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2The XENON Collaboration

• ~170 scientists 
• 27 institutions 
• 12 countries



3Direct dark matter detection

Detect weakly interacting massive 
particles (WIMPs) directly by measuring 
the O(1) keV nuclear recoil after 
scattering in a large, low background, 
low threshold detector.
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4XENON Dark Matter Project
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5XENON1T at LNGS
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6Dual-Phase Time Projection Chamber
Scintillation and ionization:  

• Prompt light signal (S1) 
• Secondary light in GXe from drifted charges (S2) 
• Position reconstruction (x, y, z), calorimetry (E) 

and interaction type (ER/NR)
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8Two-Neutrino Double-Electron Capture

KK-capture: 64.3 keV (72.4 %) Relative capture ratios calculated from overlap of 
K to N5 electron and nuclear wave functions. KL-, KM-, KN-capture: 32.4 – 37.3 keV (25.3 %)

LL-capture: 8.8 – 10.0 keV (1.4 %)
Other: < 10 keV (0.8 %)

124Xe/natXe = (9.94 ± 0.14stat ± 0.15sys) ⋅ 10−4 mol
mol



9First XENON1T Result
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N2νKK = 126 events

125I from calibration data

Nature 568, 532—535 (2019)

T2νKK
1/2 = (1.8 ± 0.5stat ± 0.1sys) × 1022 yr

• Observed KK-capture at 4.4σ significance. 

• LL-capture too low in rate and outside ROI. 

• KL-, KM- and KN-capture obscured by 83mKr



10Analysis Upgrades
• Improved cuts for 83mKr events allow 

inclusion of KL-, KM-, KN-peaks. 

• Updated data processor and energy 

reconstruction. 

• Increase exposure to 0.93 tonne ⨉ years 

using four datasets 

• SR1a: 171.2 d  

• 1.0 t inner cylinder  

• 0.5 t outer fiducial volume 

• SR1b: 55.8 d in 1 t cylinder 

• SR2: 24.3 d in 1 t cylinder
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Low background 
from self-shielding.

Nature 568, 532—535 (2019)

Separation in time due to time-
dependent 125I background!
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11Background from 125I

The energy resolution is determined from the reconstructed spectrum by fitting Gaussian

functions with the mean µE and standard deviation �E to mono-energetic peaks of the calibration

sources (83mKr, 131mXe, 129mXe) and radioactive isotopes in the TPC materials (214Pb, 208Tl) up

to 510.8 keV. The relative resolution is then given by �E/µE for each peak. The data points are

finally fitted with a phenomenological function

�E

µE
=

a
p
E

+ b, (3)

which gives an energy resolution of 4.1% at the 2⌫ECEC energy (Extended Data Fig. 2).

Iodine removal. Thermal neutrons can be captured by 124Xe producing 125Xe:

124Xe + n !
125Xe + �. (4)

125Xe decays to 125I via electron capture with a half-life of 16.9 h:

125Xe
16.9 h
���!

EC
125I

⇤
+ ⌫e,

125I
⇤ <1 ns
���!

125I + �+ X. (5)

The X-rays and Auger electrons from the atomic relaxation after the electron capture are denoted

by X. Iodine also undergoes electron capture to 125Te with a 59.4 d half-life:

125I
59.4 d
���!

EC
125Te

⇤
+ ⌫e,

125Te
⇤ 1.48 ns
���!

125Te + �+ X. (6)

Both decays populate short-lived excited nuclear states of 125I and 125Te and the signals from the

�-transitions are merged with the atomic relaxation signals following the electron capture. The Te
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Neutron 
capture

Lines at 67.3 keV, 
40.4 keV, 36.5 keV
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125I decay

125Xe decay

Line at 276.5 keV
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capture

Lines at 67.3 keV, 
40.4 keV, 36.5 keV
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tering lead to MS events. We were therefore unable to
obtain a clean calibration sample to determine the accep-
tance of our SS cuts. Thus, we set these energies as our
upper fit bounds.

In [3], misidentified events from the intrinsic calibra-
tion isotope 83mKr led to the presence of a secondary
lower-energy peak from this isotope (cf. Sec. III C). This
obscured possible KL-, KM- and KN-capture peaks. A
new cut from [17] reduces these events to the 10�4 level.
This enabled the addition of the double-electron capture
peaks from higher shells to the signal model.

B. 125I background

A key background in this search comes from 125I, a
daughter isotope of 125Xe which is produced by neutron
capture on 124Xe in the detector as well as in the detector-
external xenon purification loop [3, 33]. The half-life of
125Xe is 16.9 h [38] and its electron capture decay with
subsequent �-emission was observed outside of the energy
region used for the 2⌫ECEC search. The half-life of 125I
is 59.4 d and its three atomic deexcitation cascades from
K-, L- and M-shell electron captures are merged with the
35.5 keV �-ray from the daughter 125Te [38, 39] resulting
in a peak energetically close to the 2⌫ECEC signal peaks.
The relative fractions for K-, L-, and M-shell electron
captures as well as the merged peak energies are given in
Tab. III.

The absolute 125I background contribution in SR1a
and SR1b was constrained by integrating the activity
model from [3] over the new data selection. The in-

tegration yielded N
125I
SR1a

= (10 ± 5) t�1 and N
125I
SR1b

=
(100 ± 20) t�1. The SR2 model was derived with the
same method as in [3], which tracks the time evolution
of the 125Xe parent activity. The number of 125I nuclei
N125I in the TPC is connected to the number of 125Xe
nuclei N125Xe by the di↵erential equation

dN125I

dt
= �125XeN125Xe(t)�

✓
�125I +

1

⌧pur

◆
N125I(t)

= �125XeN125Xe(t)�
1

⌧e↵
N125I(t). (5)

The decay constants �125Xe and �125I describe the pro-
duction and decay of 125I, respectively. The purification
time constant ⌧pur accounts for continuous iodine removal
in the xenon purification loop and is a fit parameter in
the model. Combining decay and purification leads to an
e↵ective time constant ⌧e↵.

The replacement of the purification system’s pumps
with a new ultra-clean magnetically-coupled piston
pump [40] during SR2 allowed increasing the purifica-
tion flow from (50 ± 2) slpm to (79 ± 2) slpm. As the
iodine removal was expected to be proportional to the
purification flow, the ratio of purification time constants

TABLE III. Relative fractions and energies of 125I electron
capture background peaks. The capture fractions and �-
energy were taken from [39]. The peak positions are obtained
by adding the 35.5 keV �-energy to the energies of the atomic
relaxations [43, 44]. Uncertainties on the X-ray transition en-
ergies are at the eV-level, far below the XENON1T energy
resolution and not listed.

Decay Capture fraction [%] Energy [keV]

K+� 80.11± 0.17 67.3

L+� 15.61± 0.13 40.4

M+� 3.49± 0.07 36.5

⌧
SR2, early
pur and ⌧

SR2, late
pur could be expressed by the ratio

of the purification flows,

rflow =
⌧
SR2, late
pur

⌧
SR2, early
pur

= 1.59± 0.08. (6)

With this, the 125I model for SR2 was divided into a
period before and after the pump installation. The
pump replacement increased the 85Kr background level
in all subsequent data, most likely due to introduction
of airborne krypton to the system during the opera-
tion. However, the pump replacement also reduced the
222Rn background level due to its lower radon emana-
tion [40]. A further reduction was achieved in the final
SR2 data when the krypton distillation column was op-
erated in a specialized radon distillation mode [41, 42],
but no significant change in the total background rate
was observed due to the elevated 85Kr background. Con-
sequently, both of these periods were modeled by one
background rate parameter. The respective background
levels are discussed in the next section. The fit of the
125I data is shown in Fig. 2. The 125I rate was deter-
mined in a 61.4–73.2 keV energy interval around the
67.3 keV K-capture peak, corresponding to twice the en-
ergy resolution, �E . The event rate was normalized by
the live-time per time bin and the statistical coverage
of the 2�E interval. Three calibrations with the neu-
tron generator are present in the SR2 data. The three
corresponding peaks in rate are well-described by the
model. The best-fit background in the second model
period is reduced by 19.4% from (3.6 ± 0.5) t�1d�1 to
(2.9±0.3) t�1d�1, in accordance with the altered Kr and
Rn background levels. The purification time constant
⌧pur, 1 = (7±3) d is compatible with the 7.5 d turnaround
interval of the xenon inventory. Taking into account 125I
decay, the e↵ective time constant ⌧e↵, 1 = (6.7 ± 2.3) d
agrees with the value of ⌧e↵ = (9.1± 2.6) d in [3] within
the uncertainties. The constrained flow ratio is repro-
duced by the fit with rflow = 1.59 ± 0.07 and leads to
⌧pur, 2 = (5 ± 2) d. The model yields a background ex-

pectation of N
125I
SR2 = (3± 2) t�1.

Monitor 125Xe activity and predict 125I activity:

Consider iodine removal by purification!

τpur = (7 ± 3) d τpur = (5 ± 2) d



12Combined Signal + Background Fit

SR1a: 
• 171.2 d 
• 1.0 t

SR1a: 
• 171.2 d 
• 0.5 t

SR2: 
• 24.3 d 
• 1.0 t

SR1b: 
• 171.2 d 
• 1.0 t

χ2
λ /ndf = 517/508

Phys. Rev. C 106, 024328



13Comparing to Nuclear Models

T2νECEC
1/2 = (1.1 ± 0.2stat ± 0.1sys) × 1022 yr

• Observed 2νECEC at 7.0σ significance with 

a best-fit rate of (300 ± 50) events/t/yr. 

• Longest half-life measured directly to date.

Exposure (0.3 %) 
Abundance (1.8 %) 
Signal acceptance (4.5 %) 
Relative capture fractions (6.3 %)

• Compatible with theoretical models. 

• Approximately 2σ below XMASS lower limit.



14Upgrading to XENONnT

Larger TPC 
with 3x active 
volume

Gd-loaded 
water 
Cherenkov 
neutron veto

Radon 
distillation 

column

Liquid 
xenon 

purification

New ER and 
NR 
calibration 
systems

Upgraded 
DAQ with 

high-energy 
readout



15XENONnT Radon Distillation Column

LN2/Xe heat 
exchanger

Reboiler and 
Xe/Xe heat 
exchanger

Radon-free compressor 
as heat pump

Xenon

Radon

• Main background for low-energy ER 

searches from 222Rn progeny 

• Constantly remove emanating radon 

from xenon using difference in vapor 

pressure 

• Remove radon faster than it decays 

(T1/2 = 3.8 d) 

• Liquid xenon inlet and outlet with 

0.4 l/min ≈ 70 kg/h LXe



16XENONnT Radon Distillation Column

• Reached equilibrium concentration of 

1.72 µBq/kg by gas extraction only 

• Additional factor 2 in Rn removal 

achieved for second science run 

using originally planned liquid 

extraction 

• Achieved background goal 1 µBq/kg
Gas extraction 
from cryogenics



17XENONnT low-energy ER results
Phys. Rev. Lett. 129, 161805 (2022)

T2νECEC
1/2 = (1.18 ± 0.13stat ± 0.14sys) ⋅ 1022 yr

• First XENONnT 2νECEC measurement as 
a spin-off from a search for new physics 
with low-energy electronic recoils. 

• 97.1 live days of data in a (4.37 ± 0.14) 
tonne fiducial volume => 1.16 tonne-
years 

• Lowest ever background in a Xe TPC for 
dark matter searches.



18Neutrinoless double-electron capture
Q = 2856.7 keV 
EKK = 64.5 keV 
Q-EKK = 2792.3 keV

• Resonant decay needed in order to 
conserve energy and momentum. 

• 124Te state at 2790.41 keV is 1.9 keV off 
and JP unknown.

2+

2+

2+

0+

0+—4+ 124Te
2790.41(9) keV

2039.421(3) keV

602.7271(21) keV

1325.5131(24) keV

66.67 %27.33 % 6.00 %

2.17 %

3.82 %

9.25 %

57.42 %

0 keV

0+ 124Xe2856.73(12) keV

0νECEC

2νECEC

2νECβ+
2νβ+β+

0νECβ+

0νβ+β+ (T0νECEC
1/2 )−1 = G0ν |M0ν |2 | f(mi, Uei) |2 R

R = mec2Γ
Δ2 + Γ2/4 = 2.92 ± 0.47

Eur. Phys. J. C 80 (2020) 12, 1161
T0ν

1/2 > 1.8 ⋅ 1029 yr − 3.9 ⋅ 1032 yr (90 % C . L.)

BSM physics, e.g. 
light neutrino exchange

Resonance factorPSF and NME



19Undetected 124Xe decays

K L M N

e+
ν

ν e-

X

X

e+

γ

γ

K L M N

e+
ν

ν e+

e+
γ

γ

γ

γ

0ν/2νECβ+ 0ν/2νβ+β+

T2ν
1/2 = (1.7 ± 0.6) ⋅ 1023 yr

T0ν
1/2 > 4.8 ⋅ 1025 yr − 5.3 ⋅ 1028 yr (90 % C . L.)

T2ν
1/2 = (2.2 ± 0.7) ⋅ 1028 yr

T0ν
1/2 > 8.6 ⋅ 1026 yr − 9.3 ⋅ 1029 yr (90 % C . L.)

With Q2νECEC = 2856.7 keV two positronic decay modes for 124Xe:

Eur. Phys. J. C 80 (2020) 12, 1161



20What if it is not light neutrino exchange?
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−1.0 −0.5 0.0 0.5 1.0
⟨mββ⟩

−0.6

−0.4

−0.2

0.0

0.2

0.4

0.6

⟨λ⟩ × 106

T0νECβ
+ , 124

1/2 > 2.9 ⋅ 1026 yr

T0νβ
−β − , 136

1/2 > 1.07 ⋅ 1026 yr

FIG. 7: Comparison of exclusion limits at 90%C.L. for
left-right symmetric models, in the hm⌫i vs. h�i plane.
Parameter space outside the colored regions is excluded.
Here we assume h⌘i = 0. The exclusion limits compare
the present limits on the 0⌫����-decay of 136Xe [5]
with the possible limits on 0⌫EC�+ derived in this
work. We assume the full 500 kg-year exposure for the
124Xe search – comparable to the 504 kg-year exposure
used for the 136Xe measurements. The dashed line
represents the boundary of the excluded zone after
arbitrarily scaling the NMEs for 124Xe by a factor of
two, to mimic uncertainties in NME calculations.

pointed out in Ref. [21] that the � terms are significantly
enhanced in the case of the mixed-mode decays, meaning
the shape of the parameter space explored by 0⌫EC�+

searches di↵ers from that explored by the more common
0⌫���� experiments. We illustrate this in Figure 7,
where we compare the possible limits for 0⌫EC�+ de-
rived in this work with the current limits for the 0⌫����

of 136Xe decay from the Kamland-Zen experiment [5].
We see that the sensitivity of the mixed-mode 124Xe

decay to the e↵ective neutrino mass is significantly
weaker; this is due to the reduced phase space in the
positron-emitting decay mode. However, the sensitivity
of the mixed-mode decay is within a factor of two for the
right-handed coupling h�i, which is within the uncertain-
ties typically assumed for nuclear matrix element calcula-

tions (usually a factor of ⇠ 3). Consequently, such a mea-
surement would provide complementary information in
the event of a discovery of a 0⌫ decay mode in either iso-
tope. It must be acknowledged that future experiments
expect to reach sensitivities considerably larger than the
existing limits. Unless the 0⌫���� decay of 136Xe is just
beyond the reach of present experiments, we show that
the 124Xe mixed-mode decays will not be competitive
in constraining left-right symmetric models with a G3
experiment’s exposure. However, exploring proton-rich
isotopes may still provide complementary information in
determining the mechanism of lepton number violation;
for example, an (unexpected) discovery of neutrinoless
decays in either only 124Xe or in both 124Xe and 136Xe
could prove that neither the light neutrino exchange nor
right-handed currents mediate the decay processes, and
could point towards alternative new physics. Therefore,
we emphasize that future xenon-based TPC experiments
should explore this decay channel, as the striking mul-
tiple coincidence structure is straightforward to look for
and distinguish from backgrounds. Also the consider-
ation to expand an existing program like nEXO, which
would require an additional enrichment on the light mass
side after the initial enrichment, could be thought of, in
order to gain further insight into the neutrinoless decay
modes – especially once it has been found in 136Xe.

ACKNOWLEDGMENTS

We thank Javier Menéndez for calculating the nu-
clear shell model matrix elements as well as for consulta-
tion. We thank Lutz Althueser for providing the XeSim
software package, Pekka Pirinen for providing the cross
section data used to compute CC solar neutrino back-
grounds, and Michael Jewell for useful discussions.

This work was supported, in part, by DOE-NP grant
DE-SC0017970. B.L. acknowledges the support of a Karl
Van Bibber fellowship from Stanford University. C. Wi.
acknowledges support by DFG through the Research
Training Group 2149 ”Strong and weak interactions –
from hadrons to dark matter”.

[1] E. Majorana, Il Nuovo Cimento (1924-1942) 14, 171
(1937), ISSN 1827-6121, URL https://doi.org/10.
1007/BF02961314.

[2] J. Bernabeu, A. De Rujula, and C. Jarlskog, Nucl. Phys.
B223, 15 (1983).

[3] Z. Sujkowski and S. Wycech, Phys. Rev. C70, 052501
(2004), hep-ph/0312040.

[4] W. Buchmüller, R. Peccei, and T. Yanagida, Annual Re-
view of Nuclear and Particle Science 55, 311 (2005).

[5] A. Gando, Y. Gando, T. Hachiya, A. Hayashi,
S. Hayashida, H. Ikeda, K. Inoue, K. Ishidoshiro,

Y. Karino, M. Koga, et al. (KamLAND-Zen Collab-
oration), Phys. Rev. Lett. 117, 082503 (2016), URL
https://link.aps.org/doi/10.1103/PhysRevLett.
117.082503.

[6] G. Anton, I. Badhrees, P. S. Barbeau, D. Beck, V. Belov,
T. Bhatta, M. Breidenbach, T. Brunner, G. F. Cao,
W. R. Cen, et al. (EXO-200 Collaboration), Phys. Rev.
Lett. 123, 161802 (2019), URL https://link.aps.org/
doi/10.1103/PhysRevLett.123.161802.

[7] S. I. Alvis, I. J. Arnquist, F. T. Avignone, A. S. Barabash,
C. J. Barton, V. Basu, F. E. Bertrand, B. Bos, M. Busch,

159 

0 v/3 #  d e c a y h a lf life  o f 76Ge  wo u ld  be  e q u a l to  2.3 • 10 24 
ye a rs . O n  the  o th e r h a n d ,  th is  va lue  c o u ld  a ls o  be  ob- 
ta in e d  fo r a  n e a rly a rb itra rily s ma ll va lue  o f (m y) ,  b u t 
<~ ) = 1 .8 x 10 -6  o r QT> = 1 .0 • 10 -8 .  F o r  a  c o m p le te  
a na lys is  fu rth e r in fo rm a tio n  wo u ld  be  re qu ire d .  

Th e re  a re , in  p rinc ip le , d iffe re n t pos s ib ilitie s  to  de c ide  
wh e th e r the  d e c a y is  d o m in a te d  b y the  ma s s  m e c h a n is m  
o r b y rig h t-h a n d e d  c u rre n t in te ra c tion .  One  is  to  m e a s u re  
the  a n g u la r d is trib u tio n  o f the  o u tg o in g  le p tons ,  in  a d - 
d ition  to  the  h a lf life  [16] (the  a n g u la r d is tribu tion  fo r 
the  (~ ) - te rm s  d iffe r fro m  the  one s  fo r the  ma s s  me cha - 
n is m). Ho we ve r,  s uch  a n  e xp e rim e n t wo u ld  re qu ire  qu ite  
la rge  a  s ta tis tics  a n d  m o re o ve r c a n  n o t be  d o n e  with in  
a n  e xp e rim e n t us ing  s e miconduc to rs ,  s uch  a s  76Ge. Als o  
the  o b s e rva tio n  o f 0 v #13 (0  + ~ 2 +) de ca ys  m ig h t be  he lp- 
ful, a s  m e n tio n e d  a bove .  Ho we ve r,  in  th a t ca s e  ve ry lo n g  
h a lf live s  n e e d  to  be  me a s u re d .  F o r  e xa mple ,  ta king  the  
coe ffic ie n ts  o f [43] fo r 76Ge 0 v/~#  (0 + --*2 +) d e c a y the  
fo llowing  h a lf live s  c a n  be  e s tima te d : ( 2 ) = - 1 . 8 •  10 . 6  
((~/> = 1.0 x 1 0 - s ) le a ds  to  T~/2 (0 + --+ 2 +) ~- 2 • 10 29 ye a rs  
(T1/2 (0 + --*2+) ~ - 1 .2 • 1032 ye a rs ).  

In  princ ip le , a  th ird  pos s ib ility wo u ld  be  to  me a s u re  
the  0 v#13 d e c a y h a lf live s  o f d iffe re n t is o tope s , s ince  the  
va lue s  of, fo r e xa mple ,  (m  v > a n d  (,~ ) wh ich  le a d  to  the  
s a me  h a lf life  fo r 76Ge give  s lightly d iffe re n t h a lf live s  
fo r 136Xe (o r a n y o th e r is o tope ).  Ho we ve r,  in  s uch  a n  
a na lys is  one  wo u ld  h a ve  to  a c c o u n t fo r b o th ,  the  e xpe ri- 
m e n ta l e rro r a n d  the  the o re tic a l unce rta in tie s  in  the  ca l- 
c u la tio n  o f the  m a trix e le me nts . Ac c o u n tin g  fo r the s e  
unce rta in tie s  u n fo rtu n a te ly limits  the  us e fu lne s s  o f th is  
ide a  a s  lo n g  a s  one  cons ide rs  o n ly 0 v # - f l-  de ca ys , a s  
is  s h o wn  in  Fig . 3a . F o r  the  p lo t we  a s s ume d  a  OvBI3 
d e c a y h a lf life  o f (1.5 _ 0 .5) • 10 24 y fo r b o th  76Ge a n d  
136Xe (la rge r o r s ma lle r va lue s  fo r the  h a lf live s  a ga in  le a d  
o n ly to  a  s ca ling fa c to r).  Th e  re g ion  be twe e n  the  full line s  
(da s he d  line s ) a re  a llowe d  b y 76Ge (~36Xe), a n d  the  s ha de d  
a re a  is  a llowe d  b y both  e xpe rime n ts .  

O n  the  o th e r h a n d ,  if we  ins e rt the  va lue s  fo r (m y> , 
(2  > a n d  (I/> q u o te d  a b o ve  we  ge t e s tima tions  o f mixe d  
m o d e  a n d /~ +  B + d e c a y h a lf live s  ("o n  a xis ") p re s e n te d  
in  Ta b le  5. F o r  124Xe, fo r e xa mple ,  we  e xpe c t the  mixe d  
m o d e  h a lf life  to  be  s h o rte r b y m o re  th a n  a n  o rd e r o f 
m a g n itu d e ,  if the  76Ge d e c a y is  d o m in a te d  b y ( ; . )  th a n  
if it is  d o m in a te d  b y the  ma s s  me cha n is m. While  a  fu ll 
3 -d ime ns iona l a na lys is  n e e d  to  be  d o n e  in princ ip le , e ve n  
the  n o n -o b s e rva tio n  o f the  mixe d  m o d e  d e c a y c o u ld  be  
he lp fu l (s till a s s uming  th a t a t le a s t one  0 v B B  d e c a y ha s  
b e e n  obs e rve d ),  s e e  be low. Th e  e xp e c te d  "o n  a xis " h a lf 
live s  a re  qu ite  la rge  c o m p a re d  to  e xis ting  limits , h o we ve r 
s h o rte r th a n  thos e  e xp e c te d  fo r the  76Ge (0 + --+ 2 +) de ca y 
b y 4 (7) o rde rs  o f m a g n itu d e  fo r the  (2 ) - t e rm s  (the  ( , / ) -  
te rms ).  

A g ra ph ica l re p re s e n ta tio n  o f the  la rge  d iffe re n c e s  
be twe e n  the  n e u trin o  ma s s  in d u c e d  ne u trino le s s  m ixe d  
m o d e  d e c a y a n d  th a t c a us e d  b y the  (k )-c o n trib u tio n s  is  
g ive n  in Fig. 3b , c. As s u min g  a ga in  T1}~ p p =  (1.5 +0 . 5 )  
X 10 24 y fo r 76Ge a n d  T]}~ pa  = (1.5 +__ 0.5) x 10 25 (10  26) y 
fo r 124Xe in  Fig. 3b  (F ig . 3c), one  finds  th a t while  the  
s h o rte r va lue  us e d  in  Fig . 3b  wo u ld  s till be  ma rg ina lly 
cons is te n t with  a n  a rb itra rily s ma ll e ffe ctive  ne u trino  ma s s  
la rge  re g ions  o f p a ra m e te r s pa ce  c o u ld  be  e xc lude d  if the  
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Fig. 3. a  Allowed region of parameter s pa ce  if 0 vflfl decay would 
be  observed in two 0 vp  p -  decay experiments . S hown is  only the  
<Z)-(m y> plane  for s implicity. For the  plot a  OvBB decay ha lf 
life  of (1.5 4- 0.5) • 1024 y has  been assumed for 76Ge (full lines ) a nd 
136Xe (dashed lines ). The  shaded a rea  is  cons is tent with both ex- 
periments . For discuss ion see text. b As  a , but for one  0 v B - # -  
decay experiment (76Ge) and one  experiment measuring the  neu- 
trinoless  mixed mode  decay of |24Xe. For 124Xe a  0 v/~/7 decay ha lf 
life  of T1}~ ~e = (1.5 +_ 0.5)• 10 25 has  been assumed, e  As b, but for 
a 0 vt3B decay ha lf life  of TI}~ e a  --- (1.5 4- 0.5) • 1026 for 124Xe 

Table  5. Expected "on a xis " ha lf lives  in years  for 0 vfl+fl + and 
Ovfl+/EC de ca ys  for (m~>=l.0e V, (2 >=1 .8 x1 0  -6 and (r/> 
= 1.0 • 10-s . The  table  shows the  diffe rent sens itivity of these  modes  
to the  ma s s  mechanism and the  right-handed current parameter 
<~). For discuss ion see te xt 

Isotope  Mode  (m v ) (2 )  (r/) 
78Kr 0 v/?  + ,8+ 1.6X 1027 1.6X 1028 1.7X 1027 

0vfl+/EC 6 .5 • 10 26 5.2x 10 25 1.1 • 10 27 
96Ru 07/~+fl + 8.7• 1027 1.5N 1029 7.1 • 1027 

0v/? +/EC 7.5• 1026 6 .4 • 1.1• 
1~ Ovfl+fl + 4.8X 1027  7.0• 4.2X 1027 

0 vp +/E C  3.4• 10 26 2.8X 10 25 5.0X 10 26 
~24Xe Ofl+fl + 3.0• 10 27 3.6• 10 28 3.6X 10 27 

Ov,O+/EC 1 .6x 1026 1.4x 10 25 3.0• 10 26 
13~ O v fl+fl + 1.6• 10 28 5 .6 x 1029 1.5• 10 28 

Ovfl+/EC 1.7x 10 26 1.gx 10 25 2.8M 10 26 
136Ce O v f l+~  + 2.4X 1029 1.7• 103I 1.7• 

0v/~+/EC 4 .7 x 1026 5.3 X 1025 6.3X 1026 

Observation of 0νβ-β- in 76Ge 
(full) and 136Xe (dashed) with  
T1/2 = (1.5 ± 0.5) x 1024 yr

Observation of 0νβ-β- in 76Ge 
and 0νECβ+ of 124Xe with  
T1/2 = (1.5 ± 0.5) x 1025 yr

Observation of 0νβ-β- in 76Ge 
and 0νECβ+ of 124Xe with  
T1/2 = (1.5 ± 0.5) x 1026 yr
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TABLE VI: Results and theoretical predictions for the various decay channels of 124Xe. The experimental sensitivity
is calculated for a 500 kg-year exposure assuming a G3-experiment with 10mm position resolution in all three
dimensions, a negligible threshold, and no backgrounds. The range of theoretical predictions for neutrinoless decays
is given between the weakest limit from the direct calculation with hm⌫i < 1.1 eV (Table III) and the strongest limit
from the comparison with KamLAND Zen (Table IV).

Decay Exp. Sensitivity [1026 yr] Experiment/Theory

2⌫EC�+ 3.3 (1.9± 0.7) · 103

2⌫�+�+ 2.5 (1.3± 0.4) · 10�2

0⌫ECEC 2.4 1.3 · 10�3 � 1.1 · 10�6

0⌫EC�+ 2.9 6.0� 3.5 · 10�2

0⌫�+�+ 2.4 0.3� 1.6 · 10�3

FIG. 6: Projected 90%C.L. lower limit on T 0⌫EC�+

1/2 for
a background-free experiment with 10 mm resolution in
x-y-z, as a function of the exposure (red). This
calculation assumes the G3 geometry; the sensitivity
curve decreases by ⇠10% for a G2-sized detector at all
exposures. Three ranges of lower limits on the
0⌫EC�+-decay half-life are shown: the direct
calculation (Table III) with hm⌫i < 1.1, eV (light blue)
and with hm⌫i < 0.3 eV (medium blue), and the NME
comparison (Table IV) using the KamLAND Zen 136Xe
0⌫���� half-life limit (dark blue). For the direct
method the lower bound is given by the weakest limit
among the three NMEs for each hm⌫i.

experiment with the expected background of a double-
� decay detector like nEXO, would be able to clearly
detect the decay and could study it with precision, if
124Xe would be added to the xenon inventory. A G3
Dark Matter experiment like DARWIN would have the
signal strength to detect this decay with a few thousand
signals, but would need to optimize its fiducial volume in
order to reduce the �-background.

For a possible neutrinoless mode of this decay, achiev-
ing a background-free experiment is a realistic prospect

owed to the decay signatures. However, we have shown
that in this case a detection is only within reach of a G3
or an enriched nEXO-like detector for the most conser-
vative half-life predictions. It has to be emphasized that
such a scenario would require a mechanism that leads to
a di↵erence in the decay of proton-rich nuclei compared
to their neutron-rich counterparts. Otherwise it would
be excluded by KamLAND Zen.
As mentioned previously, such a mechanism would be

an exciting prospect in searches for neutrinoless decays of
proton-rich isotopes. If detected, it would provide com-
plementary information on the physical mechanism medi-
ating the decay process. One example for this possibility
was studied in detail in Ref. [21] in the context of left-
right symmetric models, in which one assumes that there
is a right-handed weak sector in addition to left-handed
neutrinos, which can mediate neutrinoless double-� de-
cays. Detectors with the capability of measuring both
isotopes simultaneously may therefore be attractive for
both the discovery of the neutrinoless process and sub-
sequent study of the underlying physics. Here we briefly
reexamine the analysis of left-right symmetric models us-
ing the projected sensitivities described in this work. By
adding right-handed terms to the Standard Model La-
grangian, one derives a new expression for the half-life of
neutrinoless second-order weak decays:
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(22)

where ↵ represents the decay mode (0⌫����, 0⌫EC�+,
etc.), hm⌫i is the e↵ective light neutrino mass defined
above, and h⌘i and h�i are the e↵ective coupling pa-
rameters for the new interaction terms containing right-
handed currents. The coe�cients C↵

ij are combinations
of nuclear matrix elements and phase space factors, and
di↵er between the decay modes. In particular, it was

Matrix elements

Couplings and mixing

 M. Hirsch et al.: Zeitschrift für Physik A Hadrons and Nuclei 347, 151 (1994)



21The Future: DARWIN + XLZD

• Make 124Xe 2νECEC, 136Xe 2νββ and solar 
neutrinos dominant backgrounds 

• Multi-purpose physics observatory: 
• Dark matter, 0νββ, axions, neutrinos, …

Based on DARWIN Collaboration., Aalbers, J., 
Agostini, F. et al., Eur. Phys. J. C 80, 1133 (2020).



22Summary

instagram.com/xenon_experiment

twitter.com/xenonexperiment

• XENON1T measured 2νECEC directly for the first time in 2018 

• First significant measurement of 2νECEC in 124Xe with a half-life of 

(1.1 ± 0.2stat ± 0.1sys) ⨉ 1022 yr at 7.0σ. 

• XENONnT will improve the measurement precision further for a 

better benchmark of nuclear models. 

• Neutrinoless and positronic decay modes of 124Xe provide intriguing 

event signatures.

www.xenonexperiment.org 

https://www.instagram.com/xenon_experiment/
http://twitter.com/xenonexperiment
http://twitter.com/xenonexperiment
http://instagram.com/xenon_experiment
http://www.xenonexperiment.org/
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