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The Majorana Double Charge Exchange (MDCE) provides a suitable
environment for studying the dynamics of the neutrinoless double-beta
(0vBB) decay, particularly short-range correlations among nucleons. The
study of the pion potential is essential in this respect, as it represents the
strong interaction counterpart of the neutrino potential, driving nucleon
correlations in Ovgf decay. Numerical studies on the pion potential have
revealed an effective range of about 1 fm with slight dispersion around this
value, confirming the short-range character of the MDCE process.
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1. Introduction

NUMEN (NUclear Matrix Elements for Neutrinoless double-beta decay)
[1, 2] is a project proposed in 2015 with the aim of studying Double Charge
Exchange (DCE) reactions induced by heavy ions, as they represent a spe-
cial class of direct nuclear reactions suitable for spectroscopic research. In
more detail, the DCE reactions are second-order nuclear reactions mainly
fed through three main competitive processes, namely the Transfer Dou-
ble Charge Exchange (TDCE) [3, 4], the Double Single Charge Exchange
(DSCE) |5, 6], and the Majorana Double Charge Exchange (MDCE) [7].
The TDCE proceeds through the direct transfer of nucleons between the
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two nuclei, while DSCE and MDCE are processes in which two uncorre-
lated (the former) or correlated (the latter) nucleons interact by exchanging
charged mesons. The MDCE represents a novel and promising approach for
studying the dynamics of the neutrinoless double-beta (0v33) decay [8, 9],
since the same nuclear configurations can be explored using a transition op-
erator that presents close mathematical similarities with the one driving the
OvpBp decay |10, 11]. Indeed, both operators represent Fermi, Gamow—Teller,
and rank-2 tensor components [2, 7].

2. Majorana Double Charge Exchange mechanism

The box diagram of the MDCE process is presented in Fig. 1. In the
initial channel, the target A and the projectile A’ interact by exchanging
a charged pion 7. The pion-nucleon scattering, taking place in the two
nuclei, leads to an excitation of np~! or pn~! Single Charge Exchange (SCE)
particle-hole configurations [12] and the emission of a neutral pion 7¥. Both
intermediate nuclei C,C’, and 7° propagate in the intermediate s-channel
until a second charge exchange reaction by a 7 — 7% process occurs, pop-
ulating the exit channel nucleus B(Z + 2) as discussed in detail in Ref. [7].
Each of the SCE-type transitions is driven by the pion—nucleon isovector
T-matrix Ty, which describes the pion—nucleon scattering taking place at
each vertex of the box diagram.

Al

Fig. 1. Scheme of the MDCE for the A(A’, B')B reaction [7].

2.1. The pion potential

Using the pion rest mass, m; ~ 139 MeV, as a natural separation
scale |7], the pion potential Uy is evaluated analytically in closed form, i.e.,
by replacing the sum over intermediate states with the identity operator,
as commonly performed in the Ovg3S framework [14, 15]. Within this ap-
proximation, the pion potential U, depends on the pion—nucleon isovector
T-matrix T,y according to the following equation:
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Un(z) = — / ((;jrl;gTwN (ﬁm/;) W%Tﬂv (ﬁl; E) ; (1)

where x is the distance between the two nucleons participating in the DCE
transition, k is the invariant relative pion—nucleon momentum

K = 1

= Ion (sﬂN — (mn + ’mw)2> (37rN — (mn — mw)2> ) (2)

where my is the mass of the nucleon, while s,y is the energy per nucleon,
defined as s;n = sx¢ /A2, with A being the mass number of the intermediate
nucleus C.

By expanding the T,y in partial waves, it can be written as a superpo-
sition of three terms describing the formation of a resonance of the S-wave
(Tp) and P-wave (17 and T5) type [16, 17]

—

1 IV Lo -
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In expression (3), p and p’ are the pion and nucleon momenta, respec-
tively, & is the spin operator, while T and 73 are the pion and the nucleon
isospin operators, respectively.

The pion potential U, consists of nine terms, as it arises from the prod-
uct of two T-matrices Typ, which themselves are superpositions of three
terms (see Eq. (3)). By choosing collinear exchange charged pion momenta,
i.e. p1||p2 and |p1| = |p2|, by symmetry, the number of independent pion
potential components reduces from nine to six independent ones.

2.2. Pion potential as a strong counterpart of the OvB3 neutrino potential

A direct comparison between the pion and neutrino potentials highlights
several formal similarities, as both contain Fermi, Gamow—Teller, and tensor
components [1, 18]. In Fig. 2, the formal similarities between the MDCE
reaction (on the left) and the OvfBf3 decay (on the right) can be appreci-
ated. As can be seen, the same nuclei are involved and both processes
proceed through an intermediate channel. Moreover, in each process, the
two nucleons are correlated through either a neutral pion (in the MDCE) or
a Majorana neutrino (in the OvS3 decay). In this respect, the pion potential
represents the strong interaction counterpart of the Majorana neutrino po-
tential. Thus, studying this object gives an insight into the Ov33 dynamics,
highlighting the short-range correlations among nucleons.
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Fig. 2. Left: the hadronic MDCE for one of the interacting nuclei. Right: the Ov5j3
process.

3. Results

The pion potentials contributing to the reaction of a *¥O beam colliding
on the 43Ti target at Tj,, = 270 MeV was investigated numerically. The pion
potential as a function of the distance x between the two nucleons involved
in the MDCE reaction (exchanging a pion with momentum p = 400 MeV /¢)
is shown in Fig. 3 for both nuclei. The components U;; identify the S-,
P-, and mixed contributions to the pion potential U,, where the subscripts
i and j label the form factors T;, T; entering the expression in Eq. (1). As can
be seen, the P-wave potential, i.e. the Uj; and Use components, dominate

over the S-wave ones. Thus, it can be concluded that the MDCE process is
dominated by the P-wave component.

80 (p=400MeV/c) 4Tj (p =400 MeV/c )

o 0.001 U - 0.001 | :
% 0.00075 - o 1 % 0.00075 - § Ugo 1
S o005 o £ oo00s o
= : Uz, =, : _Un
2 0.00025 = 0.00025 i
= 0 —— Y 0 —
= 000025 : = -0.00025
0 02040608 1 1.2 1.4
x [fm]
& 0 — 5
E -0.0001 2
S -0.0002 1 =
2 -0.0003 Up —+ =2
- Ugy — =
£ -0.0004 - U02 L
= .0.0005 12 =
0 02040608 1 1.2 1.4 0 02040608 1 1214
x [fm] x [fm]

Fig.3. The diagonal (top panel) and non-diagonal (bottom panel) components of
the pion potentials in the 80 and *8Ti collisions at Tj., = 270 MeV are shown.
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Important global properties of pion potentials such as strength, range,
and spatial extension are characterized by the monopole moments

M = /d37“T”Uz‘j(F)a (4)
which were used to calculate the normalized radial moments
M
_ vJ
<Tn>ij - M(O) : (5)

]
Of special interest are the n = 1,2 moments allowing to determine the root-
E;ns) = /(r?)i; and the variances

vij = ()i — () - (6)

In Table 1, the normalized linear radial monopole, the root-mean-square
radii, and the variance are reported for all components of the pion potential.
Given the dominance of the P-wave component over the S-wave, the inter-
action is found to extend over a radius of approximately 1 fm with a very
small dispersion around the mean value. Indeed, the variances remain of
moderate magnitude ranging from 0.03 fm? for the P-wave component up
to 0.10 fm? for the S-wave component. These findings, indicating the very
limited range of the pion potential, provide clear evidence of the markedly
short-range character of the MDCE process. A direct consequence is the
short-range nucleon—nucleon correlation, as the two nucleons participating
in the DCE transition are connected through a neutral pion, whose potential
exhibits a strongly short-range character.

mean-square radii r

Table 1. Table of the normalized linear radial monopole (r);;, the root-mean-square

radii rl(;-ns), and the variance v for all the components of the pion potential.

Components | (r);; [fm] rgns) [fm] | v;; [fm?
00 1.89 2.53 0.10
11 1.04 1.29 0.03
22 1.49 1.70 0.06
01 1.41 1.88 0.05
02 1.20 1.64 0.04
12 1.06 1.28 0.03
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The values obtained and reported in Table 1 comply perfectly well with
the estimates obtained from the intranuclear momenta ~ 100-200 MeV /¢
(rm ~ 1-2 fm) — used as the standard reference value in Ov(/-papers
[19, 20] — and the average distances between nucleons in saturated nuclear
matter (rg ~ 1.14 fm).

4. Conclusions

The MDCE represents a suitable tool for investigating the Ov35 dynam-
ics, providing insight into short-range correlations and nucleon resonances,
both of which are relevant for Ov55 decay. In this context, the study of the
pion potential is of central interest, as it provides access to the short-range
nucleon—nucleon correlations dominating the heavy-ion DCE reactions. In
the present manuscript, numerical results for the range of the pion potential
have been presented, proving the short-range character of the MDCE pro-
cess. Indeed, an effective range of approximately 1 fm and a slight dispersion
around this value was found. These results are of significant interest, since
the pion potential can be regarded as the counterpart in the strong interac-
tion sector of the neutrino potential, which is responsible for the correlations
between the two nucleons exchanging the Majorana neutrinos in the Ov3j3
decay. Once experimental and theoretical studies become available, the pion
potentials can be extracted from the cross sections. This will enable an in-
dependent investigation of nuclear isovector spectroscopy and a direct probe
of short-range two-body correlations in nuclei, both of which are crucial for
the study of OvBS3 decay.
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