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The ab initio no-core shell model (NCSM) is extended to include a realistic three-body
interaction in calculations for p-shell nuclei. We present results of first applications using
the Argonne V8 nucleon-nucleon (NN) potential and the Tucson-Melbourne TM'(99)
three-nucleon interaction (TNI). In addition to increase of binding energy, we observe a
trend toward level-ordering and level-spacing improvement in comparison to experiment.
With the TNI we obtain a correct ground-state spin for B contrary to calculations
with NN potentials only. We also investigate neutrino-'2C exclusive cross sections and
muon capture on 2C. We show that realistic nucleon-nucleon interactions underpredict
the experimental cross sections by a factor of two or more. By including the TNI a much
better agreement with experiment is achieved along with an encouraging trend.

1. Ab initio No-Core Shell Model with a Genuine Three-Body Interaction

It is well established that the modern accurate NN potentials must be augmented
by realistic three-body interactions in order to reproduce experimental binding energies,
scattering observables and nuclear structure of A > 2 nuclei.

In this paper, we briefly present extensions and modifications of the NCSM [1,2] needed
when a genuine TNI is included as well as results of first applications. The starting

= 2
Hamiltonianis Hy = % Yi<i (pl—pﬁ)——{-zg“q- VNN,ij"‘ZiA<j<k Vann,ijk- We employ a large but

finite harmonic-oscillator (HO) 21%818. Due to properties of the realistic nuclear interaction
we have to derive an effective interaction appropriate for the selected finite basis space.
To facilitate this, we modify the Hamiltonian by adding to it (and subtracting from
it in the end) the center-of-mass (CM) HO Hamiltonian Hcy = Tem + Ucm, where
Uom = 2 AmQ?R?, R = L 4 | 7. The modified Hamiltonian is then H§ = Ha + Hoy =

A A A A : _ P 1,022 Q4 _ mQ? (>
Zi:l hi+2i<j V;j +Zi<j<k VNNN,ijk,Wlth hz = ﬁ+§mﬂ r; and V;j = VNN,ij_W(Ti_
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7;)%. Next we divide the A-nucleon infinite HO basis space into the finite active space
P comprising all states up to Nmax HO excitations above the unperturbed ground state
and the excluded spaces (). The basic idea of the NCSM approach is to apply a unitary
transformation on the modified Hamiltonian, e H'le® such that Qe “H%e’P = 0. We
apply this approach with a cluster approximation. When a genuine TNI is considered, the
simplest cluster approximation produces a three-body effective interaction. The NCSM
calculation is then performed in four steps:

(i) We solve a three-nucleon system for all possible three-nucleon channels with the
Hamiltonian HY i.e., using hy + hy + hs + V5 + V5 + Vay™ + Vw123

(ii) We construct the unitary transformation from the three-nucleon solutions using the
Lee-Suzuki procedure [3] and calculate the three-body effective interaction.

(iii) As the three-body effective interaction is derived in the Jacobi-coordinate HO basis
but the p-shell calculations are performed in a Cartesian-coordinate single-particle basis,
we need to perform a suitable transformation of the interaction.

(iv) We solve the Schrédinger equation for the A-nucleon system using a Hamiltonian
that includes the derived three-body effective interaction.

2. Application to B

Our '°B excitation energy results are shown in Fig. 1. We note that our calculations
with realistic two-nucleon interactions predict an incorrect ground-state spin in this nu-
cleus [2], i.e., 170 instead of the experimental 370. The same prediction is obtained by
the GFMC method [5]. Our results obtained using the TM'(99) TNI indeed show that
the three-nucleon interaction has a positive impact on the excitation spectrum and cor-
rects the level ordering by bringing the 370 state below the 170 state in agreement with
experiment. In the GFMC calculations of Ref. [5], the correct B ground state was
obtained using the Illinois TNI but the 170 ground state remained when the Urbana IX
TNI was employed. Combined with our observed sensitivity for higher excited states this
shows that nuclear structure will play an important role in determining the form and the
parametrization of the three-nucleon interaction that is still not well known.

3. Neutrino scattering on 2C

The transition from the 12Cg_s_ to the T=1 17 states in mass 12 is very sensitive to the
strength of the spin orbit interaction. Using our NCSM wave functions, we calculated ex-
clusive 1?Cgg —'Nyq (v, €7) and (v, ™) neutrino cross sections as well as muon capture
on C (see Table 1). These processes are characterized by vastly different energies and
momentum transfers. The neutrino spectrum for electron neutrinos from decay-at-rest
(DAR) of the pion peaks around 30 MeV while the (1, #~) neutrino cross section to Ny .
corresponds to muon neutrinos from decay-in-flight (DIF) of the pion. This spectrum in-
volves neutrinos with an average energy of about 150 MeV. Muon capture involves an
average momentum transfer of ¢ ~ 100 MeV /c. The CD-Bonn interaction (without TNI)
results indicate an approach to convergence by 6Af2 but experiment is underpredicted
by about a factor of 2 or more. When the TNI is included with the AV8’ interaction
the predicted DAR cross section and muon capture rate is only about 30% lower than
experiment while the DIF cross section is in fact in agreement with experiment.
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Figure 1. Levels of 1°B obtained using AV8'

and AV8'+TM’'(99) interactions.
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Figure 2. B(M1) values, in p%, of the
070 — 171 transition in *C.

Predicted weak interaction rates for the 2C— T=1 1* transitions. The units are
10~*2cm? ((ve, e7) DAR), 107*%m? ((v,, =) DIF) and 103sec™" (u-capture).

Interaction | CD-Bonn CD-Bonn CD-Bonn AV8+TM'(99) experiment
Basis space 2h82 4h$2 4h$2
Vere ) 9.27 3.2 6.8 8.0£0.320.9 [6]
(Vs b7) 0.168 0.275 0.537 0.56+£0.08+0.1 [7]
p-capture 1.46 2.07 4.43 6.0+£0.4 [8]

The conclusion drawn from the neutrino cross section results is further supported by our
B(M1; 070 — 171) results presented in Fig. 2. The calculations with 2-body forces show
saturation and underpredict the experiment by almost a factor of three. By including the

TNI, the B(M1) value increases dramatically.
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