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The SM has no problem (for today)!

Å Measurements agrees with theory

However:

Å Hierarchy of scales

Å Dark matter

Å Neutrinos have masses

Å Matter-antimatter asymmetry and baryogenesis

Search for lepton number violation (LNV). Its observation would have profound impact in our

understandingof the cosmos,sincethe sameinteractionscan lead to baryon-antibaryonasymmetryof

the universevia leptogenesis. (M. Fukugitaand T. Yanagida,PhysicsLettersB 174, 45(1986))

The lepton number violation scenario



The LNV at MeV scale mainly via 0ȋȂȂ decay

Neutrinoless double beta decay**

Not yet observed!
ÅBeyond the  standard model
ÅLepton number violation 
ÅCP violation in lepton sector

ÅWay to leptogenesis and Grand Unification Theories
ÅAccess to effective neutrino masses

**E. Majorana, Il Nuovo Cimento 14 (1937) 171 
     W. H. Furry, Phys. Rev. 56 (1939) 1184

ὢ  O ὣ ςὩ
ὢ  O ὣ ςὩ

╣Ⱦ
ⱨ ᴼ ▌═╖ⱨ╜

ⱨ♫♫
□♫♫

□▄



Nuclear Matrix Elements (NMEs):

╜ ⱨ♫♫ ɰ ὕ ɰ

Nuclear transition probability

M. Agostini et al., Rev. Mod. Phys. 95, 025002 (2023)
H. Ejiri et al., Phys. Rep. 797 (2019) 1ς102

Measurements (still not conclusive for 0nbb) 

2nd order isospin probes

1st order isospin probes

Vb-decay and 2nbb decay

V (p+, p-), single charge exchange (3He,t), (d,2He), 
HI-SCE, electron capture, transfer reactions, 
ordinary m-capture, g-ray spectroscopy, gg-decay, 
hadron resonance spectroscopy Χ

V A promising experimental tool: Heavy-Ion 
Double Charge-Exchange (HI-DCE)



Double Charge Exchange reactions (DCE)

ὼ ὢ  O ᶸώ  + ὣᶸ

Why to study DCE?
Å Population of exotic nuclei 

from stable target and 
projectile

Å Nuclear response to second 
order isospin operator

Å Connection with second 
order weak processes   

Isobaric nuclear reactionwhere a 
parent target transforms into a 

daughter nucleus changing by 
two units its charge leaving the 
mass number unchanged. The 

opposite occurs in the projectile.

Nuclear Double Charge Exchange 
reactions (DCE) to stimulate in the 

laboratory the same nuclear transition 
(g.s. to g.s.) occurring in 0˄ ʲʲ 

F. Cappuzzello et al., EPJ A (2018) 54:72

Differences | Similarities



The NUMEN project

Where?

ToextractάŘŀǘŀ-ŘǊƛǾŜƴέinformation on NMEfor all the systemscandidatefor 0˄ʲʲ:
Å Constraintsto the existingtheoriesof NMEs(nuclearwavefunctions)

Å Model-independentcomparativeinformationon the sensitivityof half-life experiments

Å Completestudyof the reactionmechanism

Why?

Catania, LNS-INFN
Å K800 Superconducting Cyclotron
Å MAGNEX magnetic spectrometer
Å Experience in nuclear reactions

F. Cappuzzello et al., EPJ A 52 (2016) 167
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Nuclear Double Charge Exchange reactions (DCE) to 
stimulate in the laboratory the same nuclear 

transition (g.s. to g.s.) occurring in 0˄ ʲʲ 
F. Cappuzzello et al., EPJ A (2018) 54:72

Neutrinoless double beta decay**

**E. Majorana, Il Nuovo Cimento 14 (1937) 171 
     W. H. Furry, Phys. Rev. 56 (1939) 1184



Relevant aspects of Heavy-Ion Double-Charge Exchange

F. Cappuzzello et al., Progr. Part. and Nucl. Physics 128 (2023) 103999



New challenges for 0nbb research

Thenormal hierarchyseemsto be more favored!

Seerecentglobalanalyses[R. Jimenezet al. arXiv:2606.18987v1 17Jun2026]

ɫά πȢπφτςὩὠat 95%CLclosetoɫά ͯπȢπυωὩὠ

but different fromɫά ͯπȢπωωὩὠ

Cuore collaboration, Science,390 (2025)1029

If so, 0nbbsignalscould be much less likely to be observed than initially
expected,evenwith future ton-scaledetectors

Tworelevant issuesemergingrecently

V The NMEs from ab-initio calculationsare typically smaller than
those, typically adopted, from nuclear structure models! See for
example[A. Belleyet al. PRL132, 182502(2024) 182]

Uncertainty 

due to NMEs



V A growing interest from the theory

V Presently no signals from LHC form p +p  collisions 

at Ὓ ρσ ὝὩὠ up to 137 Ὢὦ

V A compelling physics case for the long-termed 
Future Circular Collider

V Searching for same sign two-lepton plus di-jet ■■▒▒signals in p +p collisions at LHC

The LNV at TeV scale

K.S. Babu et al., JHEP 06(2024)132
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Search for Alternative LNV Probes

12

вbeside
Double Beta Decay@MeVand Collisional ǎ2j2 Production@TeV

Gap of 10ΣвΦ(!) eV
xE]E ?ЯШ Eñ§ЯШ9ÖÂf?ЯШв ATLAS & CMS

LDCE@GeV



A new kid on the block: the lepton DCE reactions

The ὰȟὰᶸ reactions ὰᶰὩȟ‘ȟ† at multi-GeV incident energy: a new access to lepton number violation (LNV) 

V LDCE LNV may be manipulated, for exampleschangingtheleptonbeamandor thebeamenergy. No reallimitation

dueto specificpropertiesof nucleiandto neutrinomasshierarchy

ὸ-channel process

H. Lenske, F. Cappuzzello and A. Spatafora, Lepton Double Charge Exchange Reactions as Probes for Lepton Number Violation, arXiv:2603.21997v1 2026

ὸ-channel process ί-channel processὸ-channel processV ⱨ♫♫-decay protected from

outside interferences. No way

to stimulate the decay from

external. A strong dependence

on NMEs as well as from ὗ-

values and neutrino mass

hierarchy.



In other words, ⱨ♫♫, LNV-dijet processesthey either exist

altogether,or they do not existaltogether!

The Black Box Theorem (BBT) establishes that

whatever the mechanism at the origin of π’‍‍or

high-energy LNV-dijet emissionit is, the observation

of such events will prove that the neutrinos are

Majoranafermions. (J. Schechterand J.W.F. Valle,PRD25 (1982)

- K.S. Babu,et al., JHEP06 (2024) 132.)

The Black Box Theorem (BBT)



In other words, ⱨ♫♫, LNV-dijet and LDCEprocessesthey

either existaltogether,or they do not existaltogether!

The three classesof processespertain at different energy

scales,i.e. MeV for π’‍‍, multi TeV for the LNV-dijet and,

bridging the gap among these,GeVfor the LDCE.

The Black Box Theorem (BBT) establishes that

whatever the mechanism at the origin of π’‍‍or

high-energy LNV-dijet emission or LDCE it is, the

observation of such events will prove that the

neutrinos are Majorana fermions. (J. Schechterand J.W.F.

Valle,PRD25 (1982) - K.S. Babu,et al., JHEP06 (2024) 132.)

Major efforts for π’‍‍and LNV-dijet, but nothing for LDCE. LDCEcan be explored today at Jlab,

practicallywith no competition for years,due to the interplayof energyand luminosityavailable

The Black Box Theorem (BBT)



LDCE cross section

Calculations in the semi-phenomenological approach utilizing the Left-Right Symmetric Model (LRSM) 

to explore the cross-section vs beam energy and target mass dependence (performed by H. Lenske) 

V Resemblingthe π’‍‍case,LDCEcrosssection is factorizable,to leading order,

into unknown(normalized)Beyondthe StandardModel matrix elements ║╢╜

and in principleknownreducedcrosssectionsof reaction-dynamicalcontent
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LDCE Amplitudeand Cross Section

Dominant in ⱨ♫♫-decay Dominant in ╛╓╒╔



V Majorana mass term dominant in the π’‍‍: to date,

experimentsindicate ρπ in unitsof the electron

mass

V Other BSMoperators (energy dependent, dim-7 and dim-

9) will lead to significantlylargervaluesfor LDCEand di-jet

V Irrespective of direct LNV signals, unique experimental

constraints can be derived on ║╢╜ from LDCEcross

sectionmeasurementat Jlab

s-channel process

LDCE cross section

Calculations in the semi-phenomenological approach utilizing the Left-Right Symmetric Model (LRSM) 

to explore the cross-section vs beam energy and target mass dependence (performed by H. Lenske) 



Beam energy dependence Target mass dependence
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LDCE cross section

Calculations in the semi-phenomenological approach utilizing the Left-Right Symmetric Model (LRSM) 

to explore the cross-section vs beam energy and target mass dependence (performed by H. Lenske) 

Thecalculationsdo not accountfor heavy-neutrino recoileffect nor for contributionsfrom dimension-7 anddimension-9
operators,whichcouldbe significant. So,onecanconsiderthem aslower limits for the expectedcrosssection.



LDCE reaction mechanism

V At ~ 10 GeV scale the LDCE reaction can proceed via 

Quasi Elastic (QE), Resonant (RES) and Deep Inelastic 

Scattering (DIS) competing mechanisms

V Since LDCE is a second order process one should 

consider different combinations. For instance QE-QE or 

RES-DIS and so on

V A possible experiment is thus in principle in line with 

typical inleastic scattering studies conducted at Jlab 

J. A. Formaggio and G. P. Zeller., Rev. Mod. Phys., 84 (2012) 1307
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Featuring aspects of LDCE reactions

V LDCE processes are second order reactions of the kind ▄  ὢ ᴼ’ ὢᶻ O ▄
Ӷ
ὢᶻ ▪ □▄▼▫▪▼ ȣ

V LDCE events require that a positron is generated. However, even at high momentum, positron background from 
electromagnetic interactions is, by far, more than LDCE signals

V Two nucleons are also emitted. These can be measured to reduce background

V Finally, mesons, typically pions, can be emitted depending on the specific reaction mechanism



Signatures of LDCE QE-QE events

V The simplest LDCE mechanism is a second order quasielastic process (QE-QE) of the kind ▄  ὢ ᴼ’

ὢᶻ ╝ O ▄ ╩ ὢ
ᶻ ╝

V In the first step the electron collides on a proton generating the Majorana neutrino and an energetic neutron. In 
the second step the neutrino collides on a second proton generating a second energetic neutron and the positron.

J. A. Formaggio and G. P. Zeller., Rev. Mod. Phys., 

84 (2012) 1307

V Electric charge conservation requires that only the protons of 
the target nucleus can be affected

V In this case the LDCE signature is the coincident detection of a 
positron and two neutrons with the proper momenta 
(multiplicity = 3)

V However this process is not the most probable, at 10 GeV it 
should account for about 1% of the LDCE cross section



Signatures of LDCE resonant and deep inelastic events
VWhen resonant and deep inelastic proceeses occur in one or both the vertices (QE-RES, RES-RES, QE-DIS, RES-DIS, DIS-

DIS) also neutrons of the target nucleus can drive the process

V For example, in a double resonant process RES-RES we can have the following reaction routes: 

▄  ὢ ᴼ’ ὢᶻ ᴼ▄ ╩ ὢᶻ ᴼ▄ ╩ ὢᶻ ▪ Ⱬ  ▬►▫◄▫▪▼ ╪██▄╬◄▄▀

▄  ὢ ᴼ’ ὢᶻ ᴼ▄ ╩ ὢᶻ ᴼ▄ ╩ ὢᶻ ▬ Ⱬ  ▬►▫◄▫▪▼ ╪██▄╬◄▄▀

▄  ὢ ᴼ’ ὢᶻ ᴼ▄ ╩ ὢᶻ ᴼ▄ ╩ ὢᶻ ▬ ▪ Ⱬ Ⱬ  ▬►▫◄▫▪▼ ╪██▄╬◄▄▀

▄  ὢ ᴼ’ ὢᶻ ᴼ▄ ╩ὢ
ᶻ ᴼ▄ ╩ ὢᶻ ▪ Ⱬ  ▪▄◊◄►▫▪▼ ╪██▄╬◄▄▀

▄  ὢ ᴼ’ ὢᶻ ᴼ▄ ╩ ὢᶻ ᴼ▄ ╩ ὢᶻ ▪ Ⱬ Ⱬ  ▬►▫◄▫▪ ╪▪▀  ▪▄◊◄►▫▪ ╪██▄╬◄▄▀

▄  ὢ ᴼ’ ὢᶻ ᴼ▄ ╩ ὢᶻ ᴼ▄ ╩ ὢᶻ ▪ ▬ Ⱬ  ▬►▫◄▫▪ ╪▪▀  ▪▄◊◄►▫▪ ╪██▄╬◄▄▀

V One can see that in absence of DIS mechanisms two nucleons and neutral or negative pions are present in the final state. 
No positive pions, due to charge conservation!

VWhen DIS mechanisms are activated more pions are emitted at each vertex, being positive pions also possible, although 
always in conjunction with negative pions

V In all these cases the LDCE signature is the coincident detection of a positron, two nucleons and two or more pions with 
the proper momenta and electric charge (multiplicity >3)



Signatures of LDCE events

V In summary, an experimental signature of LDCE requires a coincident detection of the energetic positron emitted at 
forward angle with almost the full beam energy, and a swarm of hadrons, nucleons and mesons (typically pions) such 
that energy, momentum and charge conservation are verified

V Since each of the LDCE reaction mechanism may generate the discovery events, one should in principle look at each 
of them

V A crucial question is the amount of background present in each of these LDCE routes, which of course strongly 
depends on the experimental set-up



Challenges in the study of LDCE background

V Hard to find data of ▄  induced reactions on nuclear targets 
triggered by the detection of ▄ , preferentially emitted at 
forward angles with kinetic energies not far from the beam 
energy

V Data triggered by energetic scattered ▄  are not much 
reliable and could also be misleading due to the very 
different energy spectra of ▄  and ▄  at high momentum

The investigation of background sources in LDCE events is a 
challenging task, not yet solved

Where is my 
mobile phone?



Challenges in the study of LDCE background

V Hard to find data of ▄  induced reactions on nuclear targets 
triggered by the detection of ▄ , preferentially emitted at 
forward angles with kinetic energies not far from the beam 
energy

V Data triggered by energetic scattered ▄  are not much 
reliable and could also be misleading due to the very 
different energy spectra of ▄  and ▄  at high momentum

The investigation of background sources in LDCE events is a 
challenging task, not yet solved but mandatory

That is better!



Challenges in the study of LDCE background

V Simulations of background sources are also challenging and not very 
reliable, mainly due to the very low cross section of background 
processes mimicing the LDCE 

The simulation corresponds to about πȢρ ί full power experiment at 
CLAS12 or 0.3 ms in Hall C, while taking one day processing time

 ▄  beam particles on a 208Pb ρ

V Hard to give a quantitative assessment of background suppression 
strategies with poor statistical datasets



A possible wayout

A short (1 - 2 days)data taking with CLAS12 on a
208Pbρ with the helpof the CLAScollaboration,

would be a milestone for a real assessmentof
LDCEbackground

This data would serve as a key factor for future
projectsof LDCEdiscoveryalsowith CLAS12
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Conclusions

Å LDCE is a new (!) promising way to LNV and physics BSM

Å A new (!) semi-phenomenological theory, based on the LRSM, gives reliable and encouraging 

cross-section estimates (H. Lenske, F. C., A. Spatafora, ArXiv_2603.21997v1)

Å Today, JLABis the only place where, without developing new detectors or technologies,it is

possibleto perform a measurementwith interestingsensitivityon ║╢╜ in a reasonabletime.

CLAS12seemsto be the most sensitivesetupfor the first stepsin this enterprise



Legacy from Mullah Nasruddin and Galileo

A proud and visiting scholar arrived at the court and boasted of his immense knowledge, 
challenging the locals with an impossible riddle: "How many stars are in the sky?"

While the rest of the court was baffled, Mullah Nasruddin stepped forward and casually 
replied, "There are exactly as many stars in the sky as there are hairs on my donkey."

The scholar scoffed and demanded to know how Nasruddin could prove such an absurd 
claim. 

Nasruddin smiled and said, "If you do not believe me, you are welcome to count the hairs 
on my donkey, and you will see I am right."

When the scholar complained that it was impossible to count every hair on a donkey's 
hide, Nasruddin delivered the punchline: "Exactly! And if it is impossible to count the 
hairs on a donkey, it is equally impossible to count the stars in the sky.ά

As scientists we do count the number of stars in the sky, although it  is by far the 
hardest way to get knowledge, as indicated by Galileo!



Thank you



Conclusions

How to answerquestions?

Å Look at the experimental data (if available)for

the angular distribution of the backgroundsand

their time and/or anglecorrelations.

Å CLAS12 would be the ideal instrument for an

initial measurement at a lower luminosity and

large acceptanceconditions. A bit of luck would

allow the signal to be observed already under

theseconditions. In any case,the data would be

invaluable for planning a maximum-intensity

measurementin HallC.

Thereare stillmanyopen questions. Among them:

ÅWhat is the bestsignature?

Å How are the reactionproductsangularlycorrelated?

ÅWhat is the backgrounddistribution?

Å How canwe verifythe resultsof the GEANTIV simulations?

ÅWhat is the detectionefficiencyfor high-multiplicityevents?





Time for discussion!



The NUMEN Experiments

Two (or more) incident energies to 
study the reaction mechanism

Two directions: ̡ -̡ via (20Ne,20O) and 
ʲ +̡ via (18O,18Ne)

Transitions of interest for 0˄ʲʲ: 
Limited number of targets so far, 
systematic exploration of all the 
candidates

Complete net of reactions which can 
contribute to the DCE cross-section: 
1p, 2p, 1n, 2n transfer, SCE, elastic and 
inelastic

Limitations of the past 
HI-DCE experiments are 

overcome!

Zero-degrees 
measurements with the 

MAGNEX magnetic 
spectrometer


