R. Machleidt, University of Idaho




PUTIINE

®MThtroduction
SASOn 1e misconceptions concerning (chiral)
- nuc ear forces

= ‘*_J= ﬁat’s next? The chiral expansion at
'N4LO

- ; "1 Outlook

:
-"
—_“— e....'

—

N4LO
R. Machleidt TRIUMF, Feb. 18, 2015 2



-

Ory. and current status of chiral nuclea

-a .
PESIHCER Oy ears, the idea ofiusing chiral EET for:the derivation of
nyel=zr for CES I ": ound (Weinberg, ve N\ Th e

WAV ETIZkne wn In this community, and I will not repeat them.
aoince 10+ / ars, quantitative chiral NN potentials exist up to
Netior

With the i)'_é‘tentials (+chiral 3NFs), numerous exact few-body

andrab ri‘ tio many-body calculations have been performed---with
- Ssome ¢ uccess. But there are also unsolved problems.

S=] afa?e therréasons for the open problems?

.?:‘b—'

-

(o 1€ Areé b\

9—-
=. Th‘er'Gurrent nuclear forces may be still deficient.

o _Thus, the current research on nuclear forces is characterized by
~ attempts to improve those forces.
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1tials with local cutoffs never go to zero on-

lIland; thus, the phase shifts grow forever.
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and, thus, the phase shifts grow forever.

ey

Al EFT is an expansion in momenta. What
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Blue curve: The piece that a local regulator cuts out of OPE,
Fourier transformed into momentum space.

Dashed curves and red curve: Approximating the blue curve by
contacts of various powers as denoted.
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- Myth #3:

Wrong!

—

SRUtoffs generate powers of momenta beyond the
given order; the coefficients don’t matter (as long
asithey are natural). Local vs. non-local differ only
Jy those coefficients:

e
T i

= ‘J:- fnonlocal(plap) = exp[ (p//A) et _( /A))n]

f' - on

flocal(Q) = GXI)[ /A ]

2 P2 5! .5
~ 1-— <>+(K> — 2 e

with ¢=p’ — p, the momentum transfer; ¢ = [¢].
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rong!

SEBGthare equally good or bad. Use what works
pest for y ou.
— In sna \ @L M, locals seem to work better

(J\JJ‘J f FBS 41, 117 (2007)).

_—. l---b

=

:::* Wéd bad convergence (Hagen et al., PRC 89,
—— '014319 (2014)).

—
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Using data

Idaho N3LO Idaho N3LO Bochum
500 600 N3LO
550/600

1.1 1.2 1.3

Using phase 2.2 5.3 2.1
shifts
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> HJ:).[ he craziest NN potential can
i one data set.

e pomt is to fit all 5000+ NN
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=Valuate current status. =
A1 /rn g:lef.t.;o do theW

ess?

— -

—
s
et

SRlirrent status: 2NFs and 3NFs up to N3LO are
ap) J)JJdJ n nuclear few- and many-body systems.

2 dn ¢ gENE al, quite a bit of success, but some
JJ:,W ent problems remain.

e few-body sector: Ay puzzile, N-d break-up,
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N-d A, calculations by Witala et al.
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chiral N°LO + 3NF N°LO (nn+D+E)
— chiral N'LO + 3NF N°LO (nn+2n1nt+D+E)

— chiral N'LO
¢ TUNL nd data
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cvaluate current status. —
Anything left.to do inithe nu “forc

ness?

— -

e

J _a—t'us: 2NFs and 3NFs up to N3LO are
dppliediin nuclear few- and many-body systems.
SBIn general, quite a bit of success, but some

J) IS |§fent problems remain.
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Calculeﬁiné the properties of using
— chiral 2N and| 3N forcesy ——

“No-Core Shell Model “
Calculations by P. Navratil et
al., LLNL
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Ca|CU|éiin§ the properties of light nucleifusing
— chiral 2N and| 3N forcesy ——

“No-Core Shell Model “
Calculations by P. Navratil et
al., LLNL

— 2N (N3LO)
R. Machleidt TRIUMF, Feb. 18, 2015 force only




CaIcuIZﬁn‘gihe properties oflight nuclei using
chiral 2N and 3N forces

-

o

“No-Core Shell Model
Calculations by P. Navratil et
al., LLNL

2N (N3LO)

+3N (N2LO) U 2N (N3LO)
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valuate current status.  ——
Anything left to,do in: the-nuW

hess'-’

> (“_md; status 2NFs and 3NFs up to N3LO are
applied in nuclear few- and many-body systems.

> 1n ge éral, quite a bit of success, but some
p- lstent problems remain.

ff:.- B n the few-body sector: Ay puzzle, N-d break-up,

—

—

f

Al \'\\ '.l;
g *_ \*

ght nuclei: Spectra not perfect.
Intermediate nuclei: Overbinding.

s R
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round-state energies from O-16 to Sn-132 obtained in CC with 2NF + 3NF
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FIG. 5: (Color online) Ground-state energies from CR-CC(2,3) for (a) the NN+3N-induced Hamiltonian starting from the N*LO and N>LO-
optimized NN interaction and (c) the NN+3N-full Hamiltonian with Asy =400 MeV/c and Asy = 350 MeV/c. The boxes represent the
spread of the results from a = 0.04 fm* to @ = 0.08 fm*, and the tip points into the direction of smaller values of @. Also shown are the
contributions of the CR-C(C(2,3) triples correction to the (b) NN+3N-induced and (d) NN+3N-full results. All results employ 72Q = 24 MeV
and 3N interactions with E3,,c = 18 in NO2B approximation and full inclusion of the 3N interaction in CCSD up to E3,, = 12. Experimental
binding energies [32] are shown as black bars.

From S. Binder et al.,
N4LO

PLB 736, 119 (2014).
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valluate current status. =
Anything left.ito.do in-the«uW
~ business?

rurren "sté‘tus: 2NFs and 3NFs up to N3LO are
dppliediin nuclear few- and many-body systems.

SBIn general, quite a bit of success, but some

persistent problems remain.

=]

—

;‘:'“tﬁe few-body sector: Ay puzzle, N-d break-up,

- o Intermediate nuclei: Overbinding.

e Convergence of the chiral expansion in the many-
body system?
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my-order convergence ??7?

Nuclear Matter Neutron Matter
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From
F. Sammarruca et al.,
arXiv:1411.0136.
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valluate current status. =
Anything left.ito.do in-the«uW
~ business?

rurren "sté‘tus: 2NFs and 3NFs up to N3LO are
dppliediin nuclear few- and many-body systems.
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Because of the problems ]ust demonsj@
mprovement of curr uCIea call¢=.:a'!oI r

—

.rJ“ . 7

J GJ‘ o next order!
| at is: Turn to N4LO.

— ‘-“,-

: —What can we expect from N4LO?

- f Does N4LO have anything to offer
_.'- - j we were not offered before?
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2N Force 3N Force 4N Force

o X

NLO X :\_/:’ "::\‘
(Q/NAx)? [{ ----- 1

_____
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2PE_J/ \oPE-1PE/ \ Ring / Contact-1PE__Contact-2PE__

e A, U . U .




2N Force 3N Force 4N Force
S L.O

@/n >< H

Ioop graphs 5 topologies | Krebs et al. (2012, 2013)

g

2PE_J/ \oPE-1PE/ \ Ring / Contact-1PE__ Contact-2PE__
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2N Force 3N Force 4N Force

1-loop graphs 5 topologies | Krebs et al. (2012, 2013)

(Gl

2PE_J/ \oPE-1PE/ \ Ring / Contact-1PE__ Contact-2PE__

3NF contacts

at NALO
Girlanda, Kievsky, Viviani, PRC 84, 014001 (2011)

ki = pi — p; and Q; = pi +p’, pi and p! being the initial and final momenta of nucleon 4, the potential in momentum
space is found to be

V = Z [—Elkg — E2k?'ri . TJ' o E;;kfai 0 U‘j = E4k§0‘1' -O'J’Ti D Tj
i#j#k

—E; (3k; - oik; - 0 — kl) Eg (3k oki-o; —k))Ti - T;

+gE7k,-><(Qi—QJ) (oi+0;)+ Eg X(Qi—=Qj):(oi+0o;)T; T

—Egk-,' ! O'ikj ) O'j o El()k,'_ : U,’kj . U'jT,' : Tj 3



The 3NFs at N4LO

1-loop graphs 5 topologies | Krebs et al. (2012, 2013)
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3NF contacts

at NALO
Girlanda, Kievsky, Viviani, PRC 84, 014001 (2011)

ki = pi — p; and Q; = pi +p’, pi and p! being the initial and final momenta of nucleon 4, the potential in momentum
space is found to be

V= Z [—Elk? = E2k?1'i “Tj — E;;k?ai “Oj — E4k?0‘,' SO
i# Ak
—Es (3ki -oki-o; - kl) Es (3k -oiki-0oj - kz))‘r ‘T

+a Bk x (Qi - Q) (14 3) + 5 Bski X (Qi — Q)< (0 +.05)7; 7

—Egk-,' ! O'ikj ) O'j o El()ki : U,'kj . U'jT,' : Tj 3




Al

The 3NFs at NALO

All possible 20 isospin-spin-momentum/position structures occur!
Krebs, Gasparyan, Epelbaum, PRC 87, 054007 (2013)

Generators G in momentum space

Generators G in coordinate space

gi=1
Go=T1-T3
g3 =01 03
G4 =T1-T301 03
s = T2 - T301 - 02
g6=T1°(T2XT3)51'(52X53)
Gr=71- (T2 XT3)02- (1 X @)

Gi11 = T2 -T3q1-01q1 - 02

g12=72'T3§1'51@3°02
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Gis =71 (
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Goo =T1- (T2 X T3)01 - G103 - @302 - (1 X ¢3)

G =1
g~2=7'1'7'3
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Gi=T1 T35 53
5527'2'7'35’1'52
Q~6=T1°(T2XT3)51'(52X53)
Gr =71 (T2 X T3) Fa - (F12 X F23)
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Go = Fo3 - 03 P12 - &1
Gio = T23 - G1 P12 - O3

A

Gi11 = T2 T3ra3 - 01723 02

~

g~12=7‘2'7'3f‘23'5’1f‘12'5’2
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Because of the problems demonstrated,
mprovement of current nuclea s indicated

ow'-’
GO to next order!

That Is: Turn to N4LO.
0 What can we expect from N4LO?

= "-_- e Does N4LO have anything to offer
== we were not offered before?

Oh yes! All 3NFs you have ever dreamed of!
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else is there at N4ALO?

i i'
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N4LO 2NF

Contributions

Entem, Kaiser, Machleidt, Nosyk,
PRC 91, 014002 (2015)
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N4LO effects on NN scattering... —
In peripheral partial waves
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Phase Shift (deg)

From Entem, Kaiser, Machleidt, Nosyk, PRC 91, 014002 (2015)
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Phase Shift (deg)
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Using LECs
from pi-N
Analysis

at order four.
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L€ aware o Isconceptions!
EINSLO J‘ n’t solve all our problems.

- um 0 | N4LO: Complete set of 3NFs and new 3NF
\.»\)JJ Cts.

_?J__,, at N4LO promises to be very quantitative
1N Iudlng the peripheral waves (N4LO NN pots
= t-soon available).

_e The new challenge and the new hope In
miIcroscopic nucear structure:
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