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Abstract. Two-neutrino double beta decay (2νββ) is a rare second-order weak radioactive
decay process. It has been observed in neutrinoless double beta decay (0νββ) search
experiments. Precise observation of 2νββ is essential to reduce the theoretical uncertainty in
the calculation of nuclear matrix elements required to obtain the effective Majorana mass from
a lifetime of 0νββ. Also, 2νββ itself is interesting because new physics could be hiding in the
energy spectrum, such as for example, Majoron emission mode 0νββ and 2νββ with neutrino
self-interaction. KamLAND-Zen 800 is an experiment to search for 0νββ of 136Xe with a large
ultra-pure liquid scintillator detector, KamLAND. KamLAND-Zen 800 has been observing 745
kg of xenon gas at 91% enriched in 136Xe since 2019, providing a high statistics 2νββ decay
sample. We describe the potential for new physics searches in 2νββ with KamLAND-Zen 800.

1. Introduction
The KamLAND detector is a large liquid scintillator(LS) detector with one kton ultra-pure
1,2,3-trimethylbenezene-based LS. It is located approximately 1000 m under the peak of Mount
Ikenoyama, Japan. We installed an LS container, so-called Inner Balloon, loaded with xenon gas
91% enriched in 136Xe into KamLAND to perform the KamLAND-Zen experiment. KamLAND-
Zen is one of the experiments to search neutrinoless double beta decay (0νββ) in the world.

KamLAND-Zen data-set is divided into several phases. The first phase, KamLAND-Zen 400,
ran between 2011 and 2015. The KamLAND-Zen 400 data-set is further divided into two smaller
phases, Phase-I and Phase-II. KamLAND-Zen 800 is the second phase that has been observing
745 kg of xenon since 2019. The amount of xenon was doubled, and the background level of the
Inner Balloon was reduced to 1/10[1].

KamLAND-Zen 400 set the most stringent limit on the 0νββ half-life of 136Xe
T 0ν
1/2 >1.07×1026 yr(90% C.L.) with effective Majorana neutrino mass bounds of (61 -

165) meV[2]. KamLAND-Zen 800 is currently running, and the KamLAND-Zen collaboration
will soon update the results.

2. Double Beta Decay
Two-neutrino double beta decay (2νββ) is a particular β-decay in which two neutrons in a
nucleus transform into two protons under the emission of two electrons and two neutrinos.
There are several tens of known isotopes capable of 2νββ. 2νββ of some isotopes has been
observed by 0νββ experiments. 2νββ of 136Xe is one of the best studied. 0νββ is a hypothetical
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process that has never been observed. In this process, only electrons are emitted. While 2νββ
produces a continuous energy spectrum, 0νββ produces a peak at the Q-value. The observation
of 0νββ is attractive as it is the only realistic way to verify the Majorana nature of neutrinos[3].
Then many experiments search for 0νββ with various isotopes all over the world. Usually,
2νββ is an irreducible background for the 0νββ search because a tail of 2νββ blends into the
signal due to detector energy resolution. However, 2νββ is not only a hindrance but also its
observation can provide information. Precise observation of 2νββ is essential to reduce the
theoretical uncertainty in calculating nuclear matrix elements(NME) required to obtain the
effective Majorana neutrino mass from a half-life of 0νββ. Also, 2νββ itself is interesting
because new physics could be hiding in the energy spectrum. These are introduced in the
following section.

2.1. A half-life of 2νββ
As mentioned earlier, a precise observation of 2νββ is essential to reduce the theoretical
uncertainty in calculating NME. Obtaining the effective Majorana neutrino mass from a half-life
of 0νββ requires the phase-space factor(PSF) and NME. The PSF can be calculated precisely,
but the NME depends on model-based approximations. It is challenging to quantify the
uncertainties, and there are significant uncertainties from different models. If we know the
exact half-life of 2νββ, we can constrain the parameters of each model, thus reducing the
uncertainty[4, 5]. Here is the half-life of 2νββ that KamLAND-Zen has reported so far and
obtained by EXO-200 for reference,

T 0νββ
1/2 = [2.30± 0.02(stat.)± 0.12(syst.)]× 1021yr(KamLAND− Zen400[2]), (1)

T 0νββ
1/2 = [2.165± 0.016(stat.)± 0.059(syst.)]× 1021yr(EXO− 200[6]). (2)

In both experiments, a systematic error remains as a large uncertainty. The significant factors
that make this large uncertainty include the following. In EXO-200, there are 1.6% and 1.77%
uncertainties in partial event reconstruction and fiducial volume cut, respectively[6]. There is a
3% uncertainty in fiducial volume cut in KamLAND-Zen (See Table. 1). We aim to reduce this
uncertainty.

Table 1. Systematic errors for the measurement of the 2νββ half life in KamLAND-Zen[7].

Fiducial volume 3.0%
Xe Enrichment 0.09%
Xe amount 0.8%
Detector energy scale 0.3%
Detection efficiency 0.2%

Total 3.1%

3. Majoron emitting 0νββ
Majorons are hypothetical Nambu-Goldstone bosons associated with the lepton number
violation. 0νββ is the process that breaks the lepton number by two units. Then Majoron
emitting 0νββ can occur. The Majoron emitting mode is accompanied by one or two Majorons:

(A,Z) → (A,Z + 2) + 2e− + χ0 (+χ0), (3)
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where χ0 denotes a Majoron. Here, a Majoron is a massless or light boson, which is coupled
to the neutrino in the broad sense of the word. The type of Majoron depends on the model.
Some models propose Majorons that are not Nambu-Goldstone boson. The energy spectrum of
Majoron emitting 0νββ becomes a continuous spectrum like 2νββ. This shape is different
depending on only the spectral index n. The spectral index n is defined from the PSF
G ∼ (Qββ −K)n, where Qββ is Q-value of 0νββ, and K is the total energy of the two electrons.

KamLAND-Zen 400 has already set stringent limits on half-lives of Majoron emitting 0νββ
and the effective coupling constant with the spectral index n = 1, 2, 3, and 7[8]. The limit of

n = 1 is shown as a representative; T 0νββχ0

1/2 > 2.6 × 1024 yr, ⟨gee⟩ < (0.8 − 1.6) × 10−5. The

energy spectrum of selected Majoron emitting 0νββ candidate events from 0.5 to 4.8 MeV is
shown in Fig. 1. 3
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FIG. 2: Energy spectrum of selected ββ decay candidates (data
points) together with the best-fit backgrounds (gray dashed line) and
2νββ decay (purple solid line), and the 90% C.L. upper limit for
0νββ decay and Majoron-emitting 0νββ decays for each spectral in-
dex. The red line depicts the sum of the 2νββ decay and background
spectra. Numerical results are reported in Table I. The best-fit has a
χ2/d.o.f. = 100.4/87 for the full fit range 0.5 < E < 4.8 MeV.

40K, non-equilibrium 210Bi, and the 238U-222Rn and 232Th-
228Th decay chains, are left unconstrained. As in Ref. [8],
the background in the 0νββ region of interest, 2.2 < E <
3.0 MeV, is fit to a combination of 110Agm, 88Y, 208Bi, and
60Co, constrained by the observed time variation of the event
rate in that energy range, shown in Fig. 3.

The additional exposure in this analysis yields an improved
measurement of the 2νββ decay half-life of 136Xe. Setting the
contributions from all Majoron-emitting modes to zero gives
T 2ν
1/2 = 2.30 ± 0.02(stat) ± 0.12(syst) × 1021 yr, which is

consistent with the previous result [8]. The half-life limit for
0νββ decay also improves slightly to T 0ν

1/2 > 6.2× 1024 yr at
90% C.L.

The event rate in the 0νββ region of interest shows
little time variation, limiting the allowed contribution of
88Y (T1/2 = 107 days) assuming its parent 88Zr is ab-
sent. There is little statistical power to distinguish 110Agm

(T1/2 = 250 days) and 208Bi (T1/2 = 3.7× 105 yr). How-
ever, the energy spectrum without 110Agm is rejected by a
χ2 test at more than 3σ C.L., indicating a preference for a
dominant contribution from this contaminant in the 0νββ re-
gion. We find that including a non-zero contamination of 88Zr
changes only the relative contributions of 88Y and 208Bi, but
there is no impact on the other spectral components.

The 90% C.L. upper limits for the different Majoron-
emitting decay mode spectra are drawn in Fig. 2, and the
corresponding half-life limits are listed in Table I. In partic-
ular, the lower limit on the ordinary (spectral index n = 1)
Majoron-emitting decay half-life is T 0νχ0

1/2 > 2.6× 1024 yr at
90% C.L., which is a factor of five more stringent than previ-
ous limits [21]. Owing to the larger background at lower en-
ergy, the sensitivity to higher spectral index decays is weaker.

The limits on single- or double-Majoron emission can be
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FIG. 3: Event rate variation in the energy regions (a) 1.2 < E <
2.0 MeV (2νββ window) and (b) 2.2 < E < 3.0 MeV (0νββ
window). The fitted curves correspond to the expected variations
for the hypotheses that all the events in the 0νββ window are solely
from one of the background candidates, 110Agm (solid line), 208Bi
(dotted line), or unsupported 88Y (dot-dashed line).

translated into limits on the effective coupling constant of the
Majoron to the neutrino, 〈gee〉 [3], using the relations

T−1

1/2 = |〈gee〉|
2 |M |2 G for 0νββχ0 , (3)

T−1

1/2 = |〈gee〉|
4 |M |2 G for 0νββχ0χ0 . (4)

The nuclear matrix elements M and the phase space factors
G for the ordinary Majoron-emitting decay (n = 1) are taken
from [13, 14] and [22], respectively, while those for other de-
cays are taken from [9]. From the half-life limit of the ordi-
nary Majoron-emitting decay mode we obtain an upper limit
of 〈gee〉 < (0.8− 1.6)× 10−5 at 90% C.L., where the range
of the upper limit corresponds to the theoretical range of the
nuclear matrix elements [13, 14]. This is the most stringent
limit on 〈gee〉 to date among all ββ decay nuclei [5, 12, 15–
21]. The previous best limit from a laboratory experiment was
from NEMO-3 for 100Mo: 〈gee〉 < (3.5− 8.5)× 10−5 [19].
Our new limit corresponds to more than a factor of 2.2 im-
provement over this previous result. The limits on the effec-
tive Majoron-neutrino coupling constant for 136Xe for all in-
vestigated Majoron-emitting 0νββ decays are summarized in
Table I.

Other limits on 〈gee〉 are available from geochemistry and
astrophysics. Half-life limits on 128Te from geochemical ex-
periments can be interpreted as an effective coupling limit
of 〈gee〉 < 3× 10−5 [23], although the half-life determina-
tions have been criticized [24] and may require a down-
ward correction by almost a factor of 3. The observation
of neutrinos from SN1987A and of their time distribution
indicates that Majoron emission does not play a dominant
role in core collapse processes, allowing one to exclude the
range 4× 10−7 < 〈gee〉 < 2× 10−5 [25–27] for the ordi-
nary Majoron-emitting decay mode. While previous limits
combined with the supernova data still allowed a gap re-
gion of 2× 10−5 < 〈gee〉 < 9× 10−5 [19], our new result
completely excludes this region. The SN1987A limit there-
fore significantly extends the KamLAND-Zen limit down to

Figure 1. Best-fit energy spectrum for selected candidates[8] in KamLAND-Zen 400 Phase-I.
Dots represent data, gray dashed line represents the background, purple line represents the 2νββ
spectrum, blue lines represent the Majoron emitting 0νββ and sky-blue line represents 0νββ.

This result is based on an exposure of 112.3 days with 125 kg of 136Xe in KamLAND-Zen 400
Phase-I using 1.2-m radius reconstructed vertices events at the detector center. KamLAND-Zen
400 Phase-I had an unexpected background from 110mAg in the 0νββ region of interest(ROI).
While the live-time of KamLAND-Zen 800 is already more than three times the live-time of
KamLAND-Zen 400 Phase-I, backgrounds were also successfully reduced. The fiducial volume
as a sensitive region was expanded to about three times larger owing to the Inner-Balloon
renewal. We can update our limit several times by rough estimation considering the live-time
increase and the background reduction.

Additionally, the massive Majoron model is getting much attention. The search for
dark matter particles is currently being conducted, but the search for dark matter remains
unsuccessful. Therefore, a massive Majoron is interesting as a dark matter candidate[9].
KamLAND-Zen 800 has the potential to search for dark matter candidates by massive Majoron
emitting 0νββ search. We will search for massive Majoron emitting 0νββ up to a Majoron
mass of 2.46 MeV because Majoron, which has a mass greater than Q-value of 136Xe(2.46
MeV), cannot be searched for in KamLAND-Zen 800. Supernova SN1987A data set constrain
for ∼ 10−10 < ⟨gee⟩ ∼ 10−7 of the effective Majoron-neutrino coupling⟨gee⟩[9]. A constrain of
massive Majoron emitting 0νββ was calculated from the EXO-200 massless Majoron emitting
mode search. However, there is a gap of about two orders of a magnitude between constrains
of massive Majoron emitting 0νββ and the Supernova result. We aim to close this gap. The
energy spectra of every 0.2 MeV mass considered detector responses are shown in Fig. 2 by a
solid line. The energy spectra are normalized by the PSF ratio G(mχ)/G(0) because the decay
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width is reduced due to the mass depended PSF. The phase space suppresion is calculated as
G(mχ)/G(0). The energy fitting using each spectrum will be performed.

4. Neutrino self-interaction induced 2νββ
In astrophysics, there is a problem that late and early time measurements of the Hubble
expansion rate are different by about 4 σ. This problem is called the Hubble tension problem.
One of the solutions for this problem is to introduce neutrino self-interactions(nSI) beyond the
Standard Model. The nSI change cosmological neutrino properties and also explain the Hubble
tension. Such interactions can affect 2νββ, which is observed as a distortion of the 2νββ energy
spectrum[10]. According to [10], the 136Xe lifetime of nSI induced 2νββ can be calculated
to be 1.55×1019 yr under various assumptions. This excluded the coupling constant favored
by cosmological data. KamLAND-Zen 800 can experimentally verify the 136Xe lifetime of nSI
induced 2νββ and search for the unknown nSI by an exact measurement of the 2νββ energy
spectrum shape. The energy spectra considered detector responses are shown in Fig. 2 by a
bold black dotted line.
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Figure 2. Energy spectra for Majoron emitting modes 0νββ and self-interaction induced 2νββ.
Spectra of 0νββχ are drawn every 0.2 MeV and nomalized by the PSF ratio G(mχ)/G(0).

5. Summary
The KamLAND-Zen is a very sensitive experiment to search for 0νββ in 136Xe. KamLAND-Zen
800 has been running with 745 kg of xenon from 2019. The new physics could be hiding in the
2νββ energy spectrum, such as for example, 0νββχ0 and nSI induced 2νββ. KamLAND-Zen
has the potential for these searches using a high statistics 2νββ decay sample.
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