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Thelepton number violation scenario

The SMhasno problem (fortoday)!
A Measurementsagreeswith theory
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Search for lepton number violation (LNV) Its observation would have profound impact in our
— understandingof the cosmos,sincethe sameinteractionscan lead to baryon-antibaryonasymmetryof



The ILNVat MeV scalemainlyvia 0 fAldécay

Neutrinolessdouble betadecay™
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A Beyond thestandard model

A Leptonnumberviolation

A CPuviolation in lepton sector
A Way toleptogenesisand GrandUnification Theories
A Access teffectiveneutrino masses
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NuclearMatrix Hements(NMEs):

Nucleartransition probability P
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Double Charge Exchangereactions DCE

Why to study DCE?

A Populationof exoticnuclei
from stabletarget and
projectile

A Nuclearresponseto second
order isospinoperator

A Connection with second
order weak processes

\ 4
NuclearDouble ChatgeExchange
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laboratorythe samenucleartransition
(g.s to g.s)occurringin OA 1|
F.Cappuzzellet al., EPJ A (2018) 54.72
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The NUMEN jproject
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A Constraintdo the existingtheoriesof NMEs(nuclearwavefunctions)
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Relevantaspectsof Heavylon Double- Charge Exchange
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New challenges for

Tworelevantissuesemergingrecently

Thenormal hierarchyseemsto be more favored!
SeerecentglobalanalysegRr Jimenezt al. arxiv2606189871 17 Jun2026
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If so, On b bignalscould be much lesslikely to be observedthan initially
expectedevenwith future ton-scaledetectors
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V The NMEs from ab-initio calculationsare typically smaller than
those, typically adopted, from nuclear structure modeld See for
example]A. Belleyet al. PRL132 1825022024) 187




The LNVat TeV scale

V Searchindor samesigntwo-lepton plus dijet m =

Eur. Phys. J. C (2020) 80:752 THE EUROPEAN ®

https://doi.org/10.1140/epjc/s10052-020-8168-3 PHYS'CAL JOURNAL c %I:J%ceh;gr

signals in p +p collisions at LHC

Regular Article - Experimental Physics

Search for physics beyond the standard model in events with jets
and two same-sign or at least three charged leptons in
proton-proton collisions at /s = 13 TeV

CMS Collaboration*
CERN, 1211 Geneva 23, Switzerland
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K.S. Babu et al., JHEP (#24)132

V Agrowinginterest from the theory

V Presentlyno signalsfrom LHCform p +p collisions
atvY p dYQupto 137 Qw

V A compelling physics case for the longtermed
FutureCircularCollider
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Searchfor Alternative [lLNMProbes

B beside
Double Beta Decay@MeVand Collisional &j?Production@TeV

Gap of 10-8 ¢!) eV
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A new Kid onitheblock:thedeptonDCE: reactions

The (& R ) reactionsy ¥ {Q it ht }at multtGeV incident energya new access to lepton number violation (LNV)

V h 51 sdecay protected from
outside interferences No way
to stimulate the decay from
external A strong dependence
on NMEs as well as from 0-
values and neutrino mass
hierarchy

Capture Reaction

V LDCE LNV may be manipulated, for examplexhangingtheleptonbeamandor the beamenergy No reallimitation
dueto specificpropertieof nucleiandto neutrinomasshierarchy

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



The Black:BoX TheorerfBB)

The Black Box Theorem (BBT) establishes that
whatever the mechanismat the origin of 1 | Tor
high-energy LN\-dijet emissionit is, the observation
of such events will prove that the neutrinos are

s / - RN / - Majoranafermions (J Schechterand JWF Valle, PRD25 (1983
LNV G (-=§, LNV = K.S. Babu,et al, JHEFD6 (2024) 132)
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In other words, h /3 ENV-dijet processeshey either exist
altogether,or they do not existaltogether



The Black:BoX TheorerfBB)

0ufp: (Z,A) = (Z+2,A) + 2e

Jefferson

Lab

The Black Box Theorem (BBT) establishes that
whatever the mechanismat the origin of 1 | for
high-energy LN\Adijet emission or LDCE |t is, the
observation of such events will prove that the
/ - " / .- neutrinos are Majorana fermions (3 Schechterand JWF
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In other words, h 4 ENV-dijet and LDCEprocessesthey
either existaltogether,or they do not existaltogether!

The three classesof processespertain at different energy
scales,i.e. MeV for 1T T ] multi TeV for the LNV-dijet and,
bridging the gap among these,GeVfor the LDCE

Major efforts for it 1 Tand LNV-dijet, but nothing for LDCE LDCEcan be explored today at Jlah
practicallywith no competition for years,due to the interplayof energyand luminosityavailable



LDCEcrosssection

Calculationsin the semiphenomenologicalapproach utilizing the Left Right SymmetricModel (LRSM
to explorethe crosssectionvs beam energyand target massdependence(performed by H. Lenske

V Resemblingthe i T fcase,LDCEcrosssectionis factorizable,to leading order,
into unknown (normalized)Beyondthe StandardModel matrix elements| | J |
and in principle known reduced crosssectionsof reaction-dynamicalcontent




LDCEAmplitude and CrossSection

Dominantin 2 r FF Dominantin  h g-decay

LR/RL Non-Diagonal = LR Mixing
LRSM Parameters «,A,n

LL/RR Diagonal - No LR Mixing

Majorana Masses m.




LDCEcrosssection

Calculationsin the semiphenomenologicalapproach utilizing the Left Right SymmetricModel (LRSM
to explorethe crosssectionvs beam energyand target massdependence(performed by H. Lenske

s-channelprocess _ _ _
V Majorana mass term dominant in the 1T T | to date,

]
e+ nn experimentsindicate| | P T inunitsof the electron
mass

V Other BSMoperators (energy dependent dim-7 and dim-
9) will lead to significantlylarger valuesfor LDCEand di-jet

V Irrespective of direct LNV signals, unique experimental
constraints can be derived on | || _||_l| from LDCEcross
sectionmeasurementat Jlab




LDCEcrosssecition

Calculationsin the semiphenomenologicalapproach utilizing the Left Right SymmetricModel (LRSM
to explorethe crosssectionvs beam energyand target massdependence(performed by H. Lenske
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Thecalculatiors do not accountfor heavyneutrino recoil effect nor for contributionsfrom dimensior7 and dimension9
operators,which couldbe significant So,one canconsiderthem aslower limits for the expectedcrosssection



LDCEeactiomnmechanism
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J. A. Formaggio and G. P. Zeller., Rev. MBthys., 84 (2012) 1307

V At ~ 10 GeV scalethe LDCEreaction can proceed via

Quasi Elastic(QE), Resonant(RES)and Deep Inelastic
Scattering(DIS)competing mechanisms

V Since LDCEis a second order process one should

considerdifferent combinations For instanceQE QE or
RESDISand soon

V A possible experimentis thus in principle in line with
typicalinleasticscatteringstudiesconductedat Jiab
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Feduring aspectsof LDCE reactions

V LDCHrocessesire secondorder reactionsof the Kind gg w O WO m 6y » OgVo " &

"z NZ2)
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V LDCEevents require that a positron is generated However even at high momentum, positron backgroundfrom
electromagnetianteractionsis, by far, more than LDCEsignals

V Two nucleonsare alsoemitted. Thesecanbe measuredo reducebackground

V Finally mesonstypicallypions,canbe emitted dependingon the specificreactionmechanism



Signatures of LDCE)QRE events

V The simplest LDCEmechanismis a secondorder quasielasticprocess(QEQE)of the kind g W O
oy do m LW g

V In the first step the electron collideson a proton generatingthe Majorananeutrino and an energeticneutron. In
the secondstepthe neutrino collideson a secondproton generatinga secondenergeticneutron andthe positron.

V Electricchargeconservationrequiresthat only the protons of 314f
the targetnucleuscanbe affected }‘f‘ AT
V Inthis casethe LDCEsignatureis the coincidentdetection of a gﬂ“:: i
positron and two neutrons with the proper momenta Zo.ab
(multiplicity = 3) 802
’ Il}_1«;-'1' ‘ 1:12
V Howeverthis processis not the most probable at 10 GeVit E, (GeV)

shouldaccaunt for about 1%of the LDCErosssection J. A. Formaggio and G. P. Zeller., Rev. MBtiys.,

84 (2012) 1307



Signatures of LDCEesonantand deepinelasticevents

V Whenresonantand deep inelasticproceesesoccurin one or both the vertices(QERESRESRESQEDIS,RESDIS,DIS
DIS alsoneutronsof the target nucleuscandrivethe proces

V Forexample in a doubleresonantprocessRESRE3ve canhavethe following reactionroutes.

( m ©° o ‘m & & Omg 2@ + Z wmrc <tilmt m™
m ®° o m LW ‘m 2@ = Z > <t lmr ™
) = w © @' Om 1L & Om 2 & == Z 7 wmpo <FilmT 4-
m © ° W °m W °mg 26 + 7 g0 oriimira™
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V Onecanseethat in absenceof DISmechanismdwo nucleonsand neutral or negativepionsare presentin the final state.
No positivepions,dueto chargeconservatiot

V WhenDISmechanismsre activatedmore pionsare emitted at eachvertex, being positive pionsalsopossible although
alwaysin conjunctionwith negativepions

V Inall thesecaseshe LDCEsignatureis the coincidentdetection of a positron, two nucleonsandtwo or more pionswith
the proper momentaand electriccharge(multiplicity >3)



Signatures of LDCE events

V In summary an experimentalsignatureof LDCEequiresa coincidentdetection of the energeticpositron emitted at
forward anglewith almostthe full beamenergy,and a swarm of hadrons nucleonsand mesons(typicallypions)such
that energy,momentumand chargeconservatiorare verified

V Sinceeachof the LDCHEeaction mechanismmay generatethe discoveryevents,one shouldin principle look at each
of them

V A crucial question is the amount of backgroundpresentin each of these LDCEoutes, which of course strongly
dependson the experimentalsetup



Challenges/inthetwsidy of LDCE background

Theinvestigationof backgroundsourcesin LDCEeventsis a
challengingtask, not yet solved

Whereis my
mobile phone?

electrons

V Hardto find data of g inducedreactionson nucleartargets § t
positrons

triggered by the detection of g , preferentially emitted at
forward angleswith kinetic energiesnot far from the beam

energy

V Data triggered by energetic scattered g are not much
reliable and could also be misleadingdue to the very HII H
different energyspectraof g andg at highmomentum X — L]
Ekin (MeV)
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Challengesinithewsidy of LDCEbackground

Theinvestigationof backgroundsourcesin LDCEeventsis a
challengingtask, not yet solvedbut mandatory

Thatis better!

electrons

V Hardto find data of g inducedreactionson nucleartargets N t
positrons

triggered by the detection of g , preferentially emitted at
forward angleswith kinetic energiesnot far from the beam

energy

V Data triggered by energetic scattered g are not much
reliable and could also be misleadingdue to the very | [H[ H
different energyspectraof g andg at highmomentum P AR L Ll

Ekin (MeV)




Challengesinithetsidy of LDCE bhackground

V

10?

Simulationsof backgroundsourcesare also challengingand not very
reliable mainly due to the very low cross section of background
processesnimicingthe LDCE

The simulation correspondsto about T i full power experiment at
CLA%2 or 0.3 msin HallC,while takingone day processingime

positrons ungated
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wn
[ e
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positrons

il ’ ‘I bbbl g f ]
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V Hardto givea quantitative assessmendf backgroundsuppression
strategieswith poor statisticaldatasets



A possiblewayout

A short (1 - 2 days)data takingwith CLA3$2 on a
208pph o — with the help of the CLA®ollaboration,

would be a milestone for a real assessmentof
LDCBbackground

This data would serve as a key factor for future
projectsof LDCHliscoveryalsowith CLA$2
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Conclusions

A LDCEHEs anew (!) promisingwayto LNVand physicsBSM

A A new (!) semiphenomenologicaltheory, based on the LRSM givesreliable and encouraging
crosssectionestimates(H. Lenske F C., A. Spatafora ArXiv 2603219971

A Today JLABIs the only place where, without developing new detectors or technologies, it is
possibleto perform a measurementwith interestingsensitivityon | | J | in a reasonabletime.
CLAd2seemsto be the most sensitivesetupfor the first stepsin this enterprise
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Legacyfrom Mullah Nasruddin-and Galileo

A proud and visiting scholar arrived at the court and boasted of his immense knowledg:
challenging the locals with an impossible riddldow many stars are in the skd/

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 absu
claim.

Nasruddinsmiled and said'lf you do not believe me, you are welcome to count the hairs
on my donkey, and you will see | am right."

Whenthe scholar complained that it was impossible to count every hair on a donkey's
hide, Nasruddin delivered the punchliné&xactly! And if it is impossible to count the
hairs on a donkey, it is equally impossible to count the stars in tlie sky

As scientistswe do count the number of starsin the sky, although it is by far the
hardestway to get knowledge,asindicatedby Galileo!




Thankyou



Conclusions

Thereare stillmany open questions Among them:

A Whatis the bestsignature?

A How are the reaction products angularlycorrelated?

A Whatisthe backgrounddistribution?

A How canwe verifythe resultsof the GEANTIV simulation$

A Whatisthe detection efficiencyfor high-multiplicity events?

How to answerquestions

A Look at the experimental data (if available)for
the angular distribution of the backgroundsand
their time and/or angle correlations

A CLAS2 would be the ideal instrument for an
initial measurementat a lower luminosity and
large acceptanceconditions A bit of luck would
allow the signal to be observed already under







Time flordiscussioh




The NUMENEXxperiments

Twodirections i Fvia °Ne2°0) and
i Fvia (80'®Ne)

Complete netof reactionswhichcan
contributeto the DCE crossection
1p, 2p, 1n, 2n transfer, SGHasticand
inelastic

Limitations of the past
HI-DCEexperimentsare
overcomé

Two (or more)incident energiesto
study the reactioomechanism

Transitionsof interestfor OA 1 1
Limitednumberof targets so far,
systematicexplorationof all the
candidates

Zero-degrees
measurementswith the
MAGNEXnagnetic
spectrometer
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