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=~ van der Waals forces)
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&3 Separation of scales
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s, Calls for an
softiscale: Q ~m,, hard scale: /A
PIONS'c nd nucleons-arerelevant d.o. ).f.

> '..JJ‘./-'.I'.I'JJJ.I' entumie m&lﬁﬁﬁb———-‘
mthryv: bounded from below.
S aMost'g jeneral Lagrangian consistent with all

S /;u; etries of low-energy QCD, particularly,
ch which Is spontaneously broken.

= .e-" Ve akly interacting Goldstone bosons = pions.
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::=“' n-n and n-N perturbatively
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(1) NN potential perturbatively

(Weinberg)
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2N forces 3N forces 4N forces

Leading 0
Order Q ><

>< The Hierarchy of
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Next-to Q2 Nuclear Forces

Leading NLO
Order
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NN phase shifts up to 300 MeV

Green dash-dotted line: NNLO Potential, and
blue dashed line: NLO Potential
by Epelbaum et al., Eur. Phys. J. A19, 401 (2004).
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week ending

PRL 110, 192502 (2013) PHYSICAL REVIEW LETTERS 10 MAY 2013

Optimized Chiral Nucleon-Nucleon Interaction at Next-to-Next-to-Leading Order

A. Elcstr(')'m,l‘2 G. Baardsen,l c. Forssén,3 G. Hagen,‘“5 M. Hjonh-Je,nsen,"z'6 G.R. Jansen,d"5 R Machleidt,7
W. Nazarewicz,5 e Papenbrock,5 *T. Sarich,9 and S. M. Wild’

| Bin (MeV) # of datal N°LO mNLO
33
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N3LO Potential by Entem & Machleidt, PRC 68, 041001 (2003).
NNLO and NLO Potentials by Epelbaum et al., Eur. Phys. J. A19, 401
(2004).
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.+ NLO: =100
+ NNLO: = 10
e N3LO: = 1

~ Great rate of convergence!
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trast to older approaches
Iear force, like the meson model,
= tral EFT wants to be a theory.

R

Chiral NFs
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1Y es are
dlvergent Ioop integrals.

= method to deal with them in field
: theories:

= :"’ 1 Regulanze the integral (e.g. apply a

= “cutoff”) to make it finite.

2. Remove the cutoff dependence by
(“counter terms”).

Chiral NFs
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.r'f calculatmg pi-pi and pi-N
" reactions no problem.

p— O:A —
P

— .-—'

owever, the NN case is tougher,
- because it involves
of (divergent) loop integrals.

Chiral NFs
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dne NNiIntere

Perturbeé _
 Non-perturbatives |5

=F ~ )

seihe r‘f'a"'s IS INSErtEd INLO’ thE "OEdINgEr Or Lippmann-
SCHW ﬁﬁrer (LS) equation: non-perturbative re-summation of
ladder-diagrams (infinite sum):

T, p) =V, p) -+ / " V(g™ )

> P12
p% — " + te

—
e — -

=~ = & Regularize it:
T —— e
 —

S ——— e — : . ¢ f ATy
— P PR / b4 5 v F .

= s Divergent integral.

- e Cutoff dependent results.
® Renormalize to get rid of the cutoff dependence:

»>»Non-perturbative renormalization

Chiral EENicfINUGE. Forces
R. Machleidt INRC3203BL & I onerece 306705204 3 14



utoff: no reasonable power counting scheme,
-b -order improvement (Idaho group).

-tof'f only at LO, higher orders perturbatively
Ider rama Gegella) How to implement in nuclear

_—. l---b

f_-» iEInrte cutoff (below the hard scale): cutoff mdependence
~ — for the range 450-800 MeV, substantial improvements
- from NLO to NNLO (Idaho group).

Chiral NFs
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2N forces

Leading QO
Order LO
Next-to 2 ><
Leading Q

Order

R. Machleidt

Next-to- X
Next-to- 4 :
Next-to Q

Leading N3LO
Order .

4N forces

3N forces

J The Hierarchy of

o, Nuclear Forces
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Non-perturbative reno using finite
cutoffs = A x = 1 GeV.
For this, we have shown:

Cutoff independence for a certain finite range
below 1 GeV (shown for NLO and NNLO).

B Order-by-order improvement of the predictions.
=

—

- This is what you want to see in an EFT!

—

——

- - - @ -

Chiral NFs - -
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Two-body interactions are easy — in physics
and in human life:

Rt SR, )
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let’ s turn to three-body forces ...

e
2,
Y

-~
) A
o
-
- -~
rs
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Three-body interactions are difficult —
in human life ...

Status of
Three-body forces
50+ years ago

... and in physics

Fujita-Miyazawa, 1957



r dld we have In the past 50 years
N | he topic of three-body forces?

Chiral NFs
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i - . —
Three-body,forces in-phyw

—
. —
Rl —— . —— —
—

-

LT

PRPlienon: ,fﬁblogical three-nucleon forces (3NFs):
=Eujita-Miyazawa (1957)
& - Tucson-Melbourne (1975-1999)
= - Urbana (1995)
~ - TIllinois (2001-2010)
-~ -CD-Bonn + A (Deltuva, Sauer, 2003)

!

Chiral NFs
R. Machleidt NTSE2014, June 23-27, 2014 28



2N forces 3N forces 4N forces

Leading 0
Order Q ><

LO
>< Ny The Hierarchy of

Next-to Q2 Nuclear Forces
Leading NLo b | v
Order il The 3NF

at NNLO;

used so far.
Next-to-
Next-to Q3 o
Leading | N2LO s
Order "
Next-to- X ./'\
Next-to- g —
Next-to Q4
Leading N3Lo .- :‘..\---4
Order : o | % & ﬂ
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Chiral 3N Force

A-less
LO
(Q/A)°

NLO

The 3NF
at NNLO;
used so far.
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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

iral NFS
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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 NSy el 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) I 2N (N3LO)
R. Machleidt NTSE201 forces § force only




PRL 108, 242501 (2012)

PHYSICAL REVIEW

week ending

LETTERS 15 JUNE 2012

Continuum Effects and Three-Nucleon Forces in Neutron-Rich Oxygen Isotopes

G. Hagen,"> M. Hjorth-Jensen,>*” G.R. Jansen,’ R. Machleidt,® and T. Papenbrock™'

PRL 109, 032502 (2012)

PHYSICAL REVIEW

week ending

LETTERS 20 JULY 2012

G. Hagen,"* M. Hjorth-Jensen,”® G.R. Jansen,” R. Machleidt,” and T. Papenbrock'~

Evolution of Shell Structure in Neutron-Rich Calcium Isotopes

Oxygen

o+ -+ NN only
®—e Experiment
®—® Effective 3NF

15 16 17

FIG. 1 (color online).

nucleon forces.

18

19 20 21

A

22

1
23 24 25 26 27

28

Ground-state energy of the oxygen iso-
tope *O as a function of the mass number A. Black circles:
experimental data; blue diamonds: results from nucleon-nucleon
interactions; red squares: results including the effects of three-

Calcium

-320

=-=NN + 3NF .
e—e Experiment -
|+ —<NN only
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FIG. 1: (Color online) Ground-state energy of the calcium
isotopes as a function of the mass number A. Black circles:
experimental data; red squares: theoretical results including
the effects of three-nucleon forces; blue diamonds: predictions
from chiral NN forces alone. The experimental results for
51.52Ca are from Ref. [34].



R. Machleidt

The nuclear matter equation of state with consistent two- and

three-body perturbative chiral interactions

L. Coraggio,! J. W. Holt,2 N. Itaco,"® R. Machleidt,* L. E. Marcucci,®® and F. Sammarruca?

two—body+three—body forces

=t
()]

>
®
=,
<
m

___A=500 MeV
___ A=450 MeV

_ A=414 MeV
force only

04 06 08 10 12 14 16 1.8
k. [fm™]
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® Shimizu 1995
— AVI1&/UIX
—— I-N3LO
— I-N3LO/N-N2LO

7

2NF
only

AV18/UIX (thin green solid line) interaction mogd
MeV. The experimental data are from J

@ Alley 1993
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Fig. 6. p — >He A, observable calculated with the I-N3L.O (blue dashed line), the I-N3LO/N-N2LO (blue solid line), and the AV18/UIX
(thin green solid line) interaction models for three different incident proton energies. The experimental data are from Refs. [37,22,36].
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because ... .._.,E‘,_ :

S~

Y Rt ¥

e 2NF is N3LO;
rum ency requires that all contributions

- -q'.r
a—

— ~ -

— - .-B
. — —

== /_._»

. -‘i‘hére are unresolved problems in 3N and
4N scattering, and nuclear structure.

l)u \l{l".!
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Chiral 3N Force

A-less

The 3NF
at NNLO;
used so far.
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N-d A, calculations by Witala et al.
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Chiral 3N Force

A-less

The 3NF
at NNLO;
used so far.

Small?

3NF contacts

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

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

V= Z [—Elktg = Ezk?‘l‘i “Tj — E;;k?a‘,— “Oj — E4k?a'i SO

Spin-Orbi ;
Force!

k. ok -0, —k))Ti T
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Chiral 3N Force

deal with e
2 (Q/A,)°
NLO
se A-less
ijde NNLO 3NF
= Skip N3LO 3NF
= a:t N4LO start with
~contact 3NF, use HHX
one term at a time, o U
e.g. spin-orbit /

- that may already

x)° g
solve some of your 4Ry “
problems. |
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LO
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NLO
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+ The JrJL’r:JJ =FI approach has substantially advanced our
understar mg of nuclear forces.

Wo-, _,m- "and four-nucleon forces have been derived up

£e) NJ_.J ?f :

SSThe ‘Faiforces are a perfect starting point for ab initio

auclear structure calculations.

. _-‘- e

'.-E_. ’_fhere are still some not so subtle “subtleties” to be
- -—taken care of:

—

—— .
—
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The 3§

gESINEQT NI H is good,
JJrnqurrr-nough
The SNEaEEE oIl (in'the A-less theory) may be weak (and

,J.)'-‘J—‘:):)-f 7S 13:;"7

S IYEVETRICTens o burst of (potentially large) 3NF

e —

== =—COm ~t"fo IetNAL0 (including a new set of contact
Ny —

j:“’ﬂrder by order convergence of the chiral 3NF may be
questlonable.

= o There will be many new 3NFs in the near future. Too many?
e But, practitioners, NO PANIC! For a while you have to pick
and choose, and not go for “complete” calculations.
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I And s0, .

are not yet completely done withithe ...
nuclear force problem,
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