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Abstract We present a preliminary study of the effect of a three-nucleon force (3NF) in p-3H and n-3He
scattering at low energies. The used 3NF is derived from effective field theory at next-to-next-to-leading
order. The four-nucleon scattering observables are calculated using the Kohn variational principle and the
hyperspherical harmonics technique and the results are compared with available experimental data. We have
found that the effect of introducing this type of 3NF is tiny, and sometimes worsens the agreement with the
experimental data.

1 Introduction

Four nucleon systems have been the object of intense studies in recent years. In first place, there is a number of
reactions involving four nucleons which are of extreme importance for astrophysics, energy production, and
studies of fundamental symmetries. As an example, the reactions d − d → p-3H and d − d → n-3He play a
key role in the theory of big-bang nucleosynthesis. Moreover, these systems are particularly interesting as a
“theoretical laboratory" to test the validity of our present knowledge of the nucleon-nucleon (NN) and three
nucleon forces (3NF).

The interest in ab initio calculations has been renewed after the advent of the theoretical framework of chiral
effective field theory (χEFT), nowadays widely used to derive nuclear potentials and electroweak currents from
the symmetries of QCD—the exact Lorentz, parity, and time-reversal symmetries, and the approximate chiral
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symmetry (see, for example, Refs. [1–4]). The test of these new potentials in few-nucleon scattering will give
very stringent and critical information.

In a previous work, we have presented a study of the inclusion of the 3NF in low energy n−3H and p−3He
elastic observables [5]. In the present paper, we extend the study to p-3H and n-3He scattering for energies
where both channels are open but below the d − −d threshold. These calculations present new challenges
and are rather complex since the two reaction channels are coupled and involve both total isospin T = 0 and
T = 1 states.

The NN potential used in this paper is the N3LO500 model by Entem and Machleidt [4], an interaction
based on the χEFT approach and derived up to next-to-next-to-next-to-leading order of chiral perturbation
theory (χPT). To this NN force, we have added the 3NF derived within the same approach at next-to-next-to-
leading order (N2LO) [6,7], with parameters cD and cE fixed in order to reproduce the three-nucleon binding
energy and the Gamow–Teller matrix element in the tritium β-decay [8–10]. The cutoff parameter for these
interactions is fixed in this contribution to be � = 500 MeV. The interaction obtained including this 3NF will
be labeled hereafter as N3LO500/N2LO500. The study of the dependence of the results on the value of the
cutoff parameter � and on the choice of cD and cE is still in progress and it will be presented elsewhere [11].
We are also planning the study of the contributions of the 3NF terms coming from successive orders of χPT,
recently derived in Refs. [12–14].

The paper is organized as follows. In Section 2 we report the results of the theoretical calculations, and
compare them with the available experimental data. Finally, in Section 3 we present our conclusions.

2 Results

The calculations presented in this contribution have been performed using the Kohn variational principle
and expanding the wave functions in terms of the hyperspherical harmonic functions (for more details see,
for example, Ref. [15]). Recently, a benchmark paper [16] has been completed where the results obtained
with this method have been compared with the analogous results obtained in the framework of the Alt-
Grassberger-Sandhas (AGS) equations [17–19], solved in momentum space, and of the Faddeev–Yakubovsky
(FY) equations, solved in configuration space [20,21]. An overall good agreement among the results of the
three methods has been found.

Some of the preliminary results obtained for p-3H elastic scattering and the p-3H → n-3He charge
exchange reaction are reported in Figs. 1, 2 and 3, together with the available experimental data. We see that
the contribution of the 3NF is small, and the only clearly visible effect is for p-3H differential cross section
at very low energies, see panels (a) and (b) of Fig. 1. For these energies, the n-3He channel is closed, and the
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Fig. 1 p-3H differential cross section, at several values of the proton laboratory beam energy Ep calculated with the N3LO500
(blue dashed curve) and with the N3LO500/N2LO500 (solid green curve) interactions. The experimental data are from Refs. [22–
27]
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Fig. 2 p-3H proton analyzing power at three values of the proton laboratory beam energy Ep calculated with the N3LO500 (blue
dashed curve) and with the N3LO500/N2LO500 (solid green curve) interactions. The experimental data are from Ref. [27]
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Fig. 3 p-3H → n-3He differential cross section and proton analyzing power at three values of the proton laboratory beam energy
Ep calculated with the N3LO500 (blue dashed curve) and with the N3LO500/N2LO500 (solid green curve) interactions. The
experimental data are from Ref. [28–32]

theoretical results are extremely dependent on the correct position of the trinucleon binding energies. The p-3H
analyzing power is found to be slightly increased when the 3NF is included, but this does not significantly
help in reducing the disagreement observed with the experimental data at Ep = 4.15 MeV, as can be seen in
panel (c) of Fig. 2.

Regarding the charge exchange reaction shown in Fig. 3, we note that the inclusion of the 3NF gives
negligible effects for the differential cross section, while slightly increases Ay0 in the forward peak. In this
case, the disagreement with the experimental data, found when only the NN force is considered, is worsened
by the inclusion of the adopted 3NF.

3 Conclusions

In this work, we have studied some low energy n-3He and p-3H elastic and charge-exchange observables by
using 1) an interaction including an NN force only and 2) an interaction including also 3NF. Inclusion of 3NF
for these reactions was considered earlier only in Ref. [21], in the framework of the FY equations, and in Ref.
[33], in the framework of the AGS equations.

We have observed that the effects of the inclusion of the 3NF are, for most of the cases, tiny. Only for energies
below the opening of the n− 3He channel some sizable effects are observed. In that case, the inclusion of 3NF
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is essential for a better reproduction of the experimental data. Above the opening of the n − 3He channel, the
inclusion of 3NF in the p-3H elastic scattering differential cross section is almost negligible, while it improves
slightly the agreement with the experimental analyzing power.

On the other hand, for the charge exchange reaction p-3H → n-3He, the inclusion of the 3NF increases
slightly the differences between the experimental and theoretical analyzing power. This observable, however, is
known to depend sizeably on the adopted NN force [18]. From the present study, it seems that this observable
does not depend significantly on the 3NF. Therefore, it could be an important testground for investigating
our knowledge of the NN force. Consequently, it would be rather important to have new and more accurate
measurements of this quantity, as the available experimental data are rather old and of limited angular range.
More studies of these reactions with other interactions are in progress [11].
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