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Recapitulación de Trabajo Why Study Lepton Number Violating (LNV) Processes

Why Study Lepton Number Violating (LNV) Processes ?

Establish nature of the neutrinos�� ��¿ Dirac (ν 6= νc) o Majorana (ν = νc) ?

−LY = L̄LYνH̃NR︸ ︷︷ ︸
Dirac Term

+ N̄ c
RMRNR/2︸ ︷︷ ︸

Majorana Term

+ h.c.

Mechanism of neutrino masses generation

Leptogenesis (Explain baryonic asymmetry of the Universe)

It is important to study all possible channels that may be sensitive to the effects
of LNV (∆L = 2) Processes
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Recapitulación de Trabajo Why Study Lepton Number Violating (LNV) Processes

Lepton-number-violating (∆L = 2) processes
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Light Majorana neutrinos
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∑
j
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Heavy Majorana neutrinos
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Intermediate Majorana neutrinos (on-shell)
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Recapitulación de Trabajo Why Study Lepton Number Violating (LNV) Processes

Ranges of sterile neutrino masses
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[Drewes, arXiv:1303.6912]

[de Gouvêa, arXiv:0706.1732]

Different mass scales are technically possible and worth exploring !
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Recapitulación de Trabajo Searches of ∆L = 2 processes

Neutrinoless double-β (0νββ) decay: A
ZX → A

Z+2Y + 2e−

The 0νββ nuclear decay is considered as the most attractive and sensitive way
to prove that neutrinos are their own antiparticles (or not), i.e., elucidate if
neutrinos are Majorana particles (or Dirac ones) .

Furry, Phys. Rev. 56, 1184 (1939).
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Recapitulación de Trabajo Searches of ∆L = 2 processes

Neutrinoless double-β (0νββ) decay: A
ZX → A

Z+2Y + 2e−

Isotope Experiment T 0ν
1/2 > [years] 〈mββ〉 < [eV]

76Ge Heidelberg-Moscow (HdM) = 1.9× 1025 0.32
GERDA Phase II 8× 1025 (0.12 - 0.26)

MAJORANA 1.9× 1025 (0.24 - 0.52)
136Xe EXO-200 1.8× 1025 (0.14 - 0.38)

KamLAND-Zen (KLZ) 1.9× 1025 (0.12 - 0.25)
130Te CUORE 1.5× 1025 (0.11 - 0.52)

Drawbacks:
Very difficult to calculate due to the nature of many bodies of nuclear physics.

Calculations by different models (methods) do not agree very well: Quasi-particle Random Phase
Approximation (QRPA), Interacting Boson Model (IBM), Nuclear Shell Model (NSM), ...

It would test the LNV ee sector.
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Trabajo de Doctorado
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Después del Doctorado...
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Trabajo Actual Test of LFU in b → cτν̄τ decays

Test of LFU in b→ cτ ν̄τ decays

Tests of lepton flavor universality (LFU) in B meson decays (b→ cτ ν̄τ ), performed by the
BABAR, Belle and LHCb experiments, have shown consistent deviations from the SM predictions.

R(D(∗)) =
BR(B → D(∗)τ ν̄τ )

BR(B → D(∗)`′ν̄`′ )
, (`′ = e or µ).

Observable Measurement Experiment SM prediction Tension

R(D) 0.307± 0.037± 0.016 Belle-2019 0.299 ± 0.003 0.2σ

0.340± 0.027± 0.013 HFLAV-2019 1.4σ

R(D∗) 0.283± 0.018± 0.014 Belle-2019 0.258 ± 0.005 1.1σ

0.295± 0.011± 0.008 HFLAV-2019 2.5σ

Experimental status on observables related to the charged transition b→ cτν̄τ .�� ��R(D) and R(D∗) anomalies!
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Trabajo Actual Test of LFU in b → cτν̄τ decays

Test of LFU in semileptonic B meson decays

Heavy Flavor Averaging Group (HFLAV) - 2019

0.2 0.4
R(D)

BaBar (2012), had. tag
 0.042± 0.058 ±0.440 

Belle (2015), had. tag
 0.026± 0.064 ±0.375 

Belle (2019), sl. tag
 0.016± 0.037 ±0.307 

Average 
 0.013± 0.027 ±0.340 

SM pred. average
 0.003±0.299 

PRD 94 (2016) 094008 
 0.003±0.299 

PRD 95 (2017) 115008 
 0.003±0.299 

JHEP 1712 (2017) 060 
 0.004±0.299 

FNAL/MILC (2015) 
 0.011±0.299 

HPQCD (2015) 
 0.008±0.300 

HFLAV
Spring 2019

/dof = 0.4/ 1 (CL = 52.00 %)2χ

0.2 0.3 0.4
R(D*)

BaBar (2012), had. tag
 0.018± 0.024 ±0.332 

Belle (2015), had. tag
 0.015± 0.038 ±0.293 

Belle (2017), (had. tau)
 0.027± 0.035 ±0.270 

Belle (2019), sl.tag
 0.014± 0.018 ±0.283 

LHCb (2015), (muonic tau) 
 0.030± 0.027 ±0.336 

LHCb (2018), (had. tau)
 0.029± 0.018 ±0.280 

Average 
 0.008± 0.011 ±0.295 

SM pred. average 
 0.005±0.258 

PRD 95 (2017) 115008 
 0.003±0.257 

 JHEP 1711 (2017) 061  
 0.008±0.260 

JHEP 1712 (2017) 060 
 0.005±0.257 

HFLAV
Spring 2019

/dof = 0.4/ 1 (CL = 52.00 %)2χ
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Trabajo Actual Test of LFU in b → cτν̄τ decays

Test of LFU in semileptonic B meson decays

In addition, the LHCb reported a measurement on R(J/ψ) = BR(Bc → J/ψτν̄τ )/BR(Bc →
J/ψµν̄µ), and the polarization observables τ lepton polarization Pτ (D∗) and. D∗ longitudinal po-
larization FL(D∗) have been observed by the Belle experiment.

Observable Measurement Experiment SM prediction Tension
R(D) 0.307± 0.037± 0.016 Belle-2019 0.299 ± 0.003 0.2σ

0.340± 0.027± 0.013 HFLAV-2019 1.4σ
R(D∗) 0.283± 0.018± 0.014 Belle-2019 0.258± 0.005 1.1σ

0.295± 0.011± 0.008 HFLAV-2019 2.5σ
R(J/ψ) 0.71± 0.17± 0.18 LHCb-2018 0.283± 0.048 2.0σ
Pτ (D∗) −0.38± 0.51+0.21

−0.16 Belle-2018 −0.497± 0.013 0.2σ
FL(D∗) 0.60± 0.08± 0.035 Belle-2019 0.46± 0.04 1.6σ
R(Xc) 0.223 ± 0.030 PDG 0.216± 0.003 0.2σ
R(Λc) 0.242 ± 0.076 LHCb-2022 0.324± 0.004 1.2σ

B−c → τ−ν̄τ < 10 % (2.16± 0.16) %

Experimental status on observables related to the charged transition b→ cτν̄τ .�� ��charged-current b→ cτ ν̄τ anomalies!
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Trabajo Actual Test of LFU in leptonic Υ meson decays

Test of LFU in leptonic Υ meson decays

LFU can also be tested through the ratio of leptonic decays of bottomonium meson Υ(nS)
[Aloni, Efrati, Grossman, & Nir, 1702.07356].

RΥ(nS) ≡
BR(Υ(nS)→ τ+τ−)

BR(Υ(nS)→ `+`−)
, (n = 1, 2, 3)

Observable Measurement Experiment SM prediction Tension
RΥ(1S) 1.005± 0.013± 0.022 BABAR-2010 0.9924 ± O(10−5) 0.5σ
RΥ(2S) 1.04± 0.04± 0.05 CLEO-2007 0.9940 ± O(10−5) 0.8σ
RΥ(3S) 1.05± 0.08± 0.05 CLEO-2007 0.9948 ± O(10−5) 0.6σ

0.966± 0.008± 0.014 BABAR-2020 1.8σ
0.968± 0.016 Average 1.7σ

Experimental status on observables related to the neutral transition bb̄→ τ+τ−.

New physics scenarios aiming to provide an explanation to the LFU violation anomalies in
b → cτ ν̄τ decays also induce effects in the neutral-current bb̄ → τ+τ− transition [Faroughy,
Greljo, & Kamenik, 1609.07138; Aloni, Efrati, Grossman, & Nir, 1702.07356].
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Trabajo Actual Test of LFU in b → sµ+µ− decays

Test of LFU in b→ sµ+µ− decays

Experimental measurements related to the neutral-current transition b → sµ+µ− show deviations
respect with the Standard Model (SM) predictions. The ratio of semileptonic decay channels,

RK(∗) =
BR(B → K(∗)µ+µ−)

BR(B → K(∗)e+e−)
,

provides a test of µ/e lepton flavor universality (LFU) in different dilepton mass-squared range q2.

The ratio RK was first reported in 2014 by the LHCb collaboration [arXiv:1406.6482],

RLHCb−14
K = 0.745+0.090

−0.074 ± 0.036, for q2 ∈ [1.0, 6.0] GeV2,

which deviates from the SM prediction of RSM
K ≈ 1 at the level of 2.6σ.

Recently, the LHCb has released an updated measurement on RK [arXiv:2103.11769]

RLHCb−21
K = 0.846+0.044

−0.041, for q2 ∈ [1.1, 6.0] GeV2,

which is 3.1σ away from the SM predicition.�� ��b→ sµ+µ− anomalies!
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Trabajo Actual Test of LFU in b → sµ+µ− decays

Test of LFU in b→ sµ+µ− decays

In 2017, the flavor ratio RK∗ was measured by the LHCb Collaboration in the low and central
q2 bins [arXiv:1705.05802],

RLHCb−17
K∗ =

{
0.66+0.11

−0.07 ± 0.03, for q2 ∈ [0.045, 1.1] GeV2,

0.69+0.11
−0.07 ± 0.05, for q2 ∈ [1.1, 6.0] GeV2,

respectively. These measurements differ from the SM in the two q2 regions by ∼ 2.3σ and
∼ 2.5σ, respectively.

These discrepancies are reinforced by some anomalous observables (such as angular obser-
vables and differential branching fraction) related with B → K∗µ+µ− and Bs → φµ+µ−

decays �� ��b→ sµ+µ− anomalies!
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Trabajo Actual Test of LFU in b → sµ+µ− decays

NP explanations to the B meson anomalies.

Global analyses

The global analyses of b→ sµ+µ− data suggest various new physics solutions [Altmannshofer
and Straub, 2103.13370; Carvunis et al 2102.13390; Alguero et al 2104.08921; Geng et al 2103.12738].

Considering one NP operator or two related operators at a time and assuming new physics
only in the muon sector, the O9 = (s̄PLγµb)(µ̄γ

µµ) operator as well as a combination of O9

and O9 = (s̄PLγµb)(µ̄γ
µγ5µ) with C9 = −C10 can account for all b→ sµ+µ− data.

These model independent solutions can be realized in several NP models.

NP arising from LH vector CVL associated with the operator (c̄γµPLb)(τ̄γ
µPLντ ) is a pre-

ferred solution to address the anomalies, providing a good fit to the data.

Murgui, Peñuelas, Jung & Pich, 1904.09311; Mandal, Murgui, Peñuelas, & Pich, 2004.06726; Shi et al,
1905.08498; Blanke et al, 1905.08253; Bhardam & Ghosh, 1904.10432
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Trabajo Actual Nuestra contribución

Nuestra contribución

J. D. Gómez, NQ and E. Rojas, PRD 100, 093003 (2019) [arXiv:1907.08357 [hep-ph]].
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Trabajo Actual Nuestra contribución

Nuestra contribución

J. Cardozo, J. H. Muñoz, N. Q. and E. Rojas, J. Phys. G 48, no.3, 035001 (2021)
[arXiv:2006.07751 [hep-ph]].
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Nuestra contribución

C. H. García-Duque, J. H. Muñoz, NQ and E. Rojas, PRD 103, 073003 (2021) [arXiv:2103.00344
[hep-ph]]
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Trabajo Actual Nuestra contribución

Nuestra contribución

J. M. Cabarcas, J. H. Muñoz, NQ and E. Rojas, 2203.14172 [hep-ph]
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Trabajo Actual Nuestra contribución

U1 leptoquark model

The interaction of the SU(2)L singlet vector leptoquark U1 ≡ U1 ∼ (3, 1, 2/3) with the SM
fermions can written as [Angelescu et al, 1808.08179; 2103.12504]

∆LU1 = (xijL Q̄iLγµLjL + xijR d̄iRγµ`jR)Uµ1 ,

where quark-lepton flavor couplings xL and xR are (in general) complex 3 × 3 matrices,QL
and LL are the LH quark and lepton doublets.

After integrating out the vector leptoquark U1, the Lagrangian ∆LU1 can generate tree-level
contributions to neutral-current b→ sµ+µ− and charged-current b→ cτ−ν̄τ transitions, as
well as LFV decays (B+ → K+µ±τ∓, Bs → µ±τ∓, τ → µφ, Υ(nS) → µ±τ∓), and rare
B decays (B → Kτ+τ−, Bs → τ+τ−).

We will consider the flavor structure

xL =

0 0 0
0 xsµL xsτL
0 xbµL xbτL

 , xR = 0.

We neglect RH contributions for simplicity. This is the so-called minimal U1 model . [Angelescu
et al, 1808.08179; 2103.12504].
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Atomki anomaly (Berillium anomaly)

Krasznahorkay and collegues of the Institute of Nuclear Research (Atomki) in
Hungary reported the existence of a new light boson only 34 times heavier
than the electron [PRL 116, 042501 (2016)].
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X17 boson interpretation to the Atomki anomaly

[Feng et al, PRL 117, 071803 (2016)]

The 6.8σ anomaly in excited 8Be nuclear decays via internal pair creation is fit well by a new
particle interpretation.
A 17 MeV protophobic gauge boson (X17) provides a particle physics explanation of the
anomaly consistent with all existing constraints.
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X17 boson interpretation to the Atomki anomaly

[Krasznahorkay et al, 2104.10075 [nucl-ex]]
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Lepton pair decays of heavy mesons H∗ → He+e−
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Visión de futuro en el campo

Visión de futuro en el campo

�� ��¿ Dirac o Majorana ? → Observation of ∆L = 2 decays will establish the
Majorana nature of neutrinos.

Dedicated experimental searches at current heavy meson factories (Belle II,
LHCb, BESIII) may confirm the existence of this light boson or set stronger
bounds of their couplings to quarks.

Simultaneous explanation of the B meson anomalies (b → cτ ν̄τ and b →
sµ+µ− data).

Future measurements from Belle II (as well as LHCb) will be a matter of
importance.

Long live the anomalies !
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GRACIAS !
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