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Properties of 12C in the Ab Initio Nuclear Shell Model
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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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ADb Initio Nuclear Physics

“Folk Theorem” Weinberg ‘79

The quantum field theory generated by the most general Lagrangian
with some assumed|symmetries will produce the most general S matrix incorporating
guantum mechanics, Lorentz invariance, unitarity, cluster decomposition

and those symmetries, with no further physical content.

symmetries >S> choice of

degrees of freedom

local

SUC (3)xSU . (2)XUY (1) quarks and gluons, pions, ...



ADb Initio Nuclear Physics

“Folk Theorem” Weinberg ‘79

The quantum field theory generated b@t general Lagra@
with some assumed symmetries will produce|the most general S matrix |ncorporating

guantum mechanics, Lorentz invariance, unitarity, cluster decomposition

and those symmetries, with no further physical content.

high-momentum/short-distance details in coefficients (“low-energy constants”)

- =) renormalization

regulator = infinite series of interactions
with related coefficients

_ A ’ A°r? |
eg. (M= el magnitude of
N3 4 _ |
¢ Hooft *80 + naturalness physical part of LEC.:
(0]0)
Veltman ‘81 A—> M hi

_ _ typical momentum & low-energy scales
Observables expansionsin —— P _ b
M " scale of underlying theory



Landscape of Nuclear Effective Field Theories

typical O/MeV

momentum
g

chiral-symmetric
QCD scale

100

loNn Mmass
140 500 " ma/MeV >

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




Konig, GrieBhammer, Hammer, VK, Phys. Rev. Lett. 118 (2017) 202501

-B [MeV]

B, [MeV]

Good renormalized description up to alpha particle
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SLIPPERY
WHEN WET

The Instability Problem

Instability at LO beyond four nucleons

Pionless EFT <

Chiral EFT

/

<

_ Stetcu, Barrett, vK 07
6 j Contessi, Schafer, Gnech, Lovato, vK ‘25

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

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

16 Contessi, Lovato, Pederiva, Roggero, Kirscher, vk ‘17
O Bansal, Binder, Ekstrom, Hagen, Jansen, Papenbrock *18
Contessi, Schafer, Gnech, Lovato, vK ‘25

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

6| j Yang, Ekstrom, Forssén, Hagen ‘21

Yang, Ekstrom, Forssén, Hagen ’21

160 Yang, Ekstrom, Forssén, Hagen, Rupak, vk 23
@



Contessi, Lovato, Pederiva, Roggero, Kirscher, vK,

Phys. Lett. B 772 (2017) 839

Pionless EFT

A m, = 140 MeV  m, = 510 MeV m, = 805 MeV
2 fm ! =23.17+0.02 =31.15+0.02 ~88.09 + 0.01
4 fm™! —23.63 +£0.03 —34.88 +0.03 -91.40 +0.03
6 fm™! —25.06 = 0.02 —36.89 + 0.02 -96.97 + 0.01
8fm!' | — 05 -37.65+0.03 -101.72 £ 0.03
+{0.3 (sys) +1 (sys) +3 (3ys)
— —30 2 (stat) _3911{smt}| _1241 1 (s5tat)
Exp. —28.30 — —
LQCD - —430+ 144 —-107.0 £ 24.2
Table 1: *He energy for different values of the pion mass m, and the cutoff

A, compared to experiment and L.QCD calculations [1]2]. See main text and
appendix for details on errors and extrapolations.

A m, = 140 MeV  m, =510 MeV  m, = 805 MeV
2 fm™! -97.19+£0.06 —-116.59 +£0.08 -350.69 £ 0.05
4 fm ! =92.23+0.14 —137.15+£0.15 -362.92 £0.07
6 fm™! 9751 £0.14 14384 +0.17 38217 £0.25
§fm! | —1 20 —-146.37+0.27 —-402.24 +0.39
3 o ~1 ]511 (sys) -15 112{3}'5} _5041.2{1 (sys)
+8 (slal) + 10 (slal) +12 (5lal)
Exp. —127.62 - -

Table 3: '°0 energy for different values of the pion mass m, and the cutoff A,

compared with experiment. (No LQCD data exist for this nucleus.) See main

text and appendix for details on errors and extrapolations.

MeV)
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example: 1°0 at LO

Chiral EFT

P-wave LEC calibrated at T3, = 40 MeV
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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




Hammer, Konig, 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*/Miy) !
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



Instability beyond alpha particle at LO

MaV A>5

1

- al LO 24 O “Co oy ““ph i o B, A E. - B,

| i AAl A

B+ I°F -

5B 'B

5 Z B- 109, -5 expect lots of clustering

18|

i E P

£ 9

éLﬁd_ — 4 Q ;\/ZmNB3/3~1

E a8 1 t: triton - \ hi 1.4 mn 3

% E 2= Ha d: deutercn = 2 Ekstrom, Platter ‘24

i /‘* p: profon

2 tE/ Practical problem:

g 0 7 AN TN T I O Y Y N Y I S I T 0

1 2 3 45 10 20 50 00 200 . nowteles

E L (distorted-wave)
near unitarity Mass Mumber A

perturbation theory?

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

Contessi, Schafer, vK ’23
Contessi, Pavon, vk ’24

Im prOved ACtlonS Contessi, Schafer, Gnech,

Lovato, vK ‘25

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) Zk: 5/\ (ﬁ, )5A (F;k) (neglecting spin-isospin factors)
] 1
= VO A)=VOF:A)+AV(F;A)
within. O(Q/M,; ) AV (T;A) = AV (T A) +...
VO[T A)=... = VOTFA=VIT;A)-AVI(F;A)

- within O(Q* /M)



Example 1. change of renormalization condition

—
—> fit to two-body scattering length

AV (F;A,2,',0) =[ C7 (2,5 A) ~CE(A) | D6, (F;)

iInfrared resummation of the expansion in (Q )_1

fit to unitarity limit <
=) fit to A-body binding energy

AV (F; A, mB,,0) =| C{” (B, A)-C(A) | X5, (%)

difficult to discern a potential failure
A>4 . ey
of the expansion as density increases

Cs (M) =Cy (&) = =0;A)

cf. NNLO, chiral pot  Ekstrom et al. ’15




Example 2: partial resummation of two-body effective range
Contessi, Pavon, vK ‘24

(introduce dimer field)
J

cf. X=1 Pnilips, Rupak, Savage ‘00

A=2 T(k)——4—”{1+|1 +ikr2—P2(ik—r2j +P3(”<—r2” « - TE

Ikm ka, 2 2 2
Toy model
exact with °S, np parameters _ De swart
erheggen,
2a Stoks ‘95
—2~1 64 a=—%=6.2 etc.
"2 I,
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\ -- A eff range “anti” resummation

Contessi, Pavon, vK, Phys. Lett. B 856 (2024) 138903
phase shift

——s B larger lower-order errors
'-‘_‘_\_-:__:1_-‘ em il PR A"l |
= | but same breakdown scale

“standard” Short-Range EFT

I
M " 2 ~1 asexpected...
'

full eff range resummation

smaller lower-order errors
but same breakdown scale

}ys aseyd uj 10413 aA3E[D.

near breakdown of
perturbation theory



|

e
E 18:- 2 5
" 3 I S T
~ & I — &

L5 16} -
®) E f :"'g
o f W<
2 1 14 &S
; E ~. | (& ]
O ' ° <
= Do ~ Y
© c S 2
% T £
£ 0
a %;
& 5

two physical poles one physical pole poles coalesce

Y. unphysical virtual state V. =)

(not surprising) convergence radius gnd a priori error estlma;es do no.t change
| central values for various orders within a priori error estimates
oLl central values of lower orders closer to exact for 0 < x<1

o BUT difficult to apply to more bodies .



Example 3: partial resummation of a chain of ERE parameters

Contessi, Schafer, vK ‘24
Contessi, Schafer,

AV (T; A, RZ,R ) = Z[C(R_l) 5Rl( ) — C(O)(A)5 (T ):| Gnech, Lovato, vK ‘25

“fake ranges” +Z[|§ ﬁ ﬁ ﬁgl(ﬁj)5§3l(ﬁk)_ Déo) (A)o, (ﬁj)5A (ﬁk):|

ijk

possible improvements

“He atomic S
clusters R, =R, =R
nuclei Rys = @ Ry = ><@ R, =
fitted to corresponding fitted for maximal improvement
effective ranges of alpha binding energy

o (two two-body S-wave channels) o



A=5

4He 14 s e I - 00) Contessi, Schéafer, VK,
_ B D . [ MM Phys. Rev. A 109 (2024) 022814
atomic b e
Clusters o
Q Y bl s rirtrtatalabi, Lol rivivtuintetetteleleleletle U N
8 .
LO
6 . . . ——
0 5 10 15 20 25
10, zero range

improvement at NLO nearly independent of fake range for a large range of values
“wall” at R' = 2|+
two-body effective range at improved LO ~ LM2M2 effective range



12¢ Energy [MeV]

—28

A=06

Contessi, Schafer, Gnech, Lovato, VK,

8 LO arxiv:2505.09299
nuclei
exp threshold ....... S T TR T TR [ERTSTACPIPRIRIEE
'mp NLO (x=1) E =—(31.57+0.02+0.3) MeV
uncertalnty from E -32 '___'___'___'__._'___'_:_'___'.___' __:___'__._'___'_:_'___'.___'___'___' ________________________
' = (exp) _
residual 5 imp LO (x = 0.9) E -31.994 MeV'
Cutoff E __________________________________________________________
dependence 7 . imp LO (x=1)
at NLO
36 -
-100 — A = 16
g A=12 x
38 . : . 1
. 0 2 4 6 8 10 g exp threshold
cutoff [fm~1] - T 1 ., ....,, IIII
—80 - £ D e il
...... > S, S S S \\\ ¢
ECP =92 162 MeV! E B
01 _ e &f -t B e eV E@ ________ R 2 B SE S
""""""""" L2 gt S8 SSEEES E® — (97 3+0.1+ 5) MeV £ —160 1
—-100 1 12 E "‘* """""""""""""""""
________________________________________________ -180
el E<exp> ~127.619 MeV'
|mp NLO (x — 09) ........................... oo
o EY = —(155.6£0.3+ 20) MeV -
0 2 4 6 8 10 2 4 6 8 10

cutoff [fm~1]

cutoff [fm~1]



Stability beyond alpha particle at NLO

MeV ®
£
- NLO e 0 B “py
it Co 10 H &
3 - ' 18 il
% g E
3= gl 10p, -5 6| | Contessi, Schafer, Gnech,
i = Lovato, vK ‘25
o | _
o ey 12¢C Contessi, Schafer, Gnech,
3 o Lovato, vK ‘25
% E 4 - — ":I'
% LI | 160 Contessi, Schafer, Gnech,
| - triton - Lovato, VK ‘25
\EE 2 SHA d: deuteron — o
i p: profon
E 0 I I W O O L L 1Lt L1 0
Q;‘fi 1 2 4 4 5 10 20 =0 100 200

Mass Number A

renormalization + near two-body unitarity: systematic improvement


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

-- here preserving power counting Bub et al. <24

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

BUT

0 Independence of improvement: restricted range of x, other forms?

o growth with A overestimated?



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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