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We obtain properties of '2C in the ab initio no-core nuclear shell model. The effective Hamilto-
nians are derived microscopically from the realistic CD Bonn and the Argonne V8’ nucleon-nucleon
(NN) potentials as a function of the finite harmonic oscillator basis space. Binding energies, excita-
tion spectra, and electromagnetic properties are presented for model spaces up to 5A(). The favorable
comparison with available data is a consequence of the underlying NN interaction rather than a phe-
nomenological fit.
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Abstract

‘We present a new approach to the construction of effective interactions suitable for many-body calculations by means of the no-core shell model
(NCSM). We consider an effective field theory (EFT) with only nucleon fields directly in the NCSM model spaces. In leading order, we obtain the
strengths of the three contact interactions from the condition that in each model space the experimental ground-state energies of 2H, 3H and *He be
exactly reproduced. The first (07F; 0) excited state of “He and the ground state of ®Li are then obtained by means of NCSM calculations in several
spaces and frequencies. After we remove the harmonic-oscillator frequency dependence, we predict for *He an energy level for the first (0F; 0)
excited state in remarkable agreement with the experimental value. The corresponding 614 binding energy is about 70% of the experimental value,
consistent with the expansion parameler of the EFT.
© 2007 Elsevier B.V. All rights reserved.
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Nuclear Physics from QCD
Pionless Effective Field Theory

Improved Actions
_ight-Medium Nuclel

Prospects and conclusion
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Nuclear Physics from QCD

“Folk Theorem?” Weinberg ‘79

The quantum field theory generated by the@neral Lagrangian
assumed symmetries will produce the|most general S matrixjincorporating

ith some

guantum mechanics, Lorentz invariance, unitarity, cluster decomposition

and those symmetries, with no further physical content.

high-momentum/short-distance details in coefficients

- =) renormalization

typical momentum & low-energy scales

regulator = infinite series of interactions
with related coefficients

e.g. 5“?){%) exp(—AArr j

Observables expansionsin —— _
M i scale of underlying theory




Landscape of Nuclear Effective Field Theories

typical O/MeV

momentum
g

chiral-symmetric
QCD scale

More generally,

100 Short-Range EFT

loNn Mmass
140 500 " ma/MeV >

® Hammer, K6nig, vK, Rev. Mod. Phys. 92 (2019) 025004




Pionless EFT

M hi = O(mﬂ) pion mass
=0 (2/ r2) two-body effective range
2 11E relative momentum
Q ~\EH in two-body scattering

_ A-body
. \/2m EA/A — QA binding momentum

Q Q 1

~ P —

M. 14m 3

| T

two-nucleon scattering
to high order:

M, =1.4m

Ekstrom, Platter ‘24

universality
near two-body unitarity

E,/2<(E,/A)

A>3



Hammer, K6nig, vK, Rev. Mod. Phys. 92 (2020) 025004

Potential

Isospin-symmetric Isospin-violating
2N 3N 4N 2'N 3N
discrete
O(1) A, scale
LO (hvariance!
NLO
O(Q*/Mi) !
N2LO
vK 97’99 Bedaque, Bazak, Kirscher, Konig,
Kaplan, Savage, Hammer, Kénig, Pavon, Griesshammer,
Wise 98 vK 99’00 Barnea, vk ’19 Hammer, vK 16



B [MeV]

Good description up to alpha particle

-

'Sy unitarity LO + NLO a./a,,, Coulomb
—e—  full unitarity LO + NLO ay/a,,, a;, Coulomb

8.40F
- 3
-8.60Fexp. "H N 1 LO 4
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_ ]
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Konig, GrieBhammer, Hammer, vK, Phys. Rev. Lett. 118 (2017) 202501

renormalization + near two-body unitarity: Efimov physics and corrections



Instability beyond alpha particle at LO

3

Stetcu, Barrett, vk 07
Contessi, Schafer, Gnech,
Lovato, vK ‘25

oL
LO

=
|

but n- ¢ scattering good
Bagnarol, Schafer, Bazak, Barnea ‘23

m
I

12C Contessi, Schafer, Gnech,
Lovato, vK ‘25

160 Contessi, Lovato, Pederiva,
Roggero, Kirscher, vK ‘17

Bansal, Binder, Ekstrom, Hagen,

t - triton Jansen, Papenbrock "18
Contessi, Schafer, Gnech,

He d: deuteron - 2 Lovato, vK ‘25

p: proton

£
|

Birding Energy per Nucleon
%]

— 40Ca Bansal, Binder, Ekstrém, Hagen,
Jansen, Papenbrock ‘18

NN L1 L 1 L hiuld L 1 0
i 2 &4 45 10 20 =0 100 200

Mass Number A

https://ne.phys.kyushu-u.ac.jp/seminar/MicroWorld3 E/3Part3 E/3P34 E/nuclear fusion E.htm

Dawkins, Carlson, vK, Gezerlis ‘20
Schéafer, Contessi, Kirscher, Mares ’20
Contessi, Schafer, Kirscher, Lazauskas, Carbonell ‘23

renormalization + near two-body unitarity: clustering of multicomponent fermions


https://ne.phys.kyushu-u.ac.jp/seminar/MicroWorld3_E/3Part3_E/3P34_E/nuclear_fusion_E.htm

Contessi, Schafer, vK ’23

Improved Actions Contessi, Pavén, vK '24

Contessi, Schafer, Gnech,
Lovato, vK ‘25

Practical problem: how to do (distorted-wave) perturbation theory upon unstable states?

Solution: add to LO some subLO corrections, while maintaining renormalization

» no new physical parameter at LO

» effect no larger than NLO - removed perturbatively at NLO

v (F; A) . Céo) (A) Z 5A (ﬁj ) + Déo) (A) Z 5/\ (ﬁ, )5A (r.k) (neglecting spin-isospin factors)
]

ijk

=) VO(F;A,R,,R,)=VO(F;A)+ AV (F; A, R, R,)

“fake ranges”
within O(Q/M,. o N
( ) AV (F;AR,,R)=AVO(F;AR,,R,) +...

VO A)=.. =D VOFAR,R)=VO(F;A)-AVP(F;AR,R,)
- within O(Q* /M)



Examples

1) change of renormalization condition

fit to two-body scattering length == fit to A-body binding energy cf. NNLO,,, chiral pot

. : . . . o Ekstro tal ’15
BUT difficult to discern a potential failure of the expansion as density increases e

Phillips, Rupak, Savage ‘00

2) partial resummation of the two-body effective range Contessi. Pavén. vK 24

introduce dimer field =2 two-body coupling energy dependent

convergence radius and a priori error estimates do not change
central values for various orders within a priori error estimates
central values at lower orders closer to exact for R, <R

where two-body effective range is reproduced

BUT difficult to apply to more bodies



3)

partial resummation of a chain of ERE parameters
AV (F AR, R) =Y C(R) 8,.(F) -CP (M), (T) |
]

+ Y[ BR, R 8,.(5)8,..(F) - DIV (A)S, (7)5, ()|

ijk

‘He atomic clusters to NLO A<L5 Contessi, Schafer, VK *23

central values at various improved orders:
-- slightly better than unimproved values

-- differ from unimproved results no more than change in order

improvement at NLO nearly independent of fake range R, <R



Contessi, Schafer, Gnech,
Lovato, VK ‘25

Light-Medium Nuclel

Can we find a range of fake ranges that give stability at LO?

(two two-body S-wave channels)

one possible = x@ = x@ -
improvement Res = Rt = R; =

fitted to corresponding fitted for maximal improvement
effective ranges of alpha binding energy

=) VOT;x)=VOF;A)+AV (F; A XR,., XR,,, XR,)

residual uncertainty from variation for A > 2 fm™

1)
cutoff E(l) (A) — E(l) £1+ qu
A A
dependence A ~ uncertainty from Q ~ Qs ~ S
at NLO M, 14m_ 3




—28 _ Contessi, Schafer, Gnech, Lovato, VK,
s LO A=06 arXiv:2505.09299
preshold
exp t reshold = f-e----- R LTT T T TTPE PP PSP P PRI PP PREPy BRI -
_ mpNLOG=1) E =—(31.57+0.02+0.3) MeV
';' L ] ® [ ] [ ] W o
% =32 T T e e e i-'—(e'XB)'—'-'—'—'—'-'—'—";
mpLO (x=09) |ife _— 731994 MeVi
E e [
o . Imp LO (x=1)
_36 -
—100 503 A — 16
A=12 | | | | :
. 0 2 4 6 8 10 exp threshold
cutoff [fm~1] —120 Freereennnnns ....,, IIII
—80 - 3 i e e ittt
\\ e
I ‘ff ............................................................ : _(e;(p)_ ____________________ I _:g 140 \\‘ )
g 0] g B, =-92.162 MeV; =S s S e S S S
i~ = ﬁ‘-‘_h—‘;—i-— ----- ;- ________ B = A B T . e
= e _— - e “CJ - =t
T 1 EY =—(97.3£0.1+5) MeV e
o —1004 A ittt ittt Enteied piitiltey
-__; ________________________________ I_._._._._._._._._._._._._._._. =180
ES® =-127.619 MeV!
|mp NLO (x — 0‘9) L e e i i - oo ]
1o | | | | El(é) =—(155.6i0.3i 20) MeV | | | |

cutoff [fm~1]

cutoff [fm~1]



Instability beyond alpha particle at LO

3

6L' Stetcu, Barrett, vk 07
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renormalization + near two-body unitarity: clustering of multicomponent fermions


https://ne.phys.kyushu-u.ac.jp/seminar/MicroWorld3_E/3Part3_E/3P34_E/nuclear_fusion_E.htm

Stability beyond alpha particle at NLO

MaW ®
5 6 | Contessi, Schafer, Gnech,
g &l NLO i "'5.[} o a:mph Lovato, vK ‘25
3 Agd 1+ & _
5 . and n- o scattering good
g g - 19 2l
N 1 Bagnarol, Schafer, Bazak, Barnea ‘23
w| £ El
- =]
5 Z B = B - 6 . .
- 12C Contessi, Schafer, Gnech,
i o Lovato, VK ‘25
0 E B -
3 16 Contessi, Schafer, Gnech,
2 4 - 4 O Lovato, vK ‘25
- uw
E = t: triton -
\QE 2 SHA d: deuteron — o
i p o profon
g q I T T N I N TN O N A A N R 0
ig‘fi i 2 a4 45 10 20 a0 100 200

Dawkins, Carlson, vK, Gezerlis ‘20
Schéafer, Contessi, Kirscher, Mares ’20
Contessi, Schafer, Kirscher, Lazauskas, Carbonell ‘23

Mass Number A

renormalization + near two-body unitarity: clustering of multicomponent fermions


https://ne.phys.kyushu-u.ac.jp/seminar/MicroWorld3_E/3Part3_E/3P34_E/nuclear_fusion_E.htm

cf. order-by-order weakening of Wigner bound Beck, Bazak, Barnea ‘20

-- here more general

cf. finite-range pionless potentials Kievsky et al. *20

Recchia et al. 22

-- here preserving power counting

(# parameters, perturbative corrections, breakdown scale, ...)



Conclusion

Partial range effects can be included at LO
without affecting power counting and model independence

Lower orders are improved
without affecting convergence radius

Improvement is sufficient to
provide stability for near-unitarity fermions at LO
and allow perturbation theory for corrections

Light-medium binding energies are
within ~15% of experiment at NLO

Need: more observables, heavier nuclei, higher orders
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