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Abstract. In order to get quantitative information on neutrino absolute mass scale from the 

possible measurement of the 0νββ decay half-lives, the knowledge of the Nuclear Matrix 

Elements (NME) involved in such transitions is mandatory. NMEs are not observables and can 

only be accessed by theory. However, the many-body nature of the nuclear state involved in the 

decay, makes this task possible only at approximate level. In this perspective, several 

experimental approaches have been proposed in the years in order to provide useful information 

to better constrain the theory. Here a short overview of the role of charge exchange reactions in 

this scenario is given, with particular emphasis on second order processes, known as Double 

Charge Exchange (DCE) reactions.   

1 Introduction 

Neutrinoless double beta decay (0νββ) is potentially the best resource to probe the Majorana nature of 

neutrino and to extract its effective mass from decay rate measurements. Moreover, if observed, 0νββ 

decay will show that the total lepton number is not conserved. Presently, this physics case is significantly 

driving research “beyond the Standard Model” and could offer the way toward a Grand Unified Theory 

of fundamental interactions and contribute to unveil the source of matter-antimatter asymmetry observed 

in the Universe.   

Since the ββ decay process involves transitions in atomic nuclei, nuclear structure issues must be also 

accounted for in order to describe it. In particular, the 0νββ decay rate [T1/2]-1 can be factorized as a 

phase-space factor G0ν, the Nuclear Matrix Element (NME) M0 and a term  f(mi,Uei, 𝒊
) containing a 

combination of the masses mi, the mixing coefficients Uei of the neutrino species and the Majorana 

phases i. Thus, if the NMEs are established with sufficient precision, the  f(mi,Uei, 𝑖
) function, 

containing physics beyond the standard model, can be extracted from 0νββ decay rate measurements or 

bounds [1].  

The evaluation of the NMEs is presently based on model calculations from different methods, e.g. Quasi-

particle Random Phase Approximation (QRPA), large scale shell-model, Interacting Boson Model 

(IBM), Energy Density Functional (EDF), ab-initio [2-6]. All of these approaches propose different 

truncation schemes of the still unsolved full nuclear many-body problem into a solvable one, limited to 

a model space. The purpose is to include, as much as possible, the relevant degrees of freedom which 
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allow a complete description of the problem. However, this condition cannot be easily checked without 

a comparison with experimental data. Indirect hints of the reliability of model calculations could come 

from their relative convergence to common values, even if this condition would not exclude that 

common unverified assumptions are still present in all models. High precision experimental information 

from Single Charge Exchange (SCE), transfer reactions and Electron Capture (EC) are also used to 

constrain the calculations [7-11]. However, the ambiguities in the models are still too large to provide 

accurate values of the NMEs. Discrepancy factors larger than two are presently reported in literature 

[12]. In addition, some assumptions, common to the different competing calculations, could cause 

unknown overall systematic uncertainties [13]. A pertinent example is about the use of quenched 

coupling constants within the nuclei, especially for the axial-vector weak interaction, which is strongly 

debated nowadays [14-22]. 

In this scenario, the experimental study of other nuclear transitions where the nuclear charge is changed 

by two units leaving the mass number unvaried, in analogy to the ββ-decay, could provide important 

information.  

Recently, the use of modern high resolution and large acceptance spectrometers has been proven to be 

effective in order to face the main experimental challenges and to extract quantitative information from 

DCE reactions. The measurement of DCE high-resolution energy spectra and accurate absolute cross 

sections at very forward angles is crucial to identify the transitions of interest [23,24]. The concurrent 

measurement of the other relevant reaction channels allows to isolate the direct DCE mechanism from 

the competing multi-nucleon transfer processes.  

Based on these results, the NUMEN (NUclear Matrix Elements for Neutrinoless double beta decay) 

[25] project was recently proposed, with the aim to investigate the nuclear response to DCE reactions 

for all the isotopes explored by present and future studies of 0νββ decay [26,27].  

2 A View of Heavy Ion Single Charge Exchange Reactions 

Single Charge Exchange (SCE) reactions are common tools for investigation of nuclear states. In a SCE 

reaction induced by a projectile a on a target A, a proton (neutron) of the target is converted into a 

neutron (proton), ∆𝑍𝐴 = ±1, ∆𝑁𝐴 = ∓1, keeping the mass number A unchanged, with opposite 

transition simultaneously occurring in the projectile, ∆𝑍𝑎 = ∓1, ∆𝑁𝑎 = ±1. In the isospin 

representation, SCE reactions probe the isovector excitations generated, at two-body level, by 𝜏𝑎±𝜏𝐴∓ 

combination of the isospin rising and lowering operators acting on a nucleon in the projectile a and the 

target A, respectively. The monopole component ∆𝐿 = 0 has attracted special interest, since the 

associated 𝜎𝜏 operator is analogous to the Gamow-Teller (GT) one acting in the spin transferring -

decay. In the years, a wealth of studies of SCE reactions has been reported. Excellent reviews of the 

early activities can be found in key articles by F. Osterfeld [28] for the theoretical aspects and by W. P. 

Alford and B.M. Spicer [29] for a survey of the experimental explorations. Also important is the paper 

by T. N. Taddeucci et al. [30], which proposed a useful factorization of the CE cross section. Here we 

focus the attention on heavy-ion induced SCE, mainly discussed in a recent review article from H. 

Lenske et al. [31]. 

SCE reactions are manifestations of the strong interaction, mediated by the exchange of mesons with 

isovector nature, the lightest of which are the pions . At momentum transfer sensibly smaller than the 

 mass, the meson form factors do not influence appreciably the SCE dynamics and a simpler description 

in terms of smoothly energy dependent coupling factors is possible. This is similar to the weak 

interaction, where constant coupling factors gv and ga scale the isospin and spin-isospin operators. In 

this way, the analogy between  (Fermi) and  (GT) operators of the strong and weak interactions 

becomes closer. In this perspective, SCE reactions offer the opportunity to complement -decay studies 

of the nuclear response to isovector probes. The best example is the study of isovector monopole nuclear 

response, (J=1+, L=0; =1; =1) for the GT, which is intrinsically limited to a reduced energy 

window accessible by β-decay, but not for SCE reactions. Since the  is not a symmetry for nuclear 

systems, the associated GT strength is broadly spread over many states as a function of the excitation 

energy around the Gamow-Teller Resonance (GTR) [32,33]. The exact GT distribution is a 
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characterizing property of each nucleus, reflecting in a detailed way its peculiar many-body nature. For 

that reason, the exploration of GT strength has soon gained a central relevance in the development of 

nuclear physics. A relevant finding is that only part of the strength (from about 50% to 70%) predicted 

by the model-independent sum rule for GT [34], [28] is found in the experiments [35], at least in the 

region of the GTR or even up to about 50 MeV excitation energy. Beyond this limit, it is hard to extract 

the monopole strength from the experiments with the necessary accuracy. Recent results from Douma 

et al. have analyzed in detail the high energy region in the excitation energy spectra of Sb isotopes, 

showing that a careful treatment of the quasi-free component in the reaction cross section for the (3He,t) 

could mitigate this discrepancy [36]. 

  Another old puzzle, maybe connected to the latter, is that the GT strengths extracted from measured 

cross sections of isolated transitions are systematically smaller than predicted with different nuclear 

structure models and a quenching factor of about 0.7 is typically needed to reproduce the data. In this 

scenario a recent study with state-of-art ab-initio approach has demonstrated that a consistent treatment 

of two-body currents is indeed necessary to almost completely get rid of this discrepancy [37].  

An important aspect of SCE reactions, when used for investigation of GT modes in nuclei, is that the 

momentum transfer should be kept as small as possible in order to filter out L  0 components in the 

collision or easily distinguished in the data analysis. This also ensures that the tensor components of the 

isovector nucleon-nucleon interaction (J=1+, L=2; =1; =1) have a small impact on the observed 

J=1+ strength. Such condition is best matched when the incident energy is typically above 100 MeV/u 

and the scattering angle is close to zero degree. Following this strategy the measured cross sections for 

(n,p) and (p,n) reactions at energies above 100 MeV were found proportional to known + and - 

strengths, respectively, even if the achieved experimental resolution does not allow to separate all the 

GT states in the energy spectra, somewhat reducing the sensitivity of these experimental tools. 

Complementary results have been achieved by SCE reactions induced by heavier projectiles, such as the 

(d,2He), (t,3He), (7Li,7Be) (12C,12N) (18O,18F) for the +-like target transitions, or the (3He,t), (12C,12B) 

for the --like class.  

From the experimental side, state-of-art results have been obtained by the (3He,t) reaction performed at 

140 MeV/u at the Grand Raiden magnetic spectrometer of RCNP in Osaka [38-40] due to the zero degree 

mode available for the spectrometer and the high energy resolution (FWHM typically  25 keV). A 

remarkable proportionality (better than 5%) between measured cross sections and known - strengths 

have been reported as a general finding, at least for not suppressed states, for a large number of states in 

many targets. As a consequence, the RCNP facility has become the ideal place for high resolution GT 

studies. For the + transitions remarkable results have been obtained by the (d,2He) at KVI and RIKEN 

laboratories [41-46]. Experimentally, the high efficient detection of the two protons decaying from 2He 

has allowed to get an overall energy resolution of about 100 keV in the missing mass spectra. About 

100 MeV/u bombarding energy was chosen, as discussed above, and the center-of-mass detection angle 

for the 2He system was around zero degrees. Again a close proportionality between nuclear matrix 

elements extracted from SCE cross sections and those extracted from + and EC studies was found. 

An interesting application of high-resolution (3He,t) and (d,2He) reactions is to map the GT response of 

specific nuclei, which are intermediate systems in known two-neutrino double beta decays (2). The 

GT response in the intermediate system is separately explored from the parent and the daughter side. 

Among the many 1+ states populated in the two reactions, it is possible to infer what states give relevant 

contribution to the 2, as those which are significantly populated in both SCE processes. A drawback 

of this technique is that only the transition probabilities to individual 1+ states are extracted from the 

experiments for each step, while in the 2 the amplitudes are needed with the proper phase, since they 

add coherently. A simple case is obtained when a single 1+ state is found to be dominant in the 

intermediate state, since in this case no coherent sum is needed. Approximate schemes have also been 

proposed for 1+ transitions close to the Fermi level [47]. Recently the (3He,t) reaction has been used to 

map also the 2- state distribution, which opens a new interesting way to provide accurate information 

for 0 NME [48].  
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When moving to heavier projectiles, a typical problem is to take their complex many-body nature into 

account in the SCE cross section analyses [49]. The projectile-target potential needs to be described with 

high accuracy both in the entrance (Initial State Interaction, ISI) and the outgoing (Final State 

Interaction, FSI) channel. In this case, the quasi-elastic SCE reactions are localized in the nuclear 

surfaces of the colliding systems, due to the strong absorption of the incoming waves in the inner part 

of heavy nuclei. This aspect of the heavy-ion reaction mechanism is crucial, since it allows to convert 

the full many-body reaction problem into a much simpler one, where direct reactions as SCE can be 

treated as small perturbations of the direct elastic scattering, which is described by an appropriate 

nucleus-nucleus average optical potential. Modern techniques to build ISI and FSI potentials by double 

folding integrals of the nucleon-nucleon interaction with the densities of the colliding systems have 

proven to be accurate enough for this purpose [50-54], especially when elastic scattering data of the 

projectile-target system are available at the same energy of the SCE reaction cross sections. In this way, 

the SCE reaction matrix elements can be directly extracted from the experimental cross sections and 

connected to the nuclear response to two-body operators, as those discussed above for the GT case and 

even for higher multipolarities. However, other quasi-elastic mechanisms in the projectile-target 

collision are in principle allowed. For example, multi-nucleon transfer reactions, where the colliding 

partners exchange nucleons, could have a non-negligible contribution to SCE channel. In particular, the 

transfer of a proton/neutron from the projectile to the target (stripping process) followed by the transfer 

to the projectile of a neutron/proton from the target (pick-up process) is a two-step mechanism which 

feeds the same outgoing channel as the direct one-step SCE reaction induced by two-body nucleon-

nucleon interaction. The two-step mechanism is sensitive to the nucleon-nucleus mean field potential 

and cannot probe the nucleon-nucleon interactions at the origin of F and GT response of nuclei. This is 

an unwanted complication that should be taken into account, especially in heavy-ion induced SCE 

reactions, and possibly minimized by an appropriate choice of the experimental conditions [55-57]. 

From the theory point of view this problem has been extensively debated in the past with major advances 

achieved thanks to the development of microscopic approaches for the data analysis. An updated view 

of the status of the field is found in ref. [31]. As a general finding, the two-step mechanisms tend to be 

small at incident energies far above the Coulomb barrier. This has been reported in (12C,12B) [58], 

(12C,12N), (13C,13N) [59] and in (7Li,7Be) reactions [60-69] explored at different energies from 5 to 70 

MeV/u and on different targets. In references [65], [70] it was shown that quantitative information on 

GT matrix elements can be extracted from (7Li,7Begs(3/2-)) and (7Li,7Be0.43 MeV(1/2-)) measured cross 

sections for isolated transitions. The results, obtained at about 8 MeV/u bombarding energy for light 

neutron rich nuclei as 11Be, 12B, 15C and 19O, indicate that a good accuracy (better than 10%) is achieved, 

providing that a fully consistent microscopic approach is used for the ISI, FSI and the reaction form 

factors. 

An interesting aspect of heavy-ion induced SCE reactions is that a significant amount of linear 

momentum is available during the collision and it is transferred to the final asymptotic state, even at 

forward angles. This feature is normally considered a drawback of heavy-ion induced SCE reactions, as 

the typical focus is in studying the L=0 modes, namely the GT one. However, this property is interesting 

since neither -decay nor many of the light ions induced CE reactions can effectively probe the nuclear 

response to the higher multipoles of the isospin (F-like) and spin-isospin (GT-like) operators. Nowadays 

much interest is given to this aspect of nuclear response for its implications in 0 decay matrix 

elements [71,72] where high order multipoles are considered to give a major contribution [73]. Thus, 

the exploration of heavy-ion induced SCE reactions has recently regained favor, with the consequent 

need to develop suitable experimental techniques and advanced theoretical analysis for a detailed 

description of the data [49].  

3 Heavy-Ion induced Double Charge Exchange Reactions 

A Double Charge Exchange (DCE) reaction is a process induced by a projectile a on a target A, in which 

two protons (neutrons) of the target are converted in two neutrons (protons), ∆𝑍𝐴 = ±2, ∆𝑁𝐴 = ∓2, 

being the mass number A unchanged, with opposite transition simultaneously occurring in the projectile, 
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∆𝑍𝑎 = ∓2, ∆𝑁𝑎 = ±2. In the isospin representation, DCE reactions probe the double isovector 

excitations generated, at four-body level, by 𝜏𝑎±𝜏𝑎±𝜏𝐴∓𝜏𝐴∓ combination of the isospin rising and 

lowering operators acting on two nucleons in the projectile a and the target A, respectively. If we limit 

to only the target excitations, DCE transitions can also occur as result of (+,-) or (-,+) reactions or 

-decays, the latter allowed only for positive Q-value.  

In analogy with the SCE reactions, DCE probe nuclear response to the isospin degree of freedom, despite 

here the second order effects are selected. It is useful to recall the main features of known nuclear 

processes connected to second order isospin operators. 2-decays, induced by the heavy gauge bosons 

of the weak interaction, are sensitive to the nuclear response to a sequence of two GT operators acting 

independently and probing the low momentum component of nuclear wave functions. 0-decays, 

which are also induced by the weak interaction, are connected to the nuclear response to two-body 

isospin operators in a broad range of momenta distributed around 0.5 fm-1 and consequently in a wide 

range of multipolarities [73]. As a consequence, despite 2-decays and 0-decays connect the same 

nuclear states and are both generated by the weak interaction, they are sensitive in the momentum space 

to quite different regions of the involved wave functions. In practice, the link between the two 

phenomena is not strong enough for a safe extrapolation of 0 NMEs from 2 NMEs.  

Pion-induced DCE reactions require the isospin components of the strong interaction acting twice. At a 

nucleonic level, two independent nucleons interact sequentially with the  fields. In the first step, the 

charged incident pion is converted to a neutral one n(+,0)p; in the second step the neutral pion is 

converted to a charged one as follows n(0,-)p. A similar sequence occurs for DCE induced by negative 

pions according to the following reaction chain p(-,0)n followed by p(0,+)n.  

For pionic DCE reaction, Johnson and collaborators have emphasized the important role of the Δ33(1232) 

resonance [74]. Auerbach et al. have investigated in depth the nuclear structure aspects entering into the 

description of (π+, π−) reactions [75,76], pointing out that nucleon–nucleon correlations are playing a 

central role. The (π+, π−) process can be explained by a two-nucleon mechanism through the formation 

and decay of intermediate Δ33(1232) resonances. Due to the spin-less nature of pions spin-isospin 

nuclear responses are not directly accessed and thus are difficult to observe. Extensive studies of (+,   

-) were performed in the 80’s [77-79] leading to the observation of second order collective excitations 

as the Double Isobaric Analogue State (DIAS) or the Isobaric Analogue State built on the top of the 

Giant Dipole Resonance (GDR-IAS). Instead, no Double Gamow-Teller (DGT) was observed, maybe 

due to the above mentioned weak sensitivity to spin modes for this probe. Recently the peculiar feature 

of (π+, π−) process to be driven by nucleon-nucleon correlations have attracted the interest of Lenske et 

al. [31] in the view that, these kinds correlation-driven processes are not specific for pion-induced DCE 

but will occur in similar form also in other hadronic reactions. They can be observed, however, only on 

systems which support rank-2 isotensor processes, thus excluding nucleons. If, in addition, we require 

that the final ejectile should be in a particle-stable state, then heavy-ion DCE reactions with 12C,18O,20Ne 

nuclei or heavier are the natural choice. 

An interesting aspect of DCE reactions induced by nuclear collisions is that no light projectiles can be 

practically used. The lightest projectiles allowed are tritons or 3He, and even in these cases the (t,3p) or 

the (3He,3n) reactions are very challenging from the experimental point of view and, to our knowledge, 

never explored. Also moving to heavier projectiles the experiments appear rather demanding. First 

pioneering explorations of the heavy-ion induced DCE are the (18O,18Ne), (18O,18C) and (14C,14O) 

reactions, which were performed at Berkeley, NSCL-MSU, IPN-Orsay, ANU-Pelletron, Los Alamos 

laboratories [80-84] at energies above the Coulomb barrier. The main purpose was to determine the 

mass of neutron rich isotopes by reaction Q-value measurements. However, these experiments were not 

conclusive for deeper spectroscopic investigations, mainly due to the poor statistical significance of the 

few DCE observed events; thus no other experiments were proposed. Also the theory, which started to 

study the DCE reaction mechanism [85,86], soon followed the trend and the field was abandoned for a 

long time.  
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Recently, major interest has raised along DCE studies, also for their possible connection to -decays. 

New reactions have been considered, such as the (8He,8Be) [87], the (11B,11Li) [88] or the (12C,12Be) 

[89], explored at RIKEN and RCNP at energies between 80 and 200 MeV/u. The (8He,8Be) was used to 

search for the tetra-neutron (4n) system by the 4He(8He,8Be)4n at 186 MeV/u [87].  The (11B,11Li) and 

the (12C,12Be) were investigated with the main goal to find the DGT resonance and provide quantitative 

information about the DGT sum-rule, important for modern nuclear structure theories [90]. Another new 

DCE reaction, the (20Ne,20O) have been introduced by the NUMEN project [25] [91], with the aim to 

probe ---like nuclear response. In addition, important results have been recently achieved by the 

renewed use of the (18O,18Ne) reaction in upgraded experimental conditions [23,24]. In reference [23] 

the 40Ca(18O,18Ne)40Ar was studied at 15 MeV/u at the MAGNEX facility of the INFN-LNS [92-94] 

showing that high mass, angular and energy resolution energy spectra and accurate absolute cross 

sections are at our reach, even at very forward angles. In addition, a schematic analysis of the reaction 

cross sections demonstrated that relevant quantitative information on DCE matrix elements can be 

extracted from the data. 

In analogy to the case of heavy-ion induced SCE reactions, an important issue for the DCE is to quantify 

the contribution coming from multi-nucleon transfer reactions. In this case the effects start from the 4th 

order in the nucleon-nucleon potential since two protons (neutrons) should be stripped from the 

projectile and two neutrons (protons) picked-up from the target. In Ref. [23] it was shown that, under 

the experimental conditions set for the experiment at INFN-LNS, the contribution of multi-nucleon 

transfer was negligible (less than 1%). Similar results are found in the preliminary analysis of the other 

explored cases. Consequently, the leading DCE reaction mechanism is connected to nucleon-nucleon 

isovector interaction. This acts between two neutrons (protons) in the projectile and two protons 

(neutrons) in the target for the (18O, 18Ne) and the (20Ne, 20O) reactions, respectively. A useful way to 

consider the DCE process is by means of the exchange of two charged  or  mesons between the 

involved nucleons. An interesting question is whether the two mesons are exchanged independently of 

each other in analogy to 2-decays [95] or in a correlated way, as in the 0-decays [31], [96]. This 

last question is quite interesting for the connection of DCE to 0-decays. In addition, this aspect is 

also important from the point of view of nuclear reaction theory, since it could indicate a new way to 

access nucleon-nucleon short-range correlations [31].  

4 DCE reactions and 0νββ decays 

The availability for the first time of valuable data on DCE reactions raises the question how they can be 

profitably used toward the experimental access to 0νββ decay NMEs. In ref. [23] it has been pointed out 

that, although the DCE and 0νββ decay processes are mediated by different interactions, there are a 

number of important similarities among them: 

 Parent/daughter states of the 0ββ decay are the same as those of the target/residual 

nuclei in the DCE; 

 Short-range Fermi, Gamow-Teller and rank-2 tensor components are present in both the 

transition operators, with relative weight depending on incident energy in DCE. 

Performing the DCE experiments at different bombarding energies could give 

sensitivity to the individual contribution of each component;  

 A large linear momentum (~100 MeV/c) is available in the virtual intermediate channel 

in both processes [12]. This is a distinctive similarity since other processes such as 

single β decay, 2νββ decay, light-ion induced SCE cannot probe this feature [97]. An 

interesting development is the recently proposed μ-capture experiments at RCNP [98], 

[99]; 

 The two processes are non-local and are characterized by two vertices localized in a 

pair of valence nucleons; 

 Both processes take place in the same nuclear medium. In medium effects are expected 

to be present in both cases, so DCE data could give a valuable constraint on the 
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theoretical  determination of quenching phenomena on 0. One should mention for 

example that in single β decay, 2νββ decay [5] and SCE reactions [29], the limited 

model space used in the calculations and the contribution of non-nucleonic degrees of 

freedom and other correlations require a renormalization of the coupling constants in 

the spin-isospin channel. However, an accurate description of quenching has not yet 

been fully established and other aspects of the problem can give important contributions 

[14] [22]; 

 An off-shell propagation through virtual intermediate channels is present in the two 

cases. The virtual states do not represent the asymptotic channels of the reaction and 

their energies can be different from those (measurable) at stationary conditions [100].  

The descriptions of NMEs for DCE and 0νββ decay present the same degree of complexity, with the 

advantage for DCE to be “accessible” in laboratory. In Refs. [101] and [102] such analogy have been 

investigated and a good linear correlation between double GT transitions to the ground state of the final 

nucleus and 0νββ decay NMEs is reported for pf-shell nuclei. However, a simple relation between DCE 

cross sections and ββ-decay half-lives is not trivial and needs to be explored. 
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