=751m

l() 1 : 1 Il Il |> -
—0.3-0.2-0.1 0.0 0.1 0.2 0.3 7
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A Two-Body Test

A simple S-wave potential + Woods-Saxon:

r—ry )2

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

Vs (r) = Vo /[1+ e(—Rws)/a]

B T e 7‘
. Different Woods- 208 = Run= 156
Saxon radii: LB 2 Rae— 75 6m
Independence of trap I =
geometry. g
5—2.():
- Extrapolations give 30
1.83(5) MeV. (Compare 0f -
to 1.84 MeV). ) T

| N I —




Neutrons Iin A Trap

Now confine 3 & 4 neutrons In the external potential.

/’72
H= =2 =i+ > Vius(r) + Do v+ 2. Vi,
|

~2m

/ 1< I<J<R
;:3.() C 1 1 1 l 1 1 1 1 l 1 1 1 1 1
F 5 4 neutrons k=
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o F Vo z & 2.0 e ;
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—5.0F & E . =
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Neutrons Iin A Trap

Now confine 3 & 4 neutrons In the external potential.

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

| I<J I</<R

3.0 . _
9 ()E ® 4 neutrons G5 E4I’) 21(2) I\/\eV,
F| ™ 3 neutrons 1 E3 = 1] (2) MeV.
LOE P =D, "
0.0F e w - + 3n resonance lower
= —LOF e A = than 4n resonance!
.;.Q* _2.()5_ Rws = 4.5 f'11/1/./'/f’;:" o e z - .
E/%O /!45 Y P— L ) Chang”ﬁgCUUﬁT/
I I T T R removal of 3N
LT il A e S interaction gives
—5.0F » . DT S ORI C e :
_eob Rie=75mm __ f1l 0™ ] indistinguishable

T A A T T results.
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One-Body Densities

The 3n and “n systems are very dilute.

3n and “n systems show different short-distance

structure.
()-()12 I I T I T I I I T T I ] T T T ] I T T .
| s 3n Vp=—-3.0MeV |,
o Rws = 6 fm ¢ 3nVp=—1.5MeV
0.010 % TV 8 4nVp = —3.0 MeV []
T " \- ¢ 4nVy=—1.5MeV |-

0.008 " L -
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One-Body Densities

The 3n and “n systems are very dilute.

3n and “n systems show different short-distance
structure.

()-()12 I I 1 l 1 I I l 1 1 I ] 1 1 1 ] I 1 1 .
! s 3n V= -3.0MeV ||
i .+ Ryws = 6 fm ¢ 3nVp=—-15MeV
A b 4nVp = —3.0 MeV
Wy iV, = —1.5 MeV |-




One-Body Densities

The 3n and “n systems are very dilute.

3n and “n systems show different short-distance

structure.
3N l )
0.012————————F——————————T———— ,.
! s 3n V= -3.0MeV || X r
n® Rws =6 f ¢ 3nVy=—15MeV —
! 010%' wsm R # 4dn Vp = —3.0 MeV]
: ! = —1.5 MeV |-




Helium Chain

That 3n 1s lower than 4n I1s not an artifact of the
Woods-Saxon potential.

In helium chain, 3n i1s always higher than “n.

| | |
[| -9 Rws =2.5fm, Vj =—-20MeV
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 —
& I
I i y
0.0k —~
= L He
—2.0F .
—4.0F SHe —
—6.0

2 3 4 D 0
n (neutron number)



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.



S-Matrix Poles

Future work with S. Konig, S. Dietz, and H.-W.

Hammer: Tracing the pole in the S matrix and

analytic structure of the S matrix for 3n from
pionless EFT.
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- An exciting time in nuclear physics thanks to new
experiments, advances in many-body methods, and
chiral EFT.

- A recent experiment suggests the possibility of a
low-lying tetraneutron resonance. (More
experiments are needed: Just walting on analysis
now!)

- Chiral two- and three-nucleon interactions at NLO
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.



Acknowledgments

Collaborators Computational resources
- S. Gandolfy, an
» Los Alamos
J ] Ca rlSO N NATIONAL LABORATORY
Hessisches Kompetenzzentrum
P K[ fur Hochleistungsrechnen
- P. Klos,
>. Konig B, o
H ._W. H amme r’ 97> DARMSTADT
A. Schwenk
INSTITUTE for
° | T@\/\/S NUCLEAR THEORY

- A. Gezerlis %%XEE%I{T Y




Acknowledgments

Collaborators Computational resources
- S. Gandolf, Al
» Los Alamos
J. Carlson NA“ONA:;}:?’:)RATORY

Hessisches Kompetenzzentrum
fur Hochleistungsrechnen

- P. Klos,
S. |<On| ’ AC)A TECHNISCHE e
o o s 0 JULICH

. . a m m e r) FORSCHUNGSZENTRUM

A. Schwenk

. | T@\/\/S :{NUSCTngﬁtII;rETI:(E;)RY

. : UNIVERSITY
A. Gezerlis oGUELPH

Thank you for your attention!



