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MOTIVATION
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(T0ν
1/2)

−1 = g4
AG0ν |M0ν |2 m2

ββ

gA ≡ Axial coupling
G0ν ≡ Phase-space factor

Effective neutrino 
mass

mββ = ∑
j=light

Uejmj ≡

M0ν ≡ Nuclear matrix 
elements

Next decade experiments



NUCLEAR MATRIX ELEMENTS
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M0ν = ⟨0+
f | | ∑

a,b

HkÔkτ−
a τ−

b | |0+
i ⟩

Solve the many-body Schrödinger 
equation

Nuclear Shell Model (NSM)

Quasi-particle random phase 
approximation (QRPA)

|0+
i( f )⟩ ≡ Initial (final) wavefunctions

Obtain decay operators

Chiral Effective Field Theory (χEFT)

Neutrino potentialsHk(r) ≡
Ôk ≡ Spin-space operators

τ− ≡ Ladder isospin operator
k ≡ GT, F, T



NUCLEAR SHELL MODEL
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We want to solve the Schrödinger 
equation Heff |0+⟩ = E |0+⟩

Heff = ̂T + Û + ̂Veff ≡ Effective Hamiltonian

U(r) =
1
2

mNr2ω2 + D ⃗l ⋅ ⃗l + C ⃗l ⋅ ⃗s

Veff ≡ Phenomenological effective potential

Orbitals
EMPTY ORBITALS

VALENCE SPACE 
CORE

Effective 
interactions

r = |ra − rb | ≡ Distance between nucleons

Valence Space (Magic Numbers):
48Ca : 20 − 40 76Ge, 82Se : 28 − 50
124Sn, 130Te, 136Xe : 50 − 82



QUASI-PARTICLE RANDOM PHASE APPROXIMATION 
(QRPA)

NME2025: RCNP Workshop. 20th-21st January  6

Daniel Castillo (UB)

|QRPA⟩ = |0+⟩ Reference state

                harmonic oscillators shells 
above the fermi level 
n = 0 2

76Ge, 82Se : 18 orbitals
96Zr, 100Mo : 25 orbitals

116Cd, 124Sn, 130Te, 136Xe : 26 orbitals

Less complex correlations between nucleons

p n

BCS

qp qn

≡ ≡
u v vu

+ +

|QRPA⟩ = ∑
pn

(an + bn )
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              DIAGRAMSχEFT
M0ν = M0ν

L + M0ν
S + M0ν

usoft + M0ν
loops

Long-range (L)

Leading 
Order (LO)

already 
computed

(q ∼ 100 MeV + q − dependent N2LO)
Short-range (S)
(q > > 100 MeV)

q ≡ Transferred 
momentum

q − dependent N2LO Finite Size 
Corrections (FNS)

Dipole form factors: g2
A(q2) and g2

V(q2)

Regulators

Nucleon-Nucleon coupling


Gaussian regulator

gNN
v ≡

Λ ≡
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              DIAGRAMSχEFT

M0ν = M0ν
L + M0ν

S +M0ν
usoft + M0ν

loops

Next-to-Next-to-
Leading Order 

(N2LO )

New terms

Ultrasoft (q < < 100 MeV) Loop terms



ULTRASOFT NME
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76Ge
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M0ν
usoft ∝ ⟨0+

f |GT |1+
n ⟩⟨1+

n |GT |0+
i ⟩ ⋅ ln(μus)

Study of the intermediate states 
dependence of the total ultrasoft 
NMEs

μus ≡ Ultrasoft scale

Different behaviour between 
models around 10 MeV

Different sign Main uncertainty μus =
mπ

2
. . .2mπ

M0ν
tot,usoft = M0ν

usoft + M0ν
loops,usoft



CLOSURE VS NON-CLOSURE
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Non-closure:

M0ν
non−cl ∝

⟨0+
f |Jμ(x) |Jπ

n⟩⟨Jπ
n |Jμ(y) |0+

i ⟩

q(q + En − 1
2 (Ef + Ei))

Closure:

M0ν
L ∝

⟨0+
f |Jμ(x)Jμ(y) |0+

i ⟩
q2

q ≃ kF ≃ 100 MeV

En −
1
2

(Ei + Ef ) 0 (χEFT)

JμJμ = hGT(q2) + hF(q2) + hT(q2)

|Jπ
n⟩ ≡ Intermediate states Main difference from                contributions GT |1+⟩

Same dependence as M0ν
usoft



CLOSURE VS NON-CLOSURE
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According to          the ultrasoft 
term must be the main contribution 
beyond the closure approximation 

χEFT

M0ν
non−cl − M0ν

L = Δcl ∼ M0ν
usoft

Agreement in the sign between  
Δcl and M0ν

usoft

QRPA: Midler agreement with the                 

          prediction                     χEFT

Important uncertainties due to      
dependence 

μus
NSM: Good agreement with the 

         predictionχEFT



LOOP NME
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r(fm)

⇤ =349 MeV, µ = 500 MeV ⇤ =349 MeV, µ = 1500 MeV

⇤ =550 MeV, µ = 500 MeV ⇤ =550 MeV, µ = 1500 MeV

M0ν
loops,soft = M0ν

AA,loops + M0ν
VV,loops + M0ν

CT,loops

Important contributions in short-
range distances (high momenta)

Similar behaviour between 
models

Most reliable:  Λ = 349 MeV

M0ν
loops,soft = ∫

∞

0
C0ν

loops,soft(r)dr

Dependences: Heff , μ, Λ . . .

μ ≡ Renormalization scale
Λ ≡ Cutoff

Main dependence Λ

Λ = 349 MeV Λ = 550 MeV



TOTAL N2LO NMEs
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NSM N2LO

pnQRPA tot, usoft

pnQRPA N2LO

NSM

M0ν
N2LO/M0ν

LO :

≤ 20 %
Central values:
Total ultrasoft: −(5-10) %

Total N2LO: −(5-10) %

QRPA ≤ 30 %
Central values:
Total ultrasoft:
Total N2LO:

+(5-10) %
+(10-15) %

χEFT expectations ∼ (5-10) %

M0ν
N2LO = M0ν

tot,usoft + M0ν
loops,soft
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HEAVY-   EXCHANGEν



HEAVY-   EXCHANGE: MASS DEPENDENCE
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ν

M0ν
sterile(mi)

M0ν
L,<(mi) + M0ν

S (mi) + M0ν
usoft(mi), mi < 100 MeV

M0ν
L (mi) + M0ν

S (mi), 100 MeV ≤ mi < 2 GeV

M0ν
9 (mi), 2 GeV ≤ mi

mi ≡ Sterile    massν

mi dependence :

LO

M0ν
L ∝

1
q2 + m2

i
M0ν

L,<(mi) = M0ν
L (mi)−mi[

d
dmi

M0ν
L (mi)]mi=0

Change propagator
To avoid double counting 
when treating different 
momentum regions 

M0ν
S (mi) ∝ gNN

ν (mi)

M0ν
9 ∝

1
m2

i
gππ

1 , gπN
1 and gNN

13 LECs: The sterile    are integrated out 
at the quark level 

ν

Dekens, de Vries, DC et al, JHEP09(2024)201

Cirigliano, Dekens, Urrutia, arXiv:2412.10497 M0ν
usoft(mi) = mi ⋅ M0ν

usoft + 𝒪(ΔE/mi)



             represents the 
main contribution together 
with 
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Dekens, de Vries, DC et al, JHEP09(2024)201

HEAVY-   EXCHANGE: ULTRASOFT 
ENHANCEMENT

ν

Potential: M0ν
L (mi)

Hard: M0ν
S (mi) Usoft: M0ν

usoft(mi)

               is the main 
contribution at LO
M0ν

usoft(mi)

M0ν
S (mi)

M0ν
L (mi)



SUMMARY AND OUTLOOK
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pnQRPA N2LON2LO          NMEs:                                                         
.                                    between NSM and QRPA  

0νββ 48Ca, 76Ge, 82Se, 96Zr, 100Mo,
116Cd,124Sn, 130Te and 136Xe

Typically  the N2LO terms are:
|M0ν

N2LO/M0ν
LO | ≤ 20 % NSM

|M0ν
N2LO/M0ν

LO | ≤ 30 % QRPA

Ultrasoft goes up to LO for      smaller than 
100 MeV

Use                              to compute the wavefunctions  χ − Hamiltonians
Extend the           study to N3LO corrections: two-body 
currents  

χEFT

Study more          mechanisms

mi

0νββ

76Ge
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THANK YOU FOR YOUR 
ATTENTION!

Dekens, de Vries, DC et al, JHEP09(2024)201



NME2025: RCNP Workshop. 20th-21st January

Daniel Castillo (UB)

BACKUP SLIDES



NEUTRINOLESS      DECAY
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ββ

0νββ : 2n 2p + 2e−
New Information:

Absolute mass of neutrino 

Neutrino as Majorana fermion


Lepton Number Violation 

    (Beyond Standard Model Physics)


Baryon-Antibaryon assymetry 



NEUTRINOLESS      DECAY
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ββ
76Ge :    decay forbiddenβ

Energy difference between odd-odd nuclei 

and even-even nuclei          Pairing interaction

(Qβ < 0)

(Qββ > 0)ββ decay allowed : 76Ge 76Se
Qββ = Ei − Ef − 2me

Qββ ≡ Q value for       decay ββ
me ≡ electron mass

Ei ≡ initial energy state
Ef ≡ final energy state
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LEADING ORDER
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M0ν
L/S = ∫

∞

0
CL/S(r)drM0ν

L = M0ν
L,GT + M0ν

L,F + M0ν
L,T

Part of the N2LO corrections can be 
added as a q-dependence in the axial,    
and vector,        couplings  

gA
gV

M0ν
S ∝ gNN

v e−q2/Λ2

gNN
v ≡

Λ ≡
Nucleon-Nucleon coupling

Cutoff

Soft neutrinos

Hard neutrinos

M0ν
S /M0ν

L = + (15 − 50) %
M0ν

S /M0ν
L = + (30 − 80) %

NSM:
QRPA:
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CLOSURE ENERGIES
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PHENOMENOLOGICAL INTERACTIONS
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NMEs for sterile neutrinos

M0ν
L (mi) = MGT(mi) −

MF(mi)
g2

A
+ MT(mi)

M0ν
S (mi) = 2gNN

ν (mi)m2
π

MF,sd

g2
A

M0ν
9 (mi) = 2η(μ0, mi)

m2
π

m2
i

[
5gππ

1

6
(MPP

GT + MPP
T ) +

gπN
1

2
(MAP

GT + MAP
T ) −

2gNN
1

g2
A

MF,sd]

M0ν
usoft(mi) = RAmi ∑

n

⟨0+
f |τ−σ |1+

n ⟩⟨1+
n |τ−σ |0+

i ⟩ + 𝒪(ΔE/mi)


