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4¢ MicroscopicTheory for Valence Shell Effective NN Interactions
¢ Many-body perturbation theory: methods and interactions
¢ Deficiencies: revealed in monopole interaction, oxygen properties
¢ 3N forces
¢ Chiral Effective Field Theory
¢ Inclusion in valence-shell interactions: 1- and 2-body parts
¢ Impact on Nuclear Structure
¢ 2-body 3N: monopole components of valence-shell interaction
¢ Evolution of single particle energies (SPE): dripline in oxygen isotopes
¢ 1-body 3N: contribution to microscopic sd-shell SPE

¢ Parameter-free shell model calculations: impact on spectra




i Many-body Problem for Finite Nuclei

- Various methods to solve many-body problem: Coupled Cluster, NCSM, In-
medium SRG — we use many-body perturbation theory (MBPT)

- Solve the many-body Schrédinger equation for nuclear systems: Hy = Ev
- Impossible to solve in heavy systems in complete Hilbert space

- Consider problem in truncated (model) space defined by projection operator P:

PH, Py = EPY; Heff= H,+ Veff

and V Jf 2Cts in the model space given by P

Folded—diagrams: method to construct effective interaction perturbatively
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with b: evolution of orbitals

Monopole Part of Interaction

- Microscopic MBPT typically works for few particles/holes away from
closed shell: deteriorates beyond this

- Deficiencies in microscopic interactions can be improved by adjusting a

particular set of two-body matrix elements (TBME):

Angular average of interaction . EJ QT+ D)V [1=(=1)*74 ]

Determines interaction of orbit a |V E 2J +)[1=( 1)J+T 5]
J -\ ab

Phenomenological shell model interactions typically start from MBPT results
then exploit importance of monopoles:

sd-shell: 63 TBME - USD (1984), USDa, USDb (2006)

- global fit of single particle energies (SPEs) and two-body matrix

elements; monopoles most important

pf-shell: 195 TBME

- GXPF1 (2004): quasi-global fit; monopoles most important
- KB3G(2001): modification of monopole part only |V
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Phenomenological vs. Microscopic

0.5 I I I I I Compare monopoles from:
ol d | = Microscopic low-momentum

> - interactions
v 051 -
E ! n Phenomeno]ogical UsSD
Q -1 T interactions
".g 15 -_ —— V, . A=1828 fm! “ _- Clear shifts for ]ow—])/ing orbitals:
S/ ® - -0 USDa I M) (feaedy | repulsive shift

2k = -muUsDb -

_25- | | | | |
d5d5 d5d3 d5s1  d3d3 d3sl slsl

Incorrect hierarchy for d.,,-d. ,,vs. d;,,-d;,,

** Origin of the shifts: Can neglected 3N forces explain this?
il Proposed by A. Zuker (2003)
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Physical Implications in Oxygen

Monopoles drive evolution of single particle energies

Phenomenological Forces

= Large gap for 220

g bo . b d

% d3/2 orbit is unboun

5 Microscopic NN Theory

e No shell gap at 2200

(a9

L8 = Gomawix — Compressed spectra
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Physical Implications in Oxygen

Monopoles drive evolution of single particle energies

~

Phenomenological Forces

Large gap for 220

d;,, orbit is unbound
Microscopic NN Theory
No shell gap at 2200

TP Compressed spectra

d;,, orbit is Strongly bound

—> Implications for dripline

Mass Number A
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Oxygen: experimentally established

USDb: O unbound beyond 240
MBPT: bound through 280)
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Physical Implications in Oxygen

Monopoles drive evolution of single particle energies

~

Phenomenological Forces

2 Large gap for 220

é bo . b d

% d; ,, orbit is unboun

5 Microscopic NN Theory

e No shell gap at 2200

[al)

L;’D [ o= Gematrix NG EHEKd Compressed spectra

= R ; - — Q).

E/—J 1 1 |\/I|OW|k | I N T N T R T | | i | IU?DlBl L1 1 1 1 11 ] d3/2 Orbit iS Strongly bound
8 14 16 20 8 14 16 20 ! ! ) !

Neutron Number (V) Neutron Number (N) m Imphcatlons fOI’ drlpllne
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Excitation Energy (MeV)

21

C

Oxygen: experimentally established
dripline at 24O

USDb: O unbound beyond 240
MBPT: bound through 280)

Spectra much too compressed beyond 180
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Chiral Effective Field Theory

P R R Nucleons interact via Tt exchange

and contact interactions
LO ‘ | i

Explains hierarchy: F e G (L

Short—range couplings fit to experiment

Systematic way to include 3NF

Only two new couplings at N2LO:

. c terms: already constrained by
N2Lo§ %_"3{ {:;:‘ NN, N data

_ +0 +1.2

0.5
W C4 = 3-5J—r0.2

toeee T aee T eee No new couplings at N°LO N*LO

Chiral 2N: large cutofts not suitable for MBPT — need to renormalize. ..
(] Evolve to lower cutoff using RG methods (smooth regulator):




" 3N Forces for Valence-Shell Theories

Viow i(A) = N2LO Chiral V(A) D(A), E(A) couplings fit in light systems

Approach: inspired by benchmark Coupled Cluster results for *“He with 3N

I I I I

10°F « 2-body only 0- 1- and 2-body parts (summed over
) \ occupied states) of 3NF dominate:
— 10'F \\Q-})pdy 3NF Neglect residual 3NF
U_g et Generate effective two-body force
2 107 estimated iples comections ™, from 3N by similar sum (as in nuclear

‘e 2-body 3NF
N matter)

e

10 — Hagen, Papenbrock et al.

- PRC (2007). \\\ <
i ab|
residual 3NF. I/3N,€ff

| | | | |
10 (1) (2) 3) (4) (5)

a'b'> = E<aba| V3N|a'b'a>

a=core




V,ou f(A) + N2LO Chiral Vo (A)

" 3N Forces for Valence-Shell Theories

[ I I I

T
10 @2-body only

=]

—
T T 171

— 107¢ \“Q-\b\ody 3NF
% “~~-a_I-body 3NF
Q N
=,
) 10 Eestimated triples corrections >,
<]

‘e 2-body 3NF

e

10" — Hagen, Papenbrock et al.
- PRC (2007). .

| ]
residual 3NF

~

D(A), E(A) couplings fit in light systems

Approach: inspired by benchmark Coupled Cluster results for *“He with 3N

0- 1- and 2-body parts (summed over
occupied states) of 3NF dominate:
Neglect residual 3NF

Generate effective two-body force
from 3N by similar sum (as in nuclear

matter)

<ab‘ Vin etr a'b'a>

a'b'> = E<aba‘ Vin

| | | | |
10°71) 2) 3) (4) (5)

a=core

Effective one—body contribution:

a'aﬁ>

<a\ V3N,eff

@)=y Slaab|V,

=core

@ 3N forces tractable in shell model J




fll Calculation Details

Focus on T=1 monopoles and systems in the following details:

1

NN matrix elements derived from:
- Chiral N°LO (Machleidt, 500 MeV) using smooth-regulator V,__,

with range of cutoffs
_ 3" order in MBPT

- 207w intermediate state configurations (converged)

3N forces: calculate monopole components from:

A) Chiral N°LO fit to above V, , with A =2.0 fm

B) One-Delta excitation from N?LO: specific choice of c-terms

Converged 1n 3NF partial waves up to J < i

Included to first order in perturbation theory




fl Two-body 3N: Monopoles in sd-shell M

0.5 - Dominant effect from
- - one-A — as expected
Un o from cutoff variation
> 05F —
é) V. * 3N forces produce clear
— 1L _ repulsive shift in monopoles
= i V, i A=1828fm" )
Ss5F —— AN . -
> _ + 3N (NLO) .
D2F ©--@ USDa -
i m--m USDb i
H5l 1 | | | | |
d5d5 d5d3 d5sl  d3d3 d3sl  slsl

e First calculations to show missing monopole strength due to neglected 3N

« Restores monopole hierarchy dylbrdlhvs! dybrdl

- Future: Improved treatment of high—lying orbits — treat as holes in *°Ca core

u
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Orbit | “Exp”

A e
sl Bt o
d,,, | 0.944

USDb
-3.93

-3.21
2.11

l One-body 3N: Calculation of SPEs

So far phenomenological SPEs: NN—only microscopic SPE yield “poor” results

« sd-shell: Self-consistent calculation in MBPT 204w (converged) to 3"-order

» NN-only insufticient: consistent with similar studies (Coraggio, et. al, 2007)

NN

-5.43
-5.32
-0.97

~




l One-body 3N: Calculation of SPEs M

So far phenomenological SPEs: NN—only microscopic SPE yield “poor” results

A

() + ®-—--r--

A
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« sd-shell: Self-consistent calculation in MBPT 204w (converged) to 3"-order

» NN-only insufticient: consistent with similar studies (Coraggio, et. al, 2007)

Orbit “Exp” USDb NN 3N NN+3N

AAAAAN ARANC AL =t ARG

ARt D0 e b Y S SR oA G HE

gl oo 11 2 Laaf A1 fihalarm A Bl || 209
» Consistent with CC hierarchy: 1-body 3N > 2-body 3N ~ order of magnitude
&Microscopic SPEs: Reasonable agreement with USD, experimental Ml




fl Oxygen-Flourine Anomaly M

29p JCp - 37P &3p 3-¢p 35p 3‘.3p 37P 36p &Bp 40p -Hp 4?p 43p -“p 4-’>p 46p
31Gj | 38 | 33Gi | 34Si | IS | S | 37Si | 3Si | 39S | 4°Si | 41Si | 42Si | 3Si Si y
—— -« Reoular trend for dripline of]

78A| ?‘JA| 33A| 3‘A| 37A| 'JSAI 34A| 3!:A| 35A| 37A| BBAI 39A| -‘-DA|/‘ “ | I g p
Mg 77Mg ?sMg ?‘JMg BCMg 31Mg B?Mg &’ng S%Mg 35Mg 3EMg 37Mg dVliMﬁ : Sd—Shell HUClel

, o X - - ) . ) l'x i 7 kA -
"Na| e | Na | PNa | Na| "NayNa| ey e | Baf NS Oxygen dripline observed to
ZNe | Ne  ®Ne | “’Ne | 2Ne | Ne | **Ne [*'Ne | **Ne / '-‘"Ne d | t f th t d

Z eviate from this tren

° dripline
#0 Why does 1 proton Change so much?
21N
=G 25-28() predicted to be bound with NN—only

Experimental Oxygen dripline observed at 240

Monopole changes multiplied by neutron number — small changes will

impact neutron-rich regions

Use 3N forces to investigate this anornaly i probe limits of nuclear existence

with microscopic theory
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Fully-Microscopic Calculations

« Does the same conclusions hold when using microscopic SPEs?

» Use microscopic NN+3N monopole matrix elements and NN+3N SPEs

» Compare with NN-only MBPT, USD SPEs

Single Particle Energy (MeV)

4

- =V

low k

— 13N (NLO) -
1 1 1 N 1 N 1 1 1
16 18 20 22 24 26 28
Mass Number A

Energy (MeV)

-10

-20

-30

-40

-50

\Y%

low k

2 <
— +3N(N'LO) \

USDb

Experiment -

s .
-----

16

18

20

22 24
Mass Number A

- Fully-microscopic calculation still predicts dripline at 2*O

pl




fl Impact on Spectra

- Fully-microscopic calculation of spectra in oxygen isotopes

8

210

@)}
71 T T 1
|

N
1 I 1 1
|

Excitation Energy (MeV)
\9}
1 I 1 1
|

USDb NN-only + 3N mono + 3N 1-body Expt.

. NN—only: poor agreement with experiment

* 3N monopoles offer some help: spectrum still too compressed

» Using microscopic 3N monopoles, NN+3N SPEs: beneficial for spectrum
k » Correct ordering, improved spacing — need to include full 3N multipoles W
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Calculate binding energies for isotope chain

" Ground State Energies in Ca Isotopes

Include many-body correlations by diagonalization in model space

Pertorm shell model calculations for Ca isotopes using NN + 3N full multipoles

Energy (MeV)

-120 |-

0

40

80 =

_160 Ll

40

Py i i
[ e i i
*e - ]
’0‘ I ]
* - -
*
®e 1 \ "
ce.. V .
GXPF1 1 F a1 L owk T N
KB3G . *  G-matrix ] | —— NO -
&  Experiment +3N(A) " +3N(N"LO)
I 1 1 I 1 1 I 1 1 I 1 1 1 1 I 1 1 I 1 1 I 1 1 I 1 1 '] 1 I 1 1 I 1 1 I 1 1 I 1 1
44 48 52 56 60 40 44 48 52 56 60 40 44 48 52 56 60
Mass Number A Mass Number A Mass Number A

Correction from 3N A consistent between methods

NN—only comes to overbind Ca isotopes beyond ~ 46(Ca

3N forces correct overbinding: good experimental agreement

~
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Shell Gap in 48Ca

Shell gap in 8Ca well-reproduced with phenomenological interactions

Calculate first 27 excited states in calcium isotopes

u

C L I T T T T
4 4 - .
% 3k _ i
Sl .
22 B 7
5 - BT
b 1_ u—- | | ] m _
M —— GXPFI .V
- — KB3G low k )
OF = FxperimentI | B I+ 3N (N II,O) | =
40 44 48 52 40 44 48 52
Mass Number A Mass Number A

3N forces: improvement of ¥Ca 27 energy ~1 MeV

Cures another NN-only failing: can reproduce 48(Ca shell closure

Strongly dependent on SPE chosen

- Remove ambiguity: calculate microscopically with 3N, as in sd-shell




f Outlook M

* Exploring frontiers of nuclear structure of medium-mass nuclei with 3N forces
* 2-body 3NF: contribution to TBME — monopoles
* Repulsive shift seen in T=1 monopoles due to 3N forces in sd- and pf-shells
* First shell model results in sd-, pf-shells using chiral 3N forces:
* Leads to correct predicted binding energies and evolution of shell structure
* Cures NN-only failings: Dripline, spectra in oxygen, shell gap in *°Ca
* 1-body 3NF: Microscopic SPEs in sd-shell — parameter-free shell model calculations
* In progress:
Microscopic SPEs in pf-shell
* Near Future:
T=0: need NN-3N to 2"! order
Ni, Sn Isotopes
Continuum effects near driplines with K. Tsukiyama (Tokyo)

Thanks to Collaborators: T. Otsuka , A. Schwenk, T. Suzuki

Gravel support from UNEDF
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Physical Implications in Calcium

Monopoles drive evolution of single particle energies

Single Particle Energy (MeV)

_16 L1

Mass Number A

44 48 52 56 60
Mass Number A

Phenomenological Forces
Large gap at *Ca
Trend across
Shell gap at #Ca?
Microscopic NN Theory
Smaller gap at *Ca
— Compressed spectra
Trend down
f;,, orbit is strongly bound
— Implications for gs energy
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Single Particle Energy (MeV)

_16- I 1 1 1 I 1 1 I 1 1 1
52 56 60
Mass Number A

48 I
Mass Number A

MBPT- Overbind bey

ond *Ca

0 —————————————

40

1200 G-matrix

low k
¢ Experiment

> A
()
\% 5
= 80
& |
5 .
b= .
84| - — - GXPF1
-— KB3G

Mass Number A

Physical Implications in Calcium

Monopoles drive evolution of single particle energies

Phenomenological Forces
Large gap at *Ca
Trend across
Shell gap at #Ca?
Microscopic NN Theory
Smaller gap at *Ca
— Compressed spectra
Trend down
f;,, orbit is strongly bound
— Implications for gs energy
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Physical Implications in Calcium

Monopoles drive evolution of single particle energies

Single Particle Energy (MeV)

0

_16 L1

Mass Number A

44 48 52 56
Mass Number A

MBPT: No shell closure at *®Ca — failure of NN

Energy (MeV)

IIIIIIIIIIIIIIIII I IIIII I
4 -
3 -
2 -
I~ Gxeri
[ — — KB3G
OF = I Experiment | |
40 44 48 52 56
Mass Number A Mass Number A

Phenomenological Forces
Large gap at *Ca
Trend across
Shell gap at #Ca?
Microscopic NN Theory
Smaller gap at *Ca
— Compressed spectra
Trend down
f;,, orbit is strongly bound
— Implications for gs energy

Initial SPE: important factor

If 3N forces explain monopole
shifts, should impact BE and

shell structure predictions

How can we include them?

Il
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Two-body 3N: Monopoles in pf-shell

Similar picture as in sd-shell

0.5
| | | | 1| * 3N included to first order
o 1|  in MBPT
05k 11 Converged in 3NF partial
f
waves up to: J =< 5

- Dominant effect from

V(ab;T) [MeV]
T

foe 1
n i
T | T LI T LI

one-A — as expected

from cutoff variation

» 3N forces produce

£7¢7 £7p3 765 fIpl p3p3 5p3 p3pl £5f5 f5pl plpl repulsive Shift in monopoles

T=0: Expect attraction from 2nd order NN-3N interactions: 1n progress
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" Calcium Effective Single Particle Energies
Calculate SPE evolution with 3N forces

S\ _I IIIIIIIIIIIIIIIIIII_ _I I I I I I_ _IIIIIIIIIIIIIIIIIIIII_
é) Ofi/z /\- -\/____- -\/'
S [ ---= 1 =< 1 F < i
5 af 1R~ L~ ;
Q —— — h B h - e T =
S - 1 [ T =" —] —~
LE 8_’p3/2 —- -_ \\ _- . \ _
o - \//- - N i N
® : ~— ey _\N' ~=
pat 772 - ~~ -~ -
T 1 [ S ~_d L Vv = ]
QQ") 12 KB3G 1 [ — =— G-matrix ~ = = Viowk S o
W | =—— GXPFI 1t +3N(4) +3N(N’LO)
= [ I I P P § I P T P P P N N T T T R A
m_16 I | [ I |

40 44 48 52 56 60 40 44 48 52 56 60 40 44 48 52 56 60

Mass Number A Mass Number A Mass Number A

With 3N forces:

® Trend across: improve binding energies
® [ncreased gap at B(Ca: enhancement of closed-shell features

= N=34 shell gap: robust prediction of shell gap at N=34
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l One-body 3N: Calculation of SPEs

So far phenomenological SPEs: NN—only microscopic SPE yield “poor” results

A

(O

A

e sd-shell: Self-consistent calculation in MBPT 184w to 3"™-order (converged)

» NN-only insufticient: consistent with similar studies (Coraggio, et. al, 2007)

Orbit | “Exp” | GXPFI NN
oAl eI it

Ipuib [ e ze) 1118 168 11| L1083
Ip,,, | 446 | 414 | 899
ot AR Wty s AR A YR

~




l One-body 3N: Calculation of SPEs M

So far phenomenological SPEs: NN—only microscopic SPE yield “poor” results

A

() + ®-—--r--

A

&
[
|
|

@

« sd-shell: Self-consistent calculation in MBPT 184w to 3"-order (converged)
» NN-only insufticient: consistent with similar studies (Coraggio, et. al, 2007)

Orbit “Exp” GXPF1 NN 3N NN-+3N
afl I sl 1 s e o2l 48 s s

I 1 e stas | ousi i 1sue | s 8
AR RGOS G bt R4 -5
ap AN A =t At e USSR S RS W

» Consistent with coupled cluster: 1-body 3N > 2-body 3N ~ order of magnitude
\s Microscopic SPEs: Reasonable agreement with USD, experimental 1114




~ Calculated Oxygen Binding Energies

Introduce many—body correlations by diagonalization in model space

First shell-model calculations using NN+3N monopoles: predict dripline in O

Calculate GS energies (relative to '°O) with SDPF-M single particle energies

~

O [ 1 T T T 1 1 Ll T T | T Ll 1 ]
[ (a) Energies calculated | | (b) Energies calculated : (c) Energies calculated |
from phenomenological { from G-matrix NN 1 r from Vi NN 7
f>'\ forces + 3N (A) forces + 3N (A,NZLO) forces |
5 —20 \
=S
>
B6
St
2 _40 \
= & Exp. ¢ Exp. \ ¢ Exp. DG ]
| == SDPF-M I | == NN+3N(a) S ] [ ===+ NN+ 3N (NLO)>====. ]
| = USD-B  SSa NN Yol | [ WWH3N @)
[ [ [ ===NN ]
_60 | 1 1 | | | | 1 1 1 | 1 | 1 | | 1 1
14 16 20 14 16 20 8 14 16 20
Neutron Number (N) Neutron Number (N) Neutron Number (N)

Phenomenological interactions show 2°280 less bound than 2O

BEs increase for NN—only through 280

&dding 3NF, isotopes beyond **O less bound: dripline predicted at **O

1%
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Single-Particle Energy (MeV)

Single-Particle Energy (MeV)

Wy

Evolution of SPEs in sd-shell

First results with 3N forces

[ —(G-matrix

Viow k
| I I N N I N NN N A I B N |

O
e,
.
.
.
.

i - USD_B

8 14 16 20
Neutron Number (V)

8 14 16 20
Neutron Number (V)

L 5 LS 1
s NN + 3N (A) \\\ ==== NN + 3N (N"LO) \\s
~ e ee NN \‘ h B _NN+3N(A)
1 1 1 1 1 1 1 1 1 1 1 | 1 1 1 1 1 1 1 1 1 1 1 |
8 14 16 20 8 14 16 20

Neutron Number (N)

Neutron Number (V)

~

dil orbit bound for microscopic

NN—only interactions

NN predicts bound Oxygen
isotopes to 280

Additional repulsion in d; ,
monopole strengths from 3N

multiplied by neutron number
Largest effect seen in neutron-rich

isotopes

d;,, becomes unbound orbit with
addition of 3N forces

Similar behavior for single A and

chiral N2LO forces
W




Nuclear Interactions

H(A) =T+ Van(A) + Van(A) + Van(A) + ...

Chiral interactions provide systematic, consistent 3N

kK (fm™®) k2 (fm) kZ (fm®) Kk (fm™) k? (fm?)
Q 4 8120 4 8 12 0.4 812 0.4 8 12 0.4 8 12 as
— 4
£ 3 0 (fm)
~N
. 12 -1 -1 -1 -1
=4.0 fm A=30fm A =2.0fm A=15fm 5 ! 4
0.5 381 bare poteptial
kK (fm™®) k2 (fm®) k' (fm?) K (fm™) kZ (fm?)
Q4 8 12 0 4.8 12 0 4 8 12 0.4 8 12 0.4 8 12 .
— 4
£ 8 0 (fm)
~N
=12 1 -1 -1
A=30fm 7 A =20 fm A=15fm o

in nuclear matter — off-diagonal couplings removed (remain for G-matrix)

Lower cutoffs: improve convergence for structure in light nuclei, perturbative

W



I Details of Calculation

Assume degenerate model space

Intermediate states excitations: 16hw
Neglect 3-body and higher Q-box

FD iterative scheme: converged ~10 iterations

3rd-order in Perturbation Theory

|\7/|eV

1 —". 20

4 6 -_— O

15 : From: M. Kartamyshev

- ‘-

+ 4 '~_: ] \

;-_ 3 *. -_—-t -_— ..., I R G «ssesee -_—— 4i+-

4 "'. . o -

1 2 -— _

T . b - -ttt -t e = — - - 21+_

+1 '..'

4 —

—— O |  EEERELE) . E ) IZEE EEXE ¥  TEEXEEIEE  REXE) E ) + vy » S IEEEEE EREIEEZE [ YEIEEIEEY TEIEEIEY | +
-30.21 -18.58 -27.15 -28.890 -23.96 -22.29 -22.87 -23.51 -2359 -2344 -2341 -2341 1
n=1 n=2 n=3 n=4 n=5 n=6 n=7 n=8 n=9 n=10 n=15 n=20




f Effective Interaction

Effective interaction given by infinite series of “folded”
diagramse

Ver=Q-@ [Q+@ [afe-@ [afafa+..

j: generalized folding operator — removes divergences due to
degenerate model space

Several ways to solve the infinite series

Assuming degenerate model spac/{ P = wP , can obtain V
from Lee-Suzuki iterative scheme:

5 \ 1| aM@
il (1 o S| s (A R OO

knm+1

m! dw”

Need to determine 1- and 2-body (O-box and its derivatives

u
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Cutoff Dependence of Monopoles

V(ab;T) [MeV]

05

1.5

1
\e]
T L——

)
/.Ng = /‘g\ .B‘ -8~
. - g . ‘e om -
- T=] /,( \/ \\\ ’,.‘—G"’ -0 e
‘g’ o
)
-1
A=2.3 fm e
//0
”~
-1 e 18 ”\ P -
A=16 fm , \ /!
// 12 ] \\ / B
-8 % N\ £
o ’ . /p/ \\ // 5]
A A |
T=0 N/ " : : V. +42nd
A / - : low k
N - - V
5 . N low k
s @--8 GXPFI
.. |o-©KB3G

B
l | | | | | | | I |

767 £7p3 f7f5 f7pl p3p3 f5p3 p3pl 55 f5pl plpl

\Ul

+ Similar trends seen in sd-shell

Use cutoff dependence of V., . (A) to probe effects of 3N force:

0.5

T=1: cutoff-independent
monopoles
+ Indicates ¢ terms may

dominate (repulsive
contribution in nuclear matter)

T=0: large cutoff dependence

+ Expect attraction from 2@
order NN-3N

+ Not enough to calculate effects to first order only for T=0

~
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Cutoff Dependence of Monopoles

Use cutoft dependence of V,_,( M) to probe effects of 3N force:

V(ab:T) [MeV]

— Vv, A=1.8-2.8m" (smooth)

== USDb
2F USDa

dsd5 d5d3 d5sl d3d3 d3sl

T=1: cutoff-independent

rnonopoles

+ Indicates ¢ terms may dominate (repulsive contribution in nuclear matter)

QWrong hierarchy for low—lying T=1 monopoles with microscopic theory

~
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l Many-Body Perturbation Theory

To construct the effective interaction, ddéflne -box = sum of all
possible topologically distinct diagrams which are irreducible and
valence linked:

1-body Q-box to 2™ order 2-body Q-box to 2™ order

o Effective interaction given by folded diagram expansion:

Ver=Q-@ [Q+@ [afa-@ [afafa+..

o Single-particle energies can be calculated...
o Traditionally taken from experimental one-particle spectrum or
(] empirical values

~
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+ Similar trends in sd-shell
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Cutoff Dependence of Monopoles

Use cutoff dependence of V., . (A) to probe effects of 3N force:

T=1: cutoff-independent
monopoles
+ Indicates ¢ terms may

dominate (repulsive
contribution in nuclear matter)

T=0: large cutoff dependence

+ Expect attraction from 2@
order NN-3N

~
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Microscopic ApproschaChIrel )

o Examine low-energy chiral properties of QCD using EFT

o In most nuclei O ~m_ , so n exchange must be included

o Nucleons and pions explicit degrees of freedom

o Nucleons interact via n exchange and contact interactions

0

o Theory can be organized in powers of (A] , valid for low-mom.
X

o Irreducible time-ordered diagram has order: (AQ] , A, =700 MeV

X

v=—2+2N+2(L—C)+EVl.Al.

1
A =d + Eni —2 “Chiral dimension” of vertex
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Uncertainty/ in)GC=teris;

o In neutron matter, large uncertainty in c-terms dominates

variation in cutoff

E/N [MeV]

20 T I T I I 1 1 1 I I T 1 T I f

- — T=0 HF + 2nd-order§m )

weneinCluding ¢ errors ey

i ! ey

- .—.. T=0, NN only ey -

15+ Schwenk+Pethick ey

- v---v Akmal et al. e 1

10} —T

5 | —

"/ Tolos, Friman, Schwenk (2007) }
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Chiral EEIESUmmarny;

| oNfores | ONfomes | 4Nforces o Nucleons interact via © exchange
| | | and contact interactions

Lo >< ‘ — — o Explains hierarchy: V> V> ...

o Short-range couplings fit to
1 ‘ experiment
o Systematic way to include 3NF
with low-momentum interactions
o Only two new couplings at N2LO:
c terms: already constrained by
NN, TN data

)
o

) P
c1 = —0.91'8:5. c3 = —4.7'1'%:6

cq =3.5103

o None at N3LO for 3N, 4N!
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Intermediate’ ASEXGitations;

o Importance of A-isobar is well known:
o Small excitation energy: Am =293 MeV
o Strong coupling to 7N system
o Can be included explicitly in chiral EFT
o Leading contributions enter at NLO, 3N at N?LO

o 2n-exchange diagram has structure analogous to
corresponding chiral EFT diagram with:

hj 38,
A p =

V2




Phenomenologlcal vs. Microscopic

V(ab;T) (MeV)

0.5

-t

-15

O0—OG

{|Compare monopoles from:

| Microscopic G-matrix,
Kuo-Brown interactions

I Phenomeno]ogical GXPF1,

KB3G interactions.
Clear shifts for ]ow—]yin(q orbitals:

-T=1 repulsive shift
- T=0 attractive shift

-2 | Ny -8 GXPF1
u O-—OKB3G
A —AKB
- f7i7  f7p3 715 f7p1 p3p3 p3t5 p3p1 55 {5p1 pipl




/" van Kolck (1994), Epelbaum et al. (2002) T

Chiral EFT: 3N Eorces;

q )
RO T X ..... | X o 2 new couplings: D, E
\L =

o Intermediate range OPE interaction:

fhb = Y ( = )2 (q( i Z}?)(T,*IJX@'&,-)

i=j=k

o Short range contact interaction: V. = ZE(rJ -rk)

o 3NF at N3LO and 4NF in progress:

’
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/ van Kolck (1994), Epelbaum et al. (2002) \

Chiral EFT: 3N EGrces;

o 3N forces arise naturally — first non-vanishing at order v =3

pas \
S A | VAR | o First look at 2z-exchange
long range interaction
L y

S 21 8 4 2 (5 qz)((_f q]) FPr a/;
2r (g +M2)(g +M2) !]kl

) I 4cM§ Dk | L 111[L alll111L L
E.jkﬁ=(5 ﬂ(— 1 : %)"‘EF_LEE ﬁyT/Jc/af(%xqj)
Y

HIf F2 il

JT

o 3 LECs: ¢y, ¢c;, ¢, — already determined from 2N chiral int.
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Van Kolck (1994), Epelbaum et al. (2002)

Chiral EFT: 2N/ Forces

]

q, Eﬁ;_ﬁi
g,=1.26

F. =92.4MeV

o Coupling constants:
c, fit to =N, NN
scattering data




