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NN interaction i1s not unique
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*Non-uniqueness of nucleon forces X
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NN interaction Is not unique  Strong short-range correlations
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*Non-uniqueness of nucleon forces X
eShort-range core needs many-body treatment X
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NN interaction Is not unique  Saturation point of nuclear matter
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*Non-uniqueness of nucleon forces X
eShort-range core needs many-body treatment X
*Three-body forces needed for saturation X



NN forces from EFTs of QCD
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Chiral perturbation theory

* TT and N as dof

* Systematic expansion

* 2N at N3LO - LECs from TN, NN
e 3N at N2LO - 2 more LECs

e (Often further renormalized)

°(%)

A ~1GeV
long (2x) intermed. (m) short-range
¢--1r—-9 ---9
c-terms D E

Weinberg, Phys. Lett. B 251 288 (1990), Nucl. Phys.B 363 3 (1991)
Entem & Machleidt, Phys. Rev. C 68,041001(R) (2003)
Tews, Schwenk et al., Phys. Rev. Lett. 110,032504 (2013) 4



LECs fitting SURREY

ZNF constants: 3NF constants:
deuteron + phase-shifts A=3 + B decay
! | J | ! | ! I_ L] | ! | J | ! 1 04 . I . I . : :l . I . I
80{ 'sg . - %
50® 1 1 1 . 3
Q, |
4ol e, i
S 20l N |
g T 2
E L | ] | L | 1 T] )
L T 1T * 1 T
= l
© 200 331 .
S 0
& 1501 .
100 _’50 1 08 A R R S ) R B
e | -3 2 -1 0 1 2 3
50l ®~o. {1 ] e c
) i e D
- T\?“"ln 20 T Nogga et al., Phys. Rev. C 73 064002 (2006)
00 | 50 | 100 | 150 | 200 O l 50 | 100 | 150 | 200 Gazit et aI., PRL 103 102502 (2009)
Laboratory energy (MeV)

N3LO: Entem & Machleidt, Phys. Rev. C 68 041001(2003)
N2LO: Ekstrom et al., PRL 110 192502 (2013)

* Non-uniqueness now is quantifiable!
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'So NN matrix elements from N3LO
A=4 [fm] A=2 [fm] A=1.5 [fm] A=1 [fm]
S 1
4 0.5
— 0
'E 3 -0.5
- :
1 ; 5
00 25
2 3 4 50 2 3 4 50 2 3 4 50 2 3 4 5
k[fm B k[fm B k[fm B k[fm B
dH

ds — [[TrelaHs]aHs] S A\ = 3_1/4

e Series of unitary transformation

e Observables unaltered, but force becomes perturbative

* Induces 3-,4- and up to A-body forces...

e If these can be treated perturbatively, calculation is easier

Bogner, Furnstahl, Schwenk, Prog. Part. Nucl. Phys. 65 94 (2010) 6
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NN+3N-full (c)

B Ay =400 MeV/c
m Ay =350 MeV/c

vlT TIT vlT vlv vlv vlv vlT vlv vlv vlv vlv TlT Tlv TlT TlT TIT vlT TlT TlT vIT vlT TIT TIT TIT

160 ) 36Ca 48Ca 54Ca 56Ni 62Ni 68Ni 8881. IOOSrl IOSSn 116Sn lZOSn i
._40 40Ca 52Ca 48Ni 60Ni 66Nl 78Ni 902[" lOGSn 114Sn ]ISSn ]3_Sn

Binder, Langhammer, Calci & Roth, arxiv:1312.5685

o calculations up to A=132
*Many-body (CC) errors under control
*Overbinding even when 3NF accounted for
*Radii are too small as well
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ground and excited states o hypernuclel
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*[T-NCSM with chiral NN & different YN forces
eHypernuclear structure hints at nonperturbative YNN
Wirth, Garda, Navratil, Roth, et al. arxiv:1403.3067 8
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N-body Green's function

\

NG, N, N = (T {a(1) - a(N)a! (W) ---al (1)} )

(-) — average over states

T — some sort of time ordering (real, imaginary, on a contour...)
1 — I'1,t1,0'1,’7'1
N Y
Iwo-body GF, lowest order diagrams
r 2

= +

Grr(1,2;1,2)) = G(1,1)G(2,2) — G(1,2)G(1', 2)
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Iwo-body interaction

e----9

In-medium T-matrix

Self-energy
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Effective interactions

Effective one-boaly force

=== = o-———-©+ 1—0 ------ : ----- ;

Effective two-body force

MWV = e----

In-medium T-matrix

Self-energy

4 )
Dyson equation

_J Carbone et al., Phys. Rev. C 88 054326 (2013) 10
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Effective interactions
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Iwo-body interaction

e----9

In-medium T-matrix

Self-energy
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Effective interactions

Effective one-boadly force

e===x = o=+ e @@

Effective two-boady force
OV = &-—-9 4  @ooo@eennes @

In-medium T-matrix

= O\I\/VVVV‘+

Self-energy

_J Carbone et al., Phys. Rev. C 88 054326 (2013) 10




Iwo-body interaction
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Effective interactions

Effective one-boaly force

e e TR o B

Effective two-boady force
MWW = e---9 4 @ 0 cunne- O

In-medium T-matrix
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Self-energy

_J Carbone et al., Phys. Rev. C 88 054326 (2013) 10




Iwo-body interaction

e----9

In-medium T-matrix

Self-energy

&) -0 7]

UNIVERSITY OF

SURREY

Effective interactions

Effective one-boaly force

R o2y S o R'e.

Effective two-boady force

VMWW = e----9

In-medium T-matrix

Self-energy

_J Carbone et al., Phys. Rev. C 88 054326 (2013) 10
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Chiral NN effective 2B forces: symmetric matter

V(k.k) [fm]

V(k.K) [fm]
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15E — — N3LO+N2LOdd corr. (p,) -
Correlated average ? = .. N3LO+N2LOdd free (p,) 1.5
D - .n
*-—--90 + @------- @------- © 0sE .
_f T
LECs  oaf :
cp=-1.11 = :
< o1E Jd.02
ce=-0.66 Sl 102
k;ék’=>1(k+k’) i o :
r il s sl s s sl s sl O U NN T TN U TN U TN U O N AN AN A AN RN AN 0.4
) 0 0.5 1 1.5 20 0.5 | 1.5 2

K [fm”] k [fm']

*3NF bring repulsion: correlated & uncorrelated averages are similar
eCorrelated average brings small corrections to 1/2 of terms

*Diagonal k=k’ matrix elements computed
e Off-diagonal extrapolated & regulated

1Holt et al. Phys. Rev. C 81024002 (2010)
2 Carbone, Polls & Rios, in preparation; A. Carbone, PhD thesis ||
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Two-body N3LO Equation of state of symmetric matter
*-----9 ;
Uncorrelated average S s
C——-® 4 @ ciee- o nn.. O z — corr. reg. full
< free reg. full
Correlated average LL]“ corr. reg. ext.
*-—-—-9 | e------- @------- © Qg)
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cp=-1.11 £
>
ce=-0.66 20
O
=
[
Energy from GMK sum-rule 0 0.08 0.16 0.24 0.32

... with 3N corrections! ... . 3
Density, p [fm ]
*Cor. reg. full=best we can do now is underbound

o work with uncorrelated averages is validated

*Regulation at high momentum is

1Carbone, Polls & Rios, Phys, Rev. C 88 044302 (2014)
Carbone, Polls & Rios, in preparation; A. Carbone, PhD thesis 12
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Equation of state: LEC dependence

Uncorrelaled average

o-—--9o |+ O@------- ®------- O

Further renormalized NN force
Nuclear structure calculations

0 0.08 0.6 024  0.32
Density, p [fm ]

*LECs dependence is strong
o via SRG: nuclear structure calculations!?
eSmall 3NF effects with larger saturation densities = smaller radii

Carbone, Polls & Rios, Phys, Rev. C 88 044302 (2014) 13
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Correlated momentum distribution

* 3NFs induce different density dependence
*Error band from unknown ChPT parameters
*Finite temperature & higher densities available

Carbone, Polls & Rios, in preparation; A. Carbone, PhD thesis 14
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FoS for neutron matter: SRG
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*Error band from unknown ChPT ¢, ¢3 parameters
*Finite temperature & higher densities available

Carbone, Polls & Rios, in preparation; A. Carbone, PhD thesis 15
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FoS for neutron matter: SRG
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*Error band from unknown ChPT ¢, c3 parameters
*Finite temperature & higher densities available

Carbone, Polls & Rios, in preparation; A. Carbone, PhD thesis 15
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Energy/nucleon, E/A [MeV]
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S(p) = Epnm (p) -Esnm (p)

Symmetry energy

| I O L L I L L L L
— N3LO
.—-- N2LO R
== N3LO+N2LOdd e

N2LO+N2LOdd

Symmetry Energy/Nucleon, S/A [MeV]

100 0.08 0.16 0.24 0.32
Density, p [fm'3]
Po = 0.16fm > EPNNI/A ESNM/A S/A L
N3LO 13.6 -16.0 29.6 52.9
N2LOopt 15.6 -16.9 32.5 694
N3LO+N2LOdd 17.2 -7.99 25.2 40.8
N2LOopt+N2LOdd 20.5 -7.96 28.5 53.9

Carbone, Polls & Rios, in preparation; A. Carbone, PhD thesis 16



Slope parameter, L [MeV]

SURREY
Correlations from nuclear theory Exberimental constrains
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Symmetric matter, p=0.16 fm CD-Bonn
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*Compatible with pA experiments

*Small model dependence
Rios & Soma, PRL 108 012501 (2013) 18
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Conclusions SURREY
* Ab Inrtio nuclear theory Is expanding
* Neutron star physics is relevant for this endeavor
*[Vany-body forces can now be accessed
* Micro, macro, transport, pairing properties on-going

* Hopefully a coherent picture will come out!
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