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With experiments improving their 2𝜈𝛽𝛽 measurements, there is growing demand for precision in
its theoretical calculation. A correction that has been applied to single 𝛽-decay and 0𝜈𝛽𝛽, but not
yet to 2𝜈𝛽𝛽, is the chiral correction. This correction includes the chiral potential generated by pion
exchange, and the addition of weak nuclear magnetism. We show that the chiral potential reduces
the half life by a few percent, which may be experimentally determined once NME uncertainties
have sufficiently decreased. We also show that the weak magnetic correction modifies the spectral
shape at the sub-percent level. Which ought to be included in future high-precision measurements
of 𝜉31 and 𝜉51, as well as in certain BSM scenarios, such as those involving sterile neutrinos.
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1. Introduction

As existing two-neutrino double beta decay (2𝜈𝛽𝛽) measurements continue to improve, and
new nuclear transitions are added to the roster, there is a growing demand for precision 2𝜈𝛽𝛽
spectra. The Standard Model (SM) 2𝜈𝛽𝛽 decay is important for studies of Beyond the Standard
Model (BSM) neutrinoless double beta decay (0𝜈𝛽𝛽), as it serves both as a background for 0𝜈𝛽𝛽
measurements and as a benchmark for testing nuclear models, which can differ by up to an order of
unity in their Nuclear Matrix Elements (NMEs) [2]. Whereas 2𝜈𝛽𝛽 produces a broad spectrum of
the order of O(MeV), with a typical half-life of up to ∼ O(1021 yr), 0𝜈𝛽𝛽 yields a sharp peak near
the 2𝜈𝛽𝛽 endpoint, with a half-life on the order of ∼ O(1026 yr) or greater [1].

Precision spectral calculations require accurate accounting not only for the electromagnetic
attraction between the nucleus and the outgoing electrons, but also for a distinct type of chiral
correction that has already been applied to 0𝜈𝛽𝛽 and single 𝛽-decay [3–6]. These corrections
employ a low-energy Effective Field Theory (EFT) for QCD called Chiral Perturbation Theory
(𝜒PT), which at next-to-leading order (NLO) for 2𝜈𝛽𝛽, includes Feynman diagrams where the
nuclei exchange pions, as well as diagrams with vertices containing a weak magnetic component.

In this proceeding, we describe the effect of these corrections on the decay rates and energy
spectra of 136Xe and 76Ge. We compare the size of these contributions to the NME uncertainties
and to BSM effects, such as sterile neutrinos. The accompanying paper [7] on the correction also
considers other BSM models and shows that these effects are of roughly the same order of magnitude
for other isotopes, such as 100Mo.

2. The (Differential) Decay Rate

Figure 1: The Feynman diagrams. Diagram a) results in the standard 2𝜈𝛽𝛽 process, while diagram b)
includes a weak magnetic component at one of its vertices. Diagrams c) to e) are pion exchange diagrams
which, in contrast to the LO diagram, do not involve intermediate nuclear states (visualized with a blue
ellipse). Diagram f) is a counterterm diagram that cancels the divergence arising from diagrams c) to e).

We only concern ourselves with the dominant ground-state to ground-state transition: 0+ →
0+ for brevity. This transition is traditionally modeled through perturbation theory in quantum

2
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mechanics, but can also be described using Chiral EFT (𝜒EFT):

L𝜋𝑁 + L𝜋 = 𝑁̄

(
[𝑖𝑔𝑉𝑣 · 𝐷 + 𝑔𝐴𝑆 · 𝑢] − 𝑔𝑀

4𝑚𝑁

𝜖 𝜇𝜈𝛼𝛽𝑣𝛼𝑆𝛽 𝑓
+
𝜇𝜈

)
𝑁 + 𝐹2

𝜋

4
Tr

( (
𝐷𝜇𝑈

)†
𝐷𝜇𝑈

)
,

𝑙𝜇 = −2
√

2𝐺𝐹𝑉𝑢𝑑𝑒𝐿𝛾𝜇𝜈𝐿𝜏+ + ℎ.𝑐. , 𝑈 = 𝑢2 = exp
(
𝑖
𝜋 · 𝜏
𝐹𝜋

)
.

(1)

Here, 𝑙𝜇 is the weak current coupling to the nucleon field 𝑁 and pion field 𝜋, with a coupling
strength of 𝐺𝐹𝑉𝑢𝑑 . We define 𝑣𝜇 = (1, 0), 𝑆 = (0,𝝈/2), 𝜏, and 𝑚𝑁 as the nuclear velocity, spin,
isospin, and mass. The nuclei couple with respect to the vector, axial-vector, and magnetic coupling
constants: 𝑔𝑉 = 1, 𝑔𝐴 = 1.27, and 𝑔𝑀 = 4.7. Pions couple to themselves and to nucleons with
respect to the pion decay constant 𝐹𝜋 = 92.2 MeV, with the typical momentum transfer 𝑘𝐹 of
the same order as the pion mass, 𝑘𝐹 ∼ 𝑚𝜋 ∼ 100 MeV. The weak current couples through the
connection Γ within the covariant derivative 𝐷 = 𝜕 + Γ, the vierbein 𝑢𝜇, and 𝑓𝜇𝜈 , resulting in a
hadronic current: 𝐽𝜇 = [𝑔𝑉𝑣𝜇 − 2𝑔𝐴𝑆𝜇] + 𝑖𝑔𝑀𝑚−1

𝑁
𝜖 𝜇𝜈𝛼𝛽𝑞𝜈𝑣𝛼𝑆𝛽 , with 𝑞𝜇 = 𝑝𝜇 − 𝑝′𝜇 the nuclear

momentum transfer. The term in square brackets in our Lagrangian and hadronic current is the LO
contribution that reproduces the standard spectrum in the literature; the remaining terms are NLO.
Together, they yield a decay rate:

Γ =
(𝐺𝐹𝑉𝑢𝑑)4

8𝜋7𝑚2
𝑒

∫ 𝐸𝑖−𝐸 𝑓 −𝑚𝑒

𝑚𝑒

d𝐸𝑒1

∫ 𝐸𝑖−𝐸 𝑓 −𝐸𝑒1

𝑚𝑒

d𝐸𝑒2

∫ 𝐸𝑖−𝐸 𝑓 −𝐸𝑒1−𝐸𝑒2

𝑚𝑒

d𝐸𝜈1

× 𝐸𝑒1 |p𝑒1 | 𝐸𝑒2 |p𝑒2 | 𝐸2
𝜈1𝐸

2
𝜈2𝐹

(
𝐸𝑒1, 𝑍 𝑓

)
𝐹

(
𝐸𝑒2, 𝑍 𝑓

) 𝑔4
𝐴

3

( [(
𝑀𝐾
𝐺𝑇

)2
+

(
𝑀𝐿
𝐺𝑇

)2
+ 𝑀𝐾

𝐺𝑇𝑀
𝐿
𝐺𝑇

]
×

(
1 − 2𝑔𝑀

3𝑚𝑁𝑔𝐴

(
Q + 2𝑚𝑒 − (𝐸𝑒1 + 𝐸𝑒2)

2𝐸𝑒1𝐸𝑒2 − 𝑚2
𝑒

𝐸𝑒1𝐸𝑒2

))
+ 6

𝑔2
𝐴

(3𝜖𝐺𝑇 − 𝜖𝐹)
(
𝑀𝐾
𝐺𝑇 + 𝑀𝐿

𝐺𝑇

))
.

(2)

Setting 𝑔𝑀 = 𝜖𝐹 = 𝜖𝐺𝑇 = 0 removes the the chiral contributions. With the pionic 𝜖𝐹 , 𝜖𝐺𝑇 being:

𝜖𝐹 =
𝑚𝑒𝑔

2
𝑉

2𝐹2
𝜋

1
4𝜋𝑅𝐴

(
𝑀𝐹 + 𝑚2

𝜋

𝐹2
𝜋

𝑔𝑁𝑁2𝜈,𝐹𝑀𝐹,𝑠𝑑

)
,

𝜖𝐺𝑇 =
1
3
𝑚𝑒𝑔

2
𝐴

2𝐹2
𝜋

1
4𝜋𝑅𝐴

(
𝑀𝐴𝐴
𝐺𝑇 − 2𝑀𝐴𝑃

𝐺𝑇 + 4𝑀𝑃𝑃
𝐺𝑇 − 3𝑚2

𝜋

𝑔2
𝐴
𝐹2
𝜋

𝑔𝑁𝑁2𝜈,𝐺𝑇𝑀𝐹,𝑠𝑑

)
.

(3)

Here, 𝑀𝐹,𝑠𝑑 arises from the contact diagram, which cancels the singularities generated by the pion
exchange diagrams [4, 8]. These NMEs were originally calculated for 0𝜈𝛽𝛽, where a massive
“neutrino potential” is generated, consisting of a Klein-Gordon propagator multiplied by a rational
function of q2. Similarly, the pion diagrams in figure 1 generate a chiral potential. This can be
related to the neutrino potential by interpolating the paper’s calculations and setting 𝑚𝜈 = 𝑚𝜋 .

One rough approximation we made is correcting for electromagnetic effects using the Fermi
function 𝐹 (𝑍 𝑓 , 𝐸𝑒𝑖), with 𝑍 𝑓 = 𝑍 + 2. This assumes the nucleus is point-like, whereas more
precise models including finite-size and screening, have shown this is accurate to within ∼ 10%
[10]. Future work ought to include these higher-order corrections.

Using both the Nuclear Shell Model (NSM, including 𝑔𝐴 quenching) and the Quasi Particle
Random Phase Approximation (QRPA) [1, 11], we compute the decay rate shown in table 1. We

3
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76Ge QRPA 76Ge NSM 136Xe QRPA 136Xe NSM
𝑇
(2)

0 1.50 2.13 1.79 1.21
𝑇
(2)
𝜋 1.43 2.08 1.56 1.12

𝑇
(2)

WM 1.51 2.14 1.79 1.21
𝑇
(2)
𝜒 1.43 2.08 1.56 1.12

Table 1: Decay rates in units of 1021 yr. 𝑇
(2)

0 is the leading-order result. Subscripts indicate corrections
included: 𝜋 for pion exchange, WM for weak magnetism, and 𝜒 for both chiral corrections. The superscript
(2) refers to the order of expansion as discussed in equations 6.

observe that the weak magnetic term has a relatively small effect, while the pion exchange diagrams
dominate. This result is promising, especially since measuring the pion exchange contribution
could help constrain 0𝜈𝛽𝛽, due to their similar NME structures. However, these results are currently
limited by the aforementioned NME uncertainties, limiting this probe.

3. The Lepton Energy Expansion

We adopt the description of 2𝜈𝛽𝛽 from Šimkovic et al. [1] where:

𝑀
𝐾,𝐿

𝐺𝑇
= 𝑚𝑒

∑︁
𝑛

𝐺𝑛
𝐴̃𝑛

𝐴̃2
𝑛 − 𝜖2

𝐾,𝐿

, 𝐴̃𝑛 = 𝐸𝑛−
1
2
(𝐸𝑖+𝐸 𝑓 ), 𝐺𝑛 = ⟨0+𝑓 |

∑︁
𝑘

®𝜎𝑘𝜏+𝑘 |1
+
𝑛⟩ · ⟨1+𝑛 |

∑︁
𝑙

®𝜎𝑙𝜏+𝑙 |0
+
𝑖 ⟩ ,

(4)
with 𝐴̃𝑛 the excitation energy, 𝐸𝑖 , 𝐸 𝑓 the initial and final nucleon energies, and 𝐺𝑛 the Gamow
Teller NME, which dominates over the Fermi and tensor NMEs. The terms 𝜖𝐾,𝐿 contain the lepton
energies that tend to be smaller than 𝐴̃𝑛, allowing us to expand along the small 𝜖𝐾,𝐿/𝐴̃𝑛:

𝜖𝐾 = (𝐸22 − 𝐸11) /2, 𝜖𝐿 = (𝐸12 − 𝐸21) /2, 𝐸𝑖 𝑗 = 𝐸𝑒𝑖 + 𝐸𝜈 𝑗 . (5)

Performing this expansion including our NLO chiral correction:

𝐺2𝜈
𝑖 =

1
ln 2

(𝐺𝐹𝑉𝑢𝑑)4

8𝜋7𝑚2
𝑒

∫ Q

0
d𝜖

∫ 𝜖 /2

−𝜖 /2
dΔ

∫ Q−𝜖

0
d𝐸𝜈1 𝐸𝑒1 |p𝑒1 | 𝐸𝑒2 |p𝑒2 | 𝐸2

𝜈1𝐸
2
𝜈2A𝑖 ,

𝑑Γ

𝑑𝜖
= 𝑔4

𝐴

(
𝑀

(−1)
𝐺𝑇

)2
Δ0

[
𝑑𝐺2𝜈

0
𝑑𝜖

+
𝑑𝐺2𝜈

2
𝑑𝜖

𝜉31
Δ2
Δ0

+
𝑑𝐺2𝜈

4
𝑑𝜖

(
𝜉51

Δ2
Δ0

+ 1
3
𝜉2

31

)
+
𝑑𝐺2𝜈

22
𝑑𝜖

1
3
𝜉2

31 +
𝑑𝐺2𝜈

𝑀

𝑑𝜖

]
,

Δ0 = 1 + 4
𝑔2
𝐴

(3𝜖𝐺𝑇 − 𝜖𝐹)
𝑀

(−1)
𝐺𝑇

− 2𝑔𝑀
3𝑚𝑁𝑔𝐴

(Q + 2𝑚𝑒) ,Δ2 = 1 + 2
𝑔2
𝐴

(3𝜖𝐺𝑇 − 𝜖𝐹)
𝑀

(−1)
𝐺𝑇

,

A𝑀 =
2𝑔𝑀

3𝑚𝑁𝑔𝐴

(𝐸𝑒1 + 𝐸𝑒2) (2𝐸𝑒1𝐸𝑒2 − 𝑚2
𝑒)

𝐸𝑒1𝐸𝑒2
, (6)

where we obtain the LO result by setting 𝑔𝑀 = 0 and Δ0 = Δ2 = 1.
A benefit of this expansion is that it decouples the nuclear and the leptonic components. This

is something we exploit with the shape factor 𝑆 where the uncertain 𝑔𝐴𝑀
(−1)
𝐺𝑇

cancels out:

𝑆
(𝑚)
𝑖

=
1
Γ

dΓ
d𝜖

, 𝛿𝑆
(𝑚)
𝑖

= 𝑆
(𝑚)
𝑖

− 𝑆
(𝑚)
0 , 𝛿𝑆

(𝑚)
𝑖

= 𝛿𝑆
(𝑚)
𝑖

/𝑆 (𝑚)
0 , (7)
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where 𝑚 ∈ {0, 1, 2, . . .} denotes the order to which we expand in 𝐴̃𝑛/𝜖𝐾,𝐿 , and 𝑖 indicates whether
we are considering the uncorrected spectrum, the weak magnetism correction, the pion correction,
or both combined (chiral correction), respectively 𝑖 ∈ {0,WM, 𝜋, 𝜒}. The expansion of Šimkovic
et al. converges rapidly so we only go up to the second order. This cancellation of the front factor
leaves the nuclear errors to the 𝜉31, 𝜉51 factors which depends on 𝐺𝑁 and 𝐴̃𝑛. In the figures 2 and
3, we plot the shape difference with respect to the approximate 𝜉𝑖 𝑗 values (errors in the paper [7]):

76Ge(QRPA) : 𝜉31 = 0.11, 𝜉51 = 0.021, 136Xe(QRPA) : 𝜉31 = 0.32, 𝜉51 = 0.10,
76Ge(NSM) : 𝜉31 = 0.12, 𝜉51 = 0.022, 136Xe(NSM) : 𝜉31 = 0.16, 𝜉51 = 0.042 . (8)

In figure 2, we show that high-precision fits for 𝜉31 and 𝜉51 need to include these corrections, as the
higher-order terms in the expansion are of a similar order of magnitude as the chiral corrections. In
figure 3, we show that the change in shape induced by weak magnetism dominates over that created
by pion exchange, opposite to what we observed for the decay rates.

Figure 2: Change in spectrum for 76Ge and 136Xe from weak magnetism using values from table 8. We
show results for both NSM (darker, dashed curves) and QRPA (lighter, solid curves).

4. Comparison to Sterile Neutrinos

When a sterile neutrino with a mass below the Q-value is included, we measure [9]:

dΓ′

d𝜖
=

(
1 − |𝑉𝑒𝑁 |2

) [(
1 − |𝑉𝑒𝑁 |2

) dΓ
d𝜖

+ 2 |𝑉𝑒𝑁 |2
dΓ𝜈𝑁 (𝑚𝑁 )

d𝜖

]
, (9)

with sterile neutrino mass 𝑚𝑁 and mixing angle 𝑉𝑒𝑁 . The rate Γ𝜈𝑁 , includes a light and massive
sterile neutrino with modified phase space factor (equation 6). Setting |𝑉𝑒𝑁 |2 = 0.1 and 𝑚𝑁 =

1 MeV in figure 4, values just at the limit of current constraints from 2𝜈𝛽𝛽 analyses, we observe
that the chiral corrections are of a similar order of magnitude.

5. Conclusion

In this work, we analyzed chiral corrections to 2𝜈𝛽𝛽 decay. We computed leading O(Q/Λ𝜒)
contributions from weak magnetism, pion exchange, and short-distance two-body currents to the
decay rate and spectrum, using the formalism of Šimkovic et al. for 2𝜈𝛽𝛽.
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Figure 3: Corrections for 136Xe from weak magnetism and pion contributions, using table 8’s values.

Figure 4: Shape-factor deviations 𝛿𝑆𝑁 stemming from chiral corrections in comparison with deviations
introduced by a hypothetical sterile-neutrino contribution with mass 𝑚𝑁 = 1 MeV and active–sterile mixing
|𝑉𝑒𝑁 |2 = 0.1 for 76Ge (left) and 136Xe (right).

We showed that the total decay rate is reduced by several percent when chiral corrections
are included, primarily due to pion exchange contributions, though nuclear structure uncertainties
complicate their precise determination. We also demonstrated that the spectrum is modified,
predominantly by weak magnetism, with distortions reaching the percent level.

These spectral effects should be accounted for in precision extractions of 𝜉31 and 𝜉51, and
are significant enough to impact certain BSM scenarios, such as models with sterile neutrinos
[12, 13]. Future work should incorporate more comprehensive electromagnetic corrections and
pursue improved ab initio predictions for 2𝜈𝛽𝛽 rates across isotopes.
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