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Abstract. The AN — NN interaction, the main responsible for the decay of heavy
hypernuclei, is described within the effective field theory (EFT) framework. The EFT is
developed up to O(q?), where ¢ is the transferred momentum between the interacting baryons.
Numerical values for the leading order low-energy constants are obtained by two means. First,
from a fit to the hypernuclear decay observables, and second, by comparing the EFT to the
one-meson-exchange model describing the same interaction. All the two-pion exchange diagrams
entering at the next-to-leading in the EFT have been calculated.

1. Introduction

During the last 60 years hypernuclear experiments have helped us to understand how hyperons
—baryons with strangeness— and nucleons interact, and how they form the bound states we call
hypernuclei. Nowadays, a few tens of hypernuclei have been characterized (see Fig. 1), and in the
coming years many more should be produced at experiments such as HypHI [1] and PANDA [2]
at FAIR. The lightest hyperon, the A, has valence quarks u, d and s, a mass of ~ 1116 MeV,
zero charge and zero isospin. It decays through the weak interaction in ~ 2.6 - 10719 seconds,
and hence it is very difficult to perform AN scattering experiments. Therefore, hypernuclei
are the main laboratories to study AN interactions. On the one hand, the binding energies of
these hypernuclei give us information about the nuclear structure and about the strong hyperon-
nucleon forces. On the other hand, the decay of hypernuclei allows us to constrain the weak AN
interaction.

The weak AN — NN transition is the main mechanism driving the decay of heavy
hypernuclei. While in free space the A decays mostly to a nucleon and a pion, when it is
embedded in A > 5 hypernuclei, this mechanism becomes highly suppressed. This effect is due
to the Pauli-blocking of the nucleonic medium on the final nucleon. In contrast, the final nucleons
in single-, AN — NN, and multi-nucleon (ANN — NNN, etc.) induced decay mechanisms
have enough energy to either escape the nucleus or occupy states above the Fermi energy level.

The AS =1 AN interaction has been traditionally studied with one-meson-exchange models
(OME) [4]. Within this picture, the different ranges of the potential are described by the
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Figure 1. (Color online) Low mass region of layers s = —1 and s = —2 of the nuclear landscape.

The different hypernuclei are colored according to the reactions that have produced them. In the
coming years, new experiments will contribute with more hypernuclei in both layers. Original
data for the A-hypernuclei is taken from [3].

exchange of the lightest pseudoscalar and vector mesons (7, K, 7, p, w and K*). This model has
been very useful to describe the hypernuclear decay data, but it is very model dependent and its
connection to the underlying physics is difficult to establish. First, the non-pionic couplings and
form factors are not experimentally known, and must be derived using SU(3) flavor and SU(6)
flavor-spin symmetries, which are largely broken. Second, the heaviest mesons, which account
for the short range part of the interaction, are too large to probe the physics at the ranges given
by the corresponding Yukawa potentials.

In our work we describe the two-body weak AS =1 AN interaction within an effective field
theory (EFT) framework, following the works of Refs. [5, 6]. The EFT approach allows one
to study the baryon-baryon interactions in a more systematic and less model dependent way.
The main idea is to separate a soft scale, which contains only the degrees of freedom that are
relevant in the interaction (i.e. pions and kaons) from a hard scale (of the order of the mass of the
nucleon). Then, one constructs the potential only with these degrees of freedom while respecting
the symmetries of the underlying theory, as for example, chiral symmetry. The potential is built
as an expansion on a parameter which is a ratio of the low scale over the hard scale. In baryon-
baryon interactions, this expansion parameter is usually the transferred momentum between the
baryons over the average mass of the baryons. To organize this expansion, we use the Weinberg
power counting scheme [7] and the heavy baryon expansion [8].

The description for the AN — NN interaction is constrained by the value of the hypernuclear
decay observables. When a hypernucleus decays non-mesonically, we can observe, mainly,
three different quantities: the total non-mesonic decay rate, I',,,; the partial decay rates,
I'y = I'(An — nn) and I'), = T'(Ap — np), with T'y,, = I';, + I); and the asymmetry in
the distribution of protons coming from the decay of polarized hypernuclei.

2. Leading order Effective field theory

The leading order (LO) EFT for the AN — NN interaction involves the long-ranged one-
pion exchange (OPE), the medium-long ranged one-kaon exchange (OKE), and two contact
operational structures. The Feynman diagrams for these contributions are depicted in Fig. 2.
The kaon is included as an explicit degree of freedom since its mass (~ 495 MeV) is comparable
to the momentum transferred to the final baryons (~ 400 MeV).

The strong vertex NNz and the weak ANm one are experimentally known from the
corresponding decays. The kaon vertices, however, are not available experimentally, and one
needs to use SU(3) symmetry to relate them to the pionic ones. We use the values given by the
Nijmegen Soft-Core 97 f [9] and the Jiilich B [10] models.

The contact potential is made up of all the possible operational structures that connect initial
and final spin, isospin and angular momentum states. Taking into account the antisymmetry of
the final nucleons, and at zeroth order in the momentum expansion, we have two independent
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Figure 2. One-pion exchange, one-kaon exchange and contact contributions to the transition.
The solid circle represents the weak interaction vertex.

structures:

Vap(q) = Coo + Co1 61072 . (1)

The two low-energy constants (LEC’s) appearing in the contact potential are not known
and must be fitted to the experiment. Therefore, we need to relate the two-body transition
to the hypernuclear decay rate, which involves the knowledge of the initial and final many-
body states. For the initial state we use a shell model approach, and assume that the A is
coupled to the lowest energy level. To uncouple a nucleon from the core we use the technique
of the coefficients of fractional parentage. The interacting A and nucleon are described by
harmonic oscillator wave functions, with the parameters by and by such that the core and
hypernucleus binding energies are reproduced, respectively. Regarding the final wave function,
we have not included the propagation of the two primary outgoing nucleons within the residual
medium. In our approximation, the residual (A — 2) nucleus acts as a spectator, and only the
strong interaction among these two primary nucleons is considered. More specifically, we solve a
Lippmann-Schwinger scattering equation with the input of modern potential models (Nijmegen
Soft-Core 97 f and Jiilich B).

We have fitted the low-energy constants to reproduce the experimental data for three different
hypernuclear observables and for three different hypernuclei — ?\H e, /1\13 and /1\20 —. In Fig. 3
we show the experimental data points together with the results obtained from this fit. We obtain
two sets of data points, one for each of the two models used in the strong part of the calculation.
The results obtained from the Jilich model fit a little better the data, but both models show
that the data is fairly well reproduced by a LO EFT [11].

An alternative way to obtain information about the LEC’s is to compare the EF T description
with the OME one. In both formalisms the long and medium range is described by the one-
pion and one-kaon exchanges, therefore we only need to match the short range terms in both
formalisms. While in the EFT the operational structures are already organized in powers of
momentum, the heavy meson exchange potentials in the OME approach are not. To obtain
these different operational structures, we expand the OME potentials in powers of = and {,
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Figure 3. Hypernuclear decay observables (total and partial decay rates and asymmetry for
AHe, §,B and 4,C), including their error bars and their fitted values. The total decay rates are in
units of the A decay rate in free space (I'y = 3.8 x 10%s7!). All the quantities are adimensional.



FAIRNESS 2013: FAIR NEXxt generation of ScientistS 2013 IOP Publishing

Journal of Physics: Conference Series 503 (2014) 012033 doi:10.1088/1742-6596/503/1/012033
Nijmegen Jiilich
OME expansion | LO PC calculation | OME expansion | LO PC calculation
Cy 1.07 + 0.88 (4.01 £0.23) —1.7+£26 (4.03 £ 0.50)
Cs 0.024+0.36 (0.02 £ 0.33) 0.124+0.37 (—0.30 £ 0.28)

Table 1. Values for the LEC’s obtained from the two sources: OME expansion and LO (PC)
EFT calculation, using the Nijmegen and Jiilich strong interaction models. All the quantities
are in units of Gp = 1.166 x 10~ MeV~2,

where m and A are the meson mass and cut-off used in the applicable potential. Thus, we can
write the LEC’s appearing in the LO EFT in terms of the heavy meson parameters. This way of
assigning values to the LEC’s is called resonance saturation and it has been previously applied
in the strong NN case [12].

In Table 1 the values obtained for the LEC’s according to each approach and for each model
are shown. The larger discrepancy is found to affect the LEC Cpp. This partly motivated us to
include a sigma meson in the OME picture and to study how it affects the numerical values of
LEC’s. When the potential for the isoscalar sigma meson is expanded, and then included in the
resonance saturation study, the LEC Cp; stays the same while the LEC Cyo has an extra term
that depends linearly on the unknown parity-violating ANo coupling, A,. Thus, we can use
this procedure to set bounds on the values of A,. For example, taking the values of m, = 550
MeV and gnn, = 8.8 from Ref. [13], and working within the Nijmegen strong potential model,
we find 3.3 < A, < 7.3 [11].

3. Next-to-leading order

The following order in the EFT includes all the possible operational structures at orders O(|q])
and O(¢?) and the contributions coming from the two-pion exchange diagrams. In total we have
13 independent operational structures, and therefore 13 LEC’s that, in principle, should be fitted
to the experiment. However, this is not feasible with the current hypernuclear experimental data.
One way to reduce this number of LEC’s is to neglect the initial momentum (of the order of a
few tens of MeV) in front of the final one (of the order of 400 MeV). Within this approximation,
the contact potential at O(|q]) and O(g?) contains only 6 LEC’s and reads (in units of G):
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Figure 4. (Color online) (A) Feynman diagrams for the ball and triangle diagrams contributing
to the AN — NN interaction. (B) Medium-long range part of the potentials for the one-pion-
exchange, one-kaon-exchange, ball diagram and triangle diagrams
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The two-pion exchange diagrams can be organized according to their topologies: balls,
triangles and boxes. The momenta carried by the baryons in the loops of these diagrams are not
constrained by any external momenta, and all their possible values must be integrated. These
integrals have been calculated using dimensional regularization, with the minimal substraction
scheme. Additionally, the two-pion exchange contributions involve the ¥ hyperon as an explicit
degree of freedom. The X N7 vertex is experimentally known from the weak decay of the . The
other vertices that appear in the loop diagrams and are not present in the one-meson exchanges,
such as AN7m, are derived from the SU(3) chiral Lagrangian. Full details of this calculation
can be found in Ref. [14]. As a sample, the ball and triangle diagrams are depicted in Fig. 4
(A), and their potentials driving the 3S; —3 S transition are compared to the corresponding
ones for the OPE and the OKE in Fig. 4 (B). At medium-long range, the two-pion exchange
diagrams are comparable to the OPE and OKE mechanisms. However, they decay much faster
than the OPE, which is the main contribution at long range.

4. Summary and perspectives

We have developed an EFT for the weak AN — NN transition up to O(¢?). The numerical
values for the LO LEC’s have been obtained by two means. First, by a fit to the experimental
data on the decay of hypernuclei, and second, by a comparison to the OME model describing
the same interaction. Additionally, we have studied the possible inclusion of a ¢ meson in the
OME picture, extracting thus a range for corresponding PV coupling. The next-to-leading order
part of the EFT has been derived by systematically including all the possible two-pion exchange
diagrams and operational structures up to second order in the momentum expansion.

In the future, we plan to reduce the model dependency of our approach by also using the EFT
formalism in the strong sector. This is feasible for A = 3,4 hypernuclei, where the few-body
initial and final states can be solved using the Faddeev-Yakubovsky scheme [15]. Currently we
are describing the non-mesonic decay of the hypertriton with our LO EFT weak potential and
by using strong EFT potentials in both the initial hypernuclear wave function and the final state
interactions. Once this calculation is completed, it can be easily extended to A = 4 hypernuclei.
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