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Chiral EFT for neutrinoless double beta decay
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We discuss the effects of lepton-number-violating (LNV) interactions in neutrinoless double
beta decay (0𝜈𝛽𝛽), assuming that LNV arises either from light sterile neutrinos or from energy
scales well above the electroweak scale. In this scenario, LNV can be described by an effective
field theory (EFT), consisting of the standard model (SM), supplemented by higher-dimensional
operators made up from SM fields and the sterile neutrino. We summarize the steps needed to
obtain expressions for the 0𝜈𝛽𝛽 half-lives in terms of the LNV operators. We pay particular
attention to the matching of the quark-level interactions onto chiral EFT, which involves nucleons
and pions as the degrees of freedom. This theory allows one to derive LNV potentials between
nucleons, which, together with many-body calculations, determine the decay rates of nuclei that
are used in experiments. We will show that the matching onto chiral EFT requires the inclusion
of a contact interaction at leading order and discuss a model estimate of the associated hadronic
matrix element. We conclude by illustrating the constraints on the higher dimensional operators.
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1. Introduction

The observation of neutrinoless double beta decay would demonstrate the Majorana nature of
neutrinos [1], show that lepton number is violated, and provide a clear sign of physics beyond the
SM (BSM). The current experimental constraints on the half-life of this process are already very
stringent, e.g.𝑇0𝜈

1/2 > 2.3 ·1026 yr in 136Xe [2], while the next generation of experiments, for example
[3, 4], are projected to probe half lives that are longer by one to two orders of magnitude. The
interpretation of these constraints requires a theoretical framework that can describe the effects of
BSM LNV interactions. If we assume that such BSM physics arises either from sterile neutrinos
or from an energy scale, Λ, well above the electroweak scale, 𝑣 ≃ 246 GeV, these LNV sources can
be described by an EFT. This theory is the SM-EFT [5, 6] extended by sterile neutrinos, sometimes
referred to as the 𝜈SMEFT [7], and involves the SM fields as well as sterile neutrinos as degrees of
freedom, while effects due to heavy new particles are parametrized by higher-dimensional operators.
The information about a particular UV complete scenario is contained in the couplings of the sterile
neutrinos and the higher-dimensional operators. Thus, after deriving expressions for the 0𝜈𝛽𝛽
half-lives in terms of these couplings, assessing the impact of a UV completion on 0𝜈𝛽𝛽, reduces
to matching that particular BSM scenario onto the EFT.

The required steps to obtain such expressions within this framework involve the evolution of
the effective operators to the electroweak scale where the heavy SM fields are integrated out. The
EFT is subsequently evolved to the scale where QCD becomes non-perturbative, Λ𝜒 ∼GeV, and the
quark-level theory is matched onto chiral EFT. The chiral Lagrangian allows one to derive a LNV
potential between nucleons which can serve as the starting point for many-body calculations.

We start by discussing the set of operators at the scale Λ.

2. Lepton-number violation in the (𝜈)SM-EFT

LNV interactions arise at odd dimensions within the SM-EFT [8] so that the 𝑆𝑈 (3)𝑐×𝑆𝑈 (2) ×
𝑈 (1)𝑌 invariant Lagrangian describing heavy LNV sources can be written as

L𝜈𝐿 = L𝑆𝑀 + L (5)
Δ𝐿=2 + L (7)

Δ𝐿=2 + L (9)
Δ𝐿=2 + . . . , (1)

where the dots stand for operators beyond dimension-nine. Although the dimension-seven (-nine)
operators are suppressed by 1/Λ2 (1/Λ4) compared to the dimension-five term, there are several
BSM scenarios, such as the left-right model [9–11], in which operators up to dimension nine can
play a role. Only one operator, which induces a Majorana mass for the left-handed neutrinos,
appears at dimension five [12], while the complete set of dimension-seven operators includes 12
LNV interactions [7, 13–16]. Finally, the dimension-nine operators involving four quark and two
lepton fields were classified in Refs. [17, 18], while a complete basis was derived more recently
[19, 20].

Extending this framework to include 𝑛 possibly light sterile neutrinos, 𝜈𝑅, leads to the following
additional terms,

L𝜈𝑅 =

[
1
2
�̄�𝑅𝑖 /𝜕𝜈𝑅 − 1

2
�̄�𝑐𝑅�̄�𝑅𝜈𝑅 − �̄��̃�𝑌𝜈𝜈𝑅 + h.c.

]
+ L (6)

𝜈𝑅 + L (7)
𝜈𝑅 + . . . , (2)
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where the expression in brackets describes the kinetic term as well as the Dirac and Majorana masses
of the sterile neutrinos, while L (6,7)

𝜈𝑅 contain the complete set of dimension-six and -seven operators
[7] that involve the sterile neutrino, which can be induced by heavy BSM physics coupling to both
the right-handed sterile neutrino and SM fields. These operators can subsequently be evolved to the
electroweak scale. After integrating out the heavy SM fields, and evolving to a scale of a few GeV,
one ends up with a Lagrangian involving dimension-three, -six, -seven, and -nine operators.

After electroweak symmetry breaking, the dimension-three Lagrangian consists of the mass
terms for the neutrinos

L (3) = −1
2
�̄�𝑐𝑀𝜈𝑁 + h.c. , 𝑀𝜈 =

(
𝑀𝐿 𝑀∗

𝐷

𝑀
†
𝐷

𝑀
†
𝑅

)
, (3)

where 𝑁 = (𝜈𝐿 , 𝜈𝑐𝑅)𝑇 , 𝑀𝐿,𝑅 are the Majorana masses for the left- and right-handed neutrinos,
induced by the dimension-five operator and �̄�𝑅, respectively, while 𝑀𝐷 = 𝑣√

2
𝑌𝜈 is the Dirac mass

matrix. 𝑀𝜈 can be diagonalized by a (3 + 𝑛) × (3 + 𝑛) unitary matrix, 𝑈, such that the flavor and
mass eigenstates are related by 𝑁 = 𝑈𝑁𝑚.

At dimension six, one encounters the following four-fermion interactions [21],

L (6) =
2𝐺𝐹√

2

{
�̄�𝐿𝛾

𝜇𝑑𝐿

[
𝑒𝑅𝛾𝜇𝐶

(6)
VLR 𝜈 + 𝑒𝐿𝛾𝜇𝐶

(6)
VLL 𝜈

]
+ �̄�𝑅𝛾

𝜇𝑑𝑅

[
𝑒𝑅 𝛾𝜇𝐶

(6)
VRR 𝜈 + 𝑒𝐿 𝛾𝜇𝐶

(6)
VRL 𝜈

]
+�̄�𝐿𝑑𝑅

[
𝑒𝐿 𝐶

(6)
SRR𝜈 + 𝑒𝑅 𝐶

(6)
SRL𝜈

]
+ �̄�𝑅𝑑𝐿

[
𝑒𝐿 𝐶

(6)
SLR𝜈 + 𝑒𝑅 𝐶

(6)
SLL𝜈

]
+�̄�𝐿𝜎𝜇𝜈𝑑𝑅 𝑒𝐿𝜎𝜇𝜈𝐶

(6)
TRR 𝜈 + �̄�𝑅𝜎

𝜇𝜈𝑑𝐿 𝑒𝑅𝜎𝜇𝜈𝐶
(6)
TLL 𝜈

}
+ h.c. , (4)

where 𝜈 = 𝑁𝑚 + 𝑁𝑐
𝑚. These dimension-six terms receive contributions from the L (7)

Δ𝐿=2, as well as
L (6,7)

𝜈𝑅 . Although the terms induced byL (6)
𝜈𝑅 are not LNV by themselves, they can contribute to 0𝜈𝛽𝛽

after the inclusion of the Majorana mass term of the sterile neutrinos. The relevant dimension-seven
operators have a similar form to the dimension-six interactions with the addition of a derivative.

Finally, dimension-nine operators [17, 18] with two electrons and four quarks can be induced
by L (7)

Δ𝐿=2 and L (9)
Δ𝐿=2. In addition, if one of the sterile neutrinos has a mass Λ𝜒 < 𝑚𝜈 < 𝑚𝑊 , terms

in L (6)
𝜈𝑅 can give rise to dimension-nine operators after integrating out the sterile neutrino. These

interactions take the form,

L (9) =
1
𝑣5

∑︁
𝑖

[ (
𝐶

(9)
𝑖 R 𝑒𝑅𝐶𝑒

𝑇
𝑅 + 𝐶

(9)
𝑖 L 𝑒𝐿𝐶𝑒

𝑇
𝐿

)
𝑂𝑖 + 𝐶

(9)
𝑖

𝑒𝛾𝜇𝛾5𝐶𝑒
𝑇 𝑂

𝜇

𝑖

]
, (5)

where 𝑂𝑖 and 𝑂
𝜇

𝑖
are four-quark operators that are Lorentz scalars and vectors, respectively. Their

definitions can be found in Ref. [22].

3. Chiral EFT

The chiral EFT should include all operators that have the same (chiral) symmetry properties
as the original quark-level interactions of the previous section. Each of the interactions in the
chiral Lagrangian comes with a hadronic matrix element, or low-energy constant (LEC), which
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is to be determined from experiment or lattice-QCD calculations. The matching is trivial for the
dimension-three Lagrangian of Eq. (3), as both theories involve neutrinos as degrees of freedom.
These neutrino mass terms can subsequently induce 0𝜈𝛽𝛽 in combination with two insertions of
the weak current, which in chiral EFT take the form of (�̄�𝑝) (𝑒𝜈) and 𝜋(𝑒𝜈) interactions, giving
rise to an amplitude of the form A3 ∼ ∑3+𝑛

𝑖=1 𝐺2
𝐹
𝑚𝜈𝑖𝑈

2
𝑒𝑖

. The dimension-six and -seven operators
in Eqs. (4) mainly induce similar interactions to the Fermi operator, 𝑝𝑛𝑒𝜈. The operators that are
LNV can induce 0𝜈𝛽𝛽 after combination with a single insertion of 𝐺𝐹 , A6 ∼ 𝐺𝐹𝐶

(6)
Δ𝐿=2, while

the lepton-number conserving operators require insertions of 𝑚𝜈 , so that A6 ∼ 𝑚𝜈

(
𝐶

(6)
Δ𝐿=0

)2
. The

latter contribution is suppressed by additional powers of 1/Λ, but allows for the possibility of sterile
neutrino exchange, which can give significant contributions when 𝑚𝜈𝑅 ≫ 𝑚𝜈1,2,3 . Finally, the scalar
dimension-nine operators mainly induce 𝜋𝜋𝑒𝑒𝑐 interactions, while the vector operators generate
𝜋𝑝𝑛𝑒𝑒𝑐 and (𝑝𝑛) (𝑝𝑛)𝑒𝑒𝑐 terms [17], all of which do not need further insertions of 𝐺𝐹 or 𝑚𝜈 to
contribute to 0𝜈𝛽𝛽. The LECs for these operators have been calculated on the lattice for the scalar
dimension-nine terms [23], most of those needed for 𝐶 (6,7)

𝑖
are nucleon charges [21], while the

LECs for the dimension-nine vector terms are currently unknown.
An additional issue arises for contributions involving sterile neutrinos. In the case of 𝑚𝜈𝑅 ≫ 1

GeV, the sterile neutrinos can be integrated out at the quark level, leading to dimension-nine
operators discussed above. However, for 𝑚𝜈𝑅 ≲ 1 GeV, the 𝜈𝑅 have to be kept as degrees of
freedom in chiral EFT. The case when the sterile neutrino is much lighter than the QCD scale can be
described in chiral EFT, which, however, breaks down when 𝑚𝜈𝑅 is near Λ𝜒. To obtain predictions
for the contributions from 𝜈𝑅 in the whole 𝑚𝜈𝑅 range, we demand that the amplitudes correspond
to the chiral EFT (perturbative QCD) prediction for 𝑚𝜈𝑅 ≪ 1 GeV (𝑚𝜈𝑅 ≫ 1 GeV) and interpolate
in between [24].

So far, we have been assuming the Weinberg power counting [25, 26] in order to determine
the relative importance of the operators in the chiral Lagrangian. This power-counting scheme is
known to break down in the strong sector [27–30], and more recently was shown to be unable to
consistently renormalize the 𝑛𝑛 → 𝑝𝑝𝑒𝑒 amplitude for 0𝜈𝛽𝛽. We review the arguments leading to
this conclusion and how the power counting can be amended in the next section.

3.1 A contact interaction at leading order

The inconsistency related to the Weinberg power counting can be seen by considering the
𝑛𝑛 → 𝑝𝑝𝑒𝑒 amplitude in chiral EFT. The calculation requires diagrams involving LNV vertices,
dressed with the strong interactions in all possible ways. The leading-order strong interactions
involve pion exchange and a contact interaction between nucleons. The needed diagrams are
depicted in the first three lines of the left panel of Fig. 1, for the case in which 0𝜈𝛽𝛽 is mediated by
light Majorana neutrinos. The classes of diagrams in the first two lines do not lead to inconsistencies,
while those in the third line give rise to a divergence at leading order. The 0𝜈𝛽𝛽 amplitude therefore
obtains a dependence on the regulator, as depicted for the MS scheme and a coordinate-space cut-off
in the right panel of Fig. 1, implying it is not properly renormalized.

This unphysical behavior can be removed by including a contact interaction of the form
L ∼ 𝑔𝑁𝑁

𝜈 (𝑝𝑛) (𝑝𝑛)𝑒𝑒𝑐 in the Lagrangian already at leading order. This additional interaction,
depicted in the last line of Fig. 1, can absorb the regulator dependence, so that the total amplitude
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Figure 1: Left panel: Contributions to 𝑛𝑛 → 𝑝𝑝𝑒𝑒. Double, dashed, and plain lines denote nucleons, pions,
and leptons, respectively. Gray circles denote the weak current, and the black square an insertion of 𝑚𝛽𝛽 (or
𝑔𝑁𝑁
𝜈 in the case of the fourth line). Right panel: The 𝑛𝑛 → 𝑝𝑝𝑒𝑒 amplitude as a function of the regulator.

The MS scheme is shown in red, while a cut-off scheme is shown in blue.

becomes independent. This is illustrated by the horizontal bands in the right panel of Fig. 1.
Although this leads to a renormalizable amplitude for 𝑛𝑛 → 𝑝𝑝𝑒𝑒, it also introduces an unknown
LEC, 𝑔𝑁𝑁

𝜈 . Given the lack of experimental data, one would preferably obtain this LEC from first
principles through a lattice calculation. There are ongoing efforts in this direction [31–37], however,
currently, the available estimates involve model calculations [38, 39] or large-𝑁𝑐 determinations
[40].

A recent estimate followed a similar approach to the one used to obtain the electromagnetic
contributions to the mass differences of hadrons [41, 42]. Here, one uses the fact that the hadronic
part of the amplitude is proportional to

A ∼
∫

𝑑4𝑘

(2𝜋)4

∫
𝑑4𝑥

𝑒𝑖𝑥 ·𝑘

𝑘2 + 𝑖𝜖
⟨ℎ 𝑓 (𝑝 𝑓 ) |𝑇{𝐽𝜇𝑊 (0), 𝐽𝑊 𝜇 (𝑥)}|ℎ𝑖 (𝑝𝑖)⟩

=

∫
𝑑4𝑘

(2𝜋)4
1

𝑘2 + 𝑖𝜖
T (𝑘, 𝑝𝑖 , 𝑝 𝑓 ) , (6)

where the two insertions of 𝐽𝑊 arise from the needed weak interactions, ℎ𝑖, 𝑓 are the hadronic initial
and final states, 𝑘 is the momentum flowing through 𝐽𝑊 , and the propagator, ∼ 1/𝑘2, arises from
the exchanged neutrino. A determination of the correlator T (𝑘, 𝑝𝑖 , 𝑝 𝑓 ) as a function of 𝑘 , then
allows for an estimate of the total amplitude. This correlator can be thought of as the amplitude for
ℎ𝑖 (𝑝𝑖)𝑊+(𝑘) → ℎ 𝑓 (𝑝 𝑓 )𝑊− (𝑘), with ℎ𝑖 = 𝑛𝑛 and ℎ 𝑓 = 𝑝𝑝, which, for small virtualities 𝑘2 ≪ Λ2

𝜒,
can be computed in chiral EFT. For momenta much larger than the QCD scale, 𝑘2 ≫ GeV2, the
correlator can instead be evaluated using the operator product expansion. In the intermediate region
we supplement the chiral EFT result with phenomenological form factors and off-shell effects from
𝑁𝑁 intermediate states, while neglecting inelastic intermediate states. This gives an LEC of O(1)
with an estimated 30% uncertainty, in MS, �̃�𝑁𝑁

𝜈 (𝜇 = 𝑚𝜋) = 1.3(6). This result is consistent with
a large-𝑁𝑐 estimate [40] and implies a leading-order effect due to the contact interaction.

Although this discussion focused on the light Majorana neutrino exchange mechanism, the same
power-counting issues appear for several of the higher-dimensional operators. Analogous arguments
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Figure 2: Limits on the Wilson coefficients in Eqs. (4) and (5), where the 𝐶
(6)
𝑖

coefficients with labels,
𝑆𝑅, 𝑆𝐿, 𝑇,𝑉𝐿,𝑉𝑅, correspond to, 𝑆𝑅𝐿, 𝑆𝐿𝐿, 𝑇𝐿𝐿,𝑉𝐿𝐿,𝑉𝑅𝐿, in Eq. (4). See Refs. [21, 22] for explicit
definitions of the dimension-seven and -nine terms. The left panel depicts the limits on the couplings
generated at dimension seven and assumes 𝐶𝑖 = 𝑣3/Λ3, while the right panel shows the constraints on
couplings induced by dimension-nine operators, assuming 𝐶𝑖 = 𝑣5/Λ5.

then imply that several contact interactions, which would be higher-order terms in Weinberg’s power
counting, have to be promoted to leading order in order to be able to renormalize the 𝑛𝑛 → 𝑝𝑝𝑒𝑒

amplitude. These modifications to the power counting arise for the scalar dimension-nine operators,
and some of the 𝐶 (6,7)

𝑖
.

4. Nuclear matrix elements

Having constructed the chiral Lagrangian and ensured that the leading-order 𝑛𝑛 → 𝑝𝑝𝑒𝑒

amplitude can be renormalized consistently, the resulting LNV potential can be used to move from
the nucleon level to decay rates in nuclei. This requires the calculation of phase-space integrals
over the lepton momenta as well as the matrix elements of the LNV potential between initial and
final nuclear states. While the phase-space integrals are well known [43], the needed nuclear matrix
elements (NMEs) involve complicated many-body calculations. Only a limited set of NMEs is
needed in order to describe any source of LNV that can arise from purely heavy BSM physics
[21], all of which have been determined in the literature. The relevant NMEs due to light sterile
neutrino exchange take very similar forms, but acquire a dependence on the mass of the neutrino.
These contributions can again be determined in the limits 𝑚𝜈𝑅 ≪ Λ𝜒 and 𝑚𝜈𝑅 ≫ Λ𝜒, but require
dedicated determinations in the region 𝑚𝜈𝑅 ∼ 𝑚𝜋 . The 𝑚𝜈𝑅 dependence is not known for all NMEs,
so that we again use the known low and high 𝑚𝜈𝑅 behavior as constraints and interpolate in the
intermediate region.

Apart from the fact that the𝑚𝜈𝑅 dependence is not known for several NMEs, the determinations
of NMEs varies by a factor of two to three between different methods [43–46], see Ref. [47] for
a recent review. This is the case both for the NMEs related to the exchange of light Majorana
neutrinos and for those needed for the contributions due to higher-dimensional operators. Recently,
preliminary ab initio calculations, using potentials inspired by chiral EFT, have started to appear for
nuclei that are used in experiments [48–51]. These calculations are especially interesting as they
in principle allow for controlled uncertainty estimates. The same methods have been used to gauge
the impact of the contribution due to 𝑔𝑁𝑁

𝜈 using the model estimate described above, leading to an
O(40%) effect in 48Ca [51], similar in size to the effect found previously in light nuclei [52].
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Figure 3: Left panel: 𝑇0𝜈
1/2 (

136Xe) as a function of 𝑚𝜈𝑅 = 𝑚4 in the 3 + 1 leptoquark model described in
the text. The blue line is the total half life whereas the red line depicts the contribution from the exchange
of neutrinos interacting via left-handed currents. Right panel: Similar but now we fixed 𝑚4 = 10 eV (blue),
𝑚4 = 1 keV (red), and 𝑚4 = 5 GeV (green) and vary 𝑚LQ. In both panels the NMEs of Ref. [44] were used,
see [24] for details.

5. Constraints

Although there are significant theoretical uncertainties related to both the hadronic and nuclear
matrix elements (LECs and NMEs), here we briefly discuss the constraints that can be set on the
LNV sources. Using the NMEs of Ref. [45], together with estimates for the LECs [22] and the
experimental limit [53], gives rise to the constraints on the dimension-seven and -nine operators
depicted in Fig. 2. One sees that 0𝜈𝛽𝛽 can probe very high scales, up to hundreds of TeVs, in the
case of dimension-seven operators, while the limits on the dimension-nine interactions lie in the
1 − 10 TeV range.

Finally, we illustrate the impact of sterile neutrinos on the 0𝜈𝛽𝛽 half life in Fig. 3. The red line
in the left panel shows the half-life as a function of 𝑚𝜈𝑅 in a ‘3+1’ scenario in which one sterile
neutrino is added to the SM. The blue line depicts the half life that results from the same scenario
with the addition of interactions that are induced by a leptoquark field, which generates 𝐶 (6)

SRR and
𝐶

(6)
TRR, with a mass of 𝑚LQ = 10 TeV. The right panel shows the half life as a function of 𝑚LQ.

Clearly, these non-standard sterile neutrino interactions can have a significant impact on the half
life, especially in the region 𝑚4 ∼GeV.

We conclude that EFTs allow one to determine the contributions of LNV sources to 0𝜈𝛽𝛽 in a
systematic way. This approach relies on a tower of effective theories, where the most involved steps
involve the matching of the quark-level theory onto chiral EFT. Regardless of significant nuclear
and hadronic uncertainties, this leads to stringent constraints on LNV sources from heavy BSM
physics, as well as the contributions due to sterile neutrinos.
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