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Table 1. Eight Decades of Struggle: The Theory of Nuclear Forces

1935

Yukawa:lMeson Theory

1950’s

The “Pion Theories”
One-Fion Exchange: o.k.

Multi-Pion Exchange: disaster

1960’s

Many pions = multi-pion resonances:
Ty W s

The One-Boson-Exchange Model

1970’°s

Refine meson theory:
More sophisticated meson-exchange models
(Stony Brook, Paris, Bonn)

1980’s

Nuclear physicists discover
QCD
Quark Cluster Models

1990’s
and beyond

Nuclear physicists discover EFT
Weinberg. van Kolck

Meson Theory!
', wat

sharal Symmetry

Back t
Bu
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-
nis was just the history in a nutshell.
he history was, of course, much richer.
t me show this for the last decade.
IS best to distinguish between

and

approaches.
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SEMEMOScow potential, Kukdalmet al.;"hybrid model; short-
anygelbEquark bag, long-range meson-exchange.
Pehigh-precision NN potentials
BAtgonne V18 (1995)
FESNijmegen (1994)
= CD-Bonn (1996 & 2001)

=== Meson-theory based, very accurate.

o —

= s Phenomenological three-nucleon forces (3NFs):
- Urbana (1995)

- Tucson-Melbourne (1975-1999)
- Illinois (2001-2010)

- CD-Bonn + A (Deltuva, Sauer, 2003)
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EHENOIENnology; cont’d

SINBN=EIocall INOY potentials (“inside non-local, outside
Yiikawa), Doleschall (2000-2004). The 2NF reproduces
ttonland alpha energy.

2 Y 'btentials (J-matrix Inverse Scattering Potential),

Mon:local interaction in the form of a matrix in oscillator

";Js in each partial wave; reproduces not only the NN data

-a1so light nuclei up to A=16 ("JISP16") due to variations of
~— the off-shell behavior. No 3NF needed. (Cf. talk by Pieter
Maris)
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SIAROCD Collaboration, T. Hatsuda et,alss
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Figure 2: Quark mass dependence of the LO potentials in (2+41)-flavor QCD. (a) The central potential in
the spin-singlet channel, (b) the central potential in the spin-triplet channel, and (c) the tensor potential
in the spin-triplet channel [22].
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e |attice’QCD; cont'd

ALQCD Collaboration, T. Hatsuda et al:

4500 3500
(@ 100 100 c)
4000 | | m=411 MeV (o) ] m=411 MeV
mes570 MeV 3000 A me570 MeV p
3500 i m, <701 MeV m <701 MeV
50 | = 2500 = :
< 3000 2 2
© = = S
= 2500 \i { bl ~ 2000 = sof &
2 i | £ . o 5
5 ‘ o o A
L | . L > ~ -
> AN S 1000 < -100 !
1000 | -50
s 00 05 10 15 20 25 - e
Soo.f 7% m--570 MeV
0 @ 0 150 my=T01MeY
0.0 05 1.0 15 2.0 25 0.0 0.0 05 1.0 15 20 25
r[fm) r [fm])
Figure 2: C T r . . r T . T . . yotential in
the spin-si1 60 5 r potential

in the spin-

40 .

VanE (Fo) [MeV]

0.5
rp [fm]

Fig. 3. The effective scalar-isoscalar 3NF in the triton channel with the linear setup obtained at
(t—to)/a =8.
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siiectivelkield Theory (EET) approaches
(fm 9= and many-body forces)
- L on =less

* A-less
* A-full
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.
he chiral EFT approach™

2 QC sD at low energy is strong.

J uarks and gluons are confined into colorless
Hadrons.

Nuclear forces are residual forces (similar to
van der Waals forces)

Separatlon of scales

———

;_"’
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‘-— Iis for an EFT | —

SPILSCalersQ =imy,  hardiscale: Ay ~-m“'" i
PIGNSTand nucleons arewrelevant d o:f:
ERLUGWEOMENLUMIEXPARSION Q) AKX
mithiwbounded from below.
< Jule -'general Lagrangian consistent with all
Syinmetries of low-energy QCD, particularly,
* which is spontaneously broken.

, " ' eakly interacting Goldstone bosons = pions.
=fi'and n-N perturbatively

(1) NN potential perturbatively

(Weinberg)
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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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2 /datum for the reproduction of the

1999 np database

Bin (MeV) # of data] N*LOPNNLO] NLOJAV 18

0—-100 1058 1.05 1.7 4.5 0.95

100—190 501 1.08 22 100 1.10

190—-290 843 1.15 47 180 1.11

0—290 2402 1.10 20 86 1.04

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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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. Ekstrém,"2 G. Baardse‘:n,I C. Forss_én,3 G. Hagen,‘"5 M Hjorlh-Jensen,"z'(’ G.R. Jzan.%c:n,4'5 R. Machleidl,7
W. Nazarewicz,”*® T. Papenbrock,” J. Sarich,” and S. M. Wild’

Bin (MeV) # of dat

0—-100 1058

100—190 501

190—-290 843

0—290 2402

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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;How does this compare to

- »»conventlonal meson theory?
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~ .
Mainrdifferences

> Chirz (ChPT) is an
2ExXpansionin terms of small momenta.

—d

B e

s
e

e — -~

) ¥ IS an expansion in terms of
- ranges (masses).
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The nuclear force in the meson picture

| Inter-
mediate |
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I 2N forces
Leading 0
Order LQO ><

Nextto | 2 ><

Leading NLO
Order

Next-to-

Next-to Q3 e
Leading | N2LO \

Order

M|

Next-to- ¢ o ke
Next-to- Q4

Next-to
Leading N3LO + ] ]

Order




~ Question: When everything is so equivalent to
conventional meson theory, why not continue to
use conventional meson theory?

P Chl
2 r'”] ;— =EFT has a clear connection to QCD, while the
r)f“E ®connection of the meson model is more hand-
._:" VO\ BVen:;
= e-In 'ChPT;, there is an organizational scheme (“power
—-*«" “counting”) that allows to estimate the size of the
~ various contributions and the uncertainty at a given
order (i.e., the size of the contributions we left out).

Inter-Nucleon Interactions
R. Machleidt NTSE 2013, May 17, 2013




-

e

b, chiral EFT wants to be a theory.

;: How true is that?
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‘-*

" The problem in all field theories are
divergent loop integrals.

=

" The method to deal with them in field

theories:

~— 1, Regularize the integral (e.g. apply a
“cutoff”) to make it finite.
2. Remove the cutoff dependence by
(“"counter terms”).
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For calculating pi-p1 and pi-N
B reactions no problem.

s -
=g T
—— B

S

--——‘T = -

= However, the NN case is tougher,
= because it involves
of (divergent) loop integrals.
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HE firstIzi-nE:“

SRNINRPOLEN Il ™
EUlGIbIExdiagamsicalecilia entunbativelyaupitera
HIXEUIOTAER = EXample:

T-—"17

> perturbative renormalization
(order by order)
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e irstm

SRNNEBotentialZ:

g

—

-

"(pPALOa)

W(order by order)

pterENe== | eractions
R. Machleidt = __ 2u13, May 17, 2013




HE secoh'}l.(’lhd:

—

PRVAYplication ofi the NNSEeENRthe Schrbdincjér o)
NPPIHENNESCHWINGER(IES)leguation = non=penturbative
surneition of Eieldaaelizie)ezlgs Quilaiihsig)

In diagrams:
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-
essecond Kinad:
0 _ication ofi the NNFRoENR the Schrc)dinger o)
INpPPIIERNESCAWINGER(IES) lequation: nen=perturbative
SUlliic HonToadderrdiadramst@nfinite sum):

SRIYIVErgent integral.

—

BSEREgularize it:

¢ (Cutoff dependent results.
® Renormalize to get rid of the cutoff dependence:
> Non-perturbative renormalization
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-
-’- ;

ecently, a systematic investigation
s Kind has been conducted by us
using Weinberg Counting, i.e.

« S
\ |

1 contact in each P-wave
(used to adjust phase shift at low energy).
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Note that the real thing are DATA (not phase shifts),
NN cross sections, etc. Therefore better:

toff mdependence in the description of | the data -

Notice, however, that there are many data (about 6000 NN
Data below 350 MeV). Therefore, it makes no sense
to look at single data sets (observables). Instead, one should

calculate

theory _ _exp )2

<

with N the number of NN data in a certain energy range.
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Non-perturbative reno using finite
cutoffs = Ax = 1 GeV.
For this, we have shown:

This Is what you want to see in an EFT!
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2N forces 3N forces 4N forces

Leading QO
Order LO

The Hierarchy of
Next-to QZ >< Nuclear Forces
Leading | nLO |4 o
Order 1 ) The 3NF
at NNLO;

used so far.

Next-to-
Next-to Q3 + | * é

Leading N2LO

Order %
Next-to- X ./ & +
Next-to- 4 Vg
Next-to Q

Leading N3LO Ak
Order %, L
N f... + ..
Intar-Nuclzon Interaciions
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R. Machleidt

owing only

lagrams.

Chiral 3N Force

A-less
LO
(Q/A)°

NLO

The 3NF
at NNLO;
used so far.
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® Shimizu 1995
—— AVI18/UIX
—= I-N3LO

— LN3LO/N-N2LO EEII I2N F+3

TG Calculations by
A I\ the Pisa Group

N\,
IIII|\II\|I\II|IIII

=7 only s
> X
i 4 {1 2| R JL—j L
45 90 135 180
0,,, [deg]

Fig. 9. p — d observable A, at E, = 3 MeV calculated with the I-
N3LO (blue dashed line), -N3LO/N-N2LO (blue solid ling
AV 18/UIX (thin green solid line) interaction mgd

® Alley 1993
- o Alley-2 1993 ;:lt —
- &

0.4 —
<7 0.3 —
0.2 —
0.1 —

O A" 5 A 5 T s IR |‘“ B L e 1o o 0o W i IR six F[E oW

O 30 60 o0 120 150 O 30 60 90 120 150 O 30 60 90 120 150 180

e[c.m.] [deg] e[c_m_] [deg] e[c.m_] [deg]

Fig. 6. p — *He A, observable calculated with the I-N3LO (blue dashed line), the I-N3LO/N-N2L.O (blue solid line), and the AV 18/UIX
(thin green solid line) interaction models for three different incident proton energies. The experimental data are from Refs. [37,22,36].



SNTHE 2NF is N3LO;
COYi S|stency requires that all contributions

== e included up to the same order.

. There are unresolved problems in 3N and
4N scattering, and nuclear structure.
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Chiral 3N Force

A-less
LO
(Q/A)°

NLO

The 3NF
at NNLO;
used so far.
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Chiral 3N Force

A-less

LO
(Q/A)°

NLO

zhHg+ L A P
21+;+g= o ] o b+ o o -
gdgnm+ e L
1><+h=§<1 RVEES 2 PavaT
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Chiral 3N Force

A-less

Apps of N3LO 3NF:

Triton: Skibinski et al.,
PRC 84, 054005 (2011). ULE® i

) at NNLO;
Not conclusive. used so far.

Neutron matter:
- Hebeler, Schwenk

~ and co-workers,
- PRL 110, 032504 (2013).
Not small!(?)

N-d scattering (Ay):

Witala et al.
Small!
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N-d A, calculations by Witala et al.
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Chiral 3N Force

A-less

Apps of N3LO 3NF:

Triton: Skibinski et al.,
PRC 84, 054005 (2011). ULE® i

) at NNLO;
Not conclusive. used so far.

Neutron matter:
- Hebeler, Schwenk

~ and co-workers,
- PRL 110, 032504 (2013).
Not small!(?)

N-d scattering (Ay):

Witala et al.
Small!
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Chiral 3N Force

A-less
LO
(Q/A)°

NLO

The 3NF
at NNLO;
used so far.
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Chiral 3N Force

A-less
LO
(Q/A,)°

NLO
(Q/A\)
The 3NF

at NNLO;
used so far.

Small?

1-loop graphs 5 topologies

- ---l
LY
LY
9
rd
f
¢

MWA‘M Contact-1PE Contact-2PI

S 8 @ 9 g




Chiral 3N Force

A-less
LO
(Q/A)°

NLO
(Q/A)?

The 3NF
at NNLO;
used so far.

NNLO
(Q/A)?

(11) (12) ]




Chiral 3N Force

A-less
LO
(Q/A,)°

NLO
(Q/A)?

The 3NF
at NNLO;
used so far.

Small?

NSLO . 20 N N

Many newLisospirt/spin/momentum
structures.

N LU

5 v )
R
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Chiral 3N Force

A-less
LO
(Q/A)°

NLO

The 3NF
at NNLO;
used so far.
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Chiral 3N Force

A-less
LO
(Q/A,)°

NLO
(Q/A)?

The 3NF
at NNLO;
used so far.

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 i, the potential in momentum
space is found to be

2 2 2 2
W= § : [_Elki — Bk Ti - T — Eskjoi - 0; — Eskjoi - 0jTi - T;

i#j#k

Spin-Orbi

R. Machleidt




Chiral 3N Force

A-less

LO
(Q/A))°

NLO

de NNLO 3NF

p N3LO 3NF

_ aIN4LO start with
— contact 3NF, use HHX

- 4 - -
one term at a time, *
e.g. spin-orbit /
* that may already 5 ——" X -
solve some of your A «
prOblemS. Inter-Nucleon Interactions
R. Machleidt NTSE 2013, May 17, 2013
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Chiral 3N Force

“and then tMere

A-less
LO
(Q/A)°

NLO
(Q/AV)?

NNLO
(Q/AV)

11X
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“T.m're Chiral 3N Force
... and then A-less Additional in A-full
®
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SONCIUSIonsS

»

- Tt ';esearch on the nuclear force continues to be
exXciting/and divers.
ESEPresently, the chiral EFT approach appears to be

== the most promising one.
== =% But there are still some not so subtle “subtleties”
~_to be taken care of:

s—
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""_“"

—

——

NF at NNLO is insufficient.

—— *AOrder by order convergence of the chiral 3NF may
.’ = be questionable.
= o There will be many new 3NFs in the near future.

Too0 many?

¢ Practitioners: Don’t panic! For a while just do
what you can do---on an investigational basis.
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Do Hitdegard!
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