
Workshop on Xenon Detector 0νββ Searches: 
Steps Towards the Kilotonne Scale

SLAC | 25 – 27 October 2023

Detection prospects for the 
double-beta decays of 124Xe
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2Double-beta decays in xenon
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~0.1 % 
124Xe/natXe

~8.9 % 
136Xe/natXe



3Two-neutrino double-electron capture

124Xe + 2e− → 124Te + 2νe

Q = 2856.7 keV 

EKK, measured = 64.3 keV

Phys. Rev. C 106, 024328 (2022)



4Measurements by XENON1T and XENONnT

Phys. Rev. C 106, 024328 (2022)

Nature 568, 532–535 (2019) Phys. Rev. Lett. 129, 161805 (2022)

T2νECEC
1/2 = (1.18 ± 0.13stat ± 0.14sys) ⋅ 1022 yrT2νECEC

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

XENON1T (2016 – 2018) XENONnT (since 2021)



5Neutrinoless 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 

resonance 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

A. Fieguth, B. Lenardo, C. Weinheimer and C. Wittweg, Eur. Phys. J. C 80 (2020) 12, 1161



6Electron capture with positron emission

K L M N

e+
ν

ν e-

X

• Single electron capture. 
• Atomic relaxation by X-rays and Auger electrons. 
• Emission of positron. 
• Positron will thermalize, annihilate with e- and create 

back-to-back γ-rays. 
• Neutrinos leave detector.

Ee+(+E2ν) = Q − 2mec2 − Ek ≤ 1802.9 keV
Ek = 31.8 keV X

e+

γ

γ

Look for a 2-γ coincidence, the 
thermalization of the positrons 
and the atomic relaxation. 



7Double-positron emission

K L M N

e+
ν

ν e+

• Emission of two positrons. 
• No excitation of the atomic shell. 
• Positrons will thermalize, annihilate with e- and 

create two pairs of back-to-back γ-rays. 
• Neutrinos leave detector.

E2e+(+E2ν) = Q − 4mec2 ≤ 812.7 keV

e+
γ

γ

γ

γ

e+

Look for a 4-γ coincidence 
and the thermalization of 
the positrons. 



8Half-life estimates for unobserved decays

γ

γ

γ

T0ν
1/2 > 1.8 ⋅ 1029 yr − 3.9 ⋅ 1032 yr

ECEC

γ

γ

γ
γ

e+

e+

T2ν
1/2 = (2.2 ± 0.7) ⋅ 1028 yr

T0ν
1/2 > 8.6 ⋅ 1026 yr − 9.3 ⋅ 1029 yr

β+β+

X

e+
γ

γ

T2ν
1/2 = (1.7 ± 0.6) ⋅ 1023 yr

T0ν
1/2 > 4.8 ⋅ 1025 yr − 5.3 ⋅ 1028 yr

ECβ+

(T2ν
1/2)

−1 = G2ν |M2ν |2

Literature value XENON1T 
2νECEC half-life

(T0ν
1/2)

−1 = R ⋅ G0ν |M0ν |2 ⟨mββ⟩2

m2
e

⟨mββ⟩2 = |∑
i

U2
eimi |

2

KATRIN and 
Kamland-Zen 

upper limits from 
2020

Literature values, 
range for NME



9Experiments

Xe-136
90 %

Other (mostly Xe-134)
10 %

nEXO

Xe-136
8,9 %

Xe-124
0,1 %

DARWIN, XLZD

• Natural xenon with ~1 kg 124Xe per tonne 
• Detectors feature dual-signal readout of light and charge 

for calorimetry and position reconstruction

~5 tonnes

Xe-136
8,9 %

Other
91,0 %

Xe-124
0,1 %

XENONnT, LZ

~6 tonnes (active)
≳40 tonnes



10Simulation of event signatures

124Te

e+

X-ray/eAuger

!1

!2,1

!2,2

z/t

511 keV

31.8 keV
511 keV

≤1803 keV

!1

e+

!2,1

!2,2

X-ray/eAuger

x

y!1

!2,1

!2,2

e+

X-ray/eAuger

γ1

γ2,1

γ2,2

X and e+

Simulated 0νECβ+ eventEur. Phys. J. C 80 (2020) 12, 1161

• Light signal and 
delayed charge 
signal give x, y, z, E 

• Simulate decays in 
simplified 
geometries 

• Reconstruct distinct 
decay signatures 

• Determine efficiency 
and background 
suppression



11Reconstruction efficiency

10

TABLE V: E�ciencies for all evaluated decay channels in a G2 and a G3 experiment assuming three di↵erent radial
resolutions and an axial position resolution of 10mm. Threshold e↵ects are considered to be negligible.

Decay channel Only z [%] 30mm x-y [%] 10mm x-y [%]

G2 G3 G2 G3 G2 G3

2⌫EC�+ 22 24 27 31 42 47

2⌫�+�+ 4 4 14 17 31 35

0⌫EC⌫ECa 4 5 15 19 28 33

0⌫EC�+ 19 21 23 27 37 41

0⌫�+�+ 2 2 8 10 25 29

a Here we considered the most probable branch (57.42%) with a three-fold �-signature. An analysis using the two-fold signatures would
yield higher e�ciency but can add coincidental �-backgrounds, which would weaken the sensitivity of a given search.

10 20 30 40
Z separation [mm]

0

10

20

30

40

50

60

70

Ef
fic

ie
nc

y 
[%

]

G3 3mm x-y
G2 3mm x-y
G3 10mm x-y

G2 10mm x-y
G3 30mm x-y
G2 30mm x-y

G3 no x-y
G2 no x-y

FIG. 4: Comparison of e�ciencies for the 0⌫EC�+

decay, for di↵erent x-y resolutions and detector sizes as
a function of the axial resolution. The black (red) lines
show the e�ciencies for a G2 (G3) detector with 3mm
(solid), 10mm (dashed), 30mm (dotted) and no
(dashdotted) x-y resolution.

iment with 10 mm resolution in x-y-z and assuming a
natural xenon (natXe) target, we expect 8.3± 2.9 decays
per tonne-year for 2⌫EC�+. Under the assumption of
light-neutrino exchange and given the most optimistic
assumptions described above, we expect a rate of less
than 2.6 · 10�2 decays per tonne-year for 0⌫EC�+.

A. Radiogenic backgrounds from detector
materials

Gamma rays from radioactivity in the laboratory en-
vironment and detector construction materials are a pri-
mary background in rare event searches. There are two
main concerns for the analysis presented here: first, that
a �-ray Compton-scatters multiple times and produces
the expected event signature. Second, that a �-ray of

su�cient energy creates a positron by pair production.
In the latter case, the positron will annihilate and pro-
duce a background event which, by design, passes our
event topology cuts.
We investigate the sources for falsely identified events

from the 238U and 232Th decay chains, the most com-
mon sources of radiogenic backgrounds in most 0⌫��
searches. For each decay step within the chain, 107

events5 have been uniformly generated in a copper shell
of 1 cm thickness surrounding the liquid xenon volume of
a G2-sized detector using Geant4. Afterwards, the events
which interacted in the active volume were run through
the respective event search algorithms for 2⌫EC�+ and
0⌫EC�+. We find that the only relevant decays are �-
decays into excited daughters, as only these produce �s
of su�cient energies.
For the neutrinoless case there are two particularly

problematic transitions. The first is the �-decay of 214Bi
in the 238U-chain, which has a small branching to the
2880 keV state of 214Po. If this �-ray interacts via pair
production, it creates an event identical to our signal
directly in the ROI. We find that 1.5 · 10�6 events per
214Bi primary decay pass the selection criteria. The sec-
ond problematic transition is the decay of 208Tl to 208Pb
in the 232Th-chain, for which there are various transitions
in which di↵erent �-rays are detected in coincidence with
the one from the 2614 keV state. Such events can deposit
enough energy to create events in the ROI, and may sim-
ilarly produce a sequence of energy depositions which
pass our topological criteria. We find that 1.3 · 10�4

events pass our cuts per 208Tl primary, but the 35.9%
branching fraction for creating 208Tl in the first place re-
duces its impact in a real detector to 4.5 ·10�5 events per
232Th primary decay. Both sources of background can
be reduced by a subselection of an inner volume in the

5 By simulating the same number of events for each decay we im-
plicitly assume decay chain equilibrium. This is not necessarily
realized in actual detector construction materials.

0νECβ+

nEXO-like

DARWIN-like

• Energy resolution (~ XENON1T) 

• Energy threshold (~ keV for XENON1T) 

• X-Y-Z separation of energy depositions

~ 40 % efficiency for 0νECβ+

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

0νECβ+ virtually background-free
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⟨P͑⟩ < 0.061e9/c2

• Assume a background-free DARWIN-
like experiment 

• 90 % C.L. for observation of less than 
2.3 events 

• Sensitivity reaches most optimistic 
prediction 

• Gain efficiency through improved 
reconstruction e.g. from machine 
learning algorithms

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

Kamland Zen

KATRIN

Need larger exposures and natural 
xenon (or enrichment tailings)!
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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.
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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:

[T↵
1/2(0

+
i ! 0+f )]

�1 =

C↵
mm

✓
hm⌫i

me

◆2

+ C↵
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��h�i

2+
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hm⌫i

me
h⌘i+ C↵

m�
hm⌫i

me
h�i+ C↵

⌘�h⌘ih�i,

(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)



14Summary and outlook
• 124Xe supports three two-neutrino and three neutrinoless decay 

modes 
• 2νECEC on the way of becoming a set of calibration lines. 
• 2νECβ+ in reach for XENONnT and LZ 
• 0νECβ+ is most promising for neutrinoless decay searches in 

124Xe and could provide complementary information to other 
isotopes 

• Position resolution and background requirements met by 
current technology. 

• 0νECβ+ requires kilotonne-year natXe exposures for realistic 
chance of observation
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16Double-beta emitters

Isotope Q-value (keV) Allowed decay modes Natural abundance (%)

124Xe 2857 ECEC, ECβ+, β+β+ 0.095

126Xe 920 ECEC 0.089

134Xe 826 β-β- 10.436

136Xe 2458 β-β- 8.857
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18Backgrounds from 238U and 232Th chains11

active volume of the detector, commonly referred to as a
“fiducial volume cut.” As di↵erent �-rays with energies
below 300 keV are paired with a high energy � in the
208Tl decay signature, fiducializing is especially e↵ective
against these events; we find that cutting away the outer
10 cm of LXe reduces its background contribution by al-
most an order of magnitude. For a 20 cm cut, no event
out of the 107 simulated for any isotope passes the selec-
tion criteria. We conclude that these backgrounds can
therefore be eliminated in a real experiment (depending
on the actual 238U/232Th contamination) by selecting an
appropriate fiducial volume.

Radiogenic backgrounds have a greater impact on
2⌫EC�+ searches, as the larger energy window allows
more events to pass the selection criteria. We find three
isotopes in the 238U chain producing events which pass
our selection criteria, with decays of 214Bi into di↵er-
ent excited states of 214Po being the major background
component (>99%). The surviving fraction for the total
chain is 6.9 ·10�3 events per 238U primary decay without
a fiducial volume selection. This is reduced to 1.5 · 10�3

and 1.1 · 10�4 decays per primary with the 10 cm and
20 cm cuts respectively. For the 232Th-chain, the 208Pb
�-rays following 208Tl �-decay are again the main con-
tributor (⇠ 75%). However, �-rays from 228Th after the
�-decay of 228Ac also contribute (⇠ 23%), as well as a
small contribution (⇠ 2%) from excited states of 212Pb
following the �-branch of the 212Bi decay. The surviv-
ing fractions for the whole chain are 7.3 · 10�3, 1.5 · 10�3

and 1.3 · 10�4 events per primary 232Th decay with no
fiducial volume cut, a 10 cm cut and a 20 cm cut, re-
spectively. Due to the less-stringent energy selection the
fiducial volume cuts are less e�cient for the 208Tl events
in the two-neutrino case, but still significantly reduce the
background contribution.

In conclusion, two factors play a role for the exact
evaluation of a given experimental setting: the fiducial
volume cut and the actual amount of contaminants sur-
rounding the TPC. While this study cannot provide an
answer for all given experimental settings – this would
need a dedicated Monte Carlo study following a material
radioassay – we use reported contamination levels and
experimental details projected for the nEXO experiment
(reported in Ref. [56]) to benchmark our calculations.
Our approximate evaluation of a nEXO-like experiment
is provided in Fig. 5. The nEXO experiment identi-
fies the main source of external �-ray backgrounds as
the copper cryostat, for which the collaboration reports
238U and 232Th concentrations of 0.26 ppt and 0.13 ppt,
respectively. This corresponds to 2.8 · 105 primary de-
cays per year as indicated in Figure 5 by the dotted gray
line. Accordingly, it would only require a mild 10�20 cm
fiducial volume cut to achieve a favorable signal to back-
ground ratio6. Dark matter experiments, on the other

6 This assumes the ⇠ 650 kg copper TPC vessel, the main contrib-
utor according to [56], as the sole background source.

FIG. 5: Expected events detected falsely as signal for a
given number of primary decays per year for the 238U
and 232Th decay chains. A reduction from the
expectation in the full detector volume (solid black) is
achieved by cutting the fiducial volume in all
dimensions by 10 cm (red), 20 cm (blue) or 35 cm (gold).
For reference the number of expected 2⌫EC�+ signal
events is shown for a 50 kg-year 124Xe-exposure (dashed
black) and for the respective fiducial volumes (dashed
red, blue and gold) with correspondingly reduced
exposures. The expected number of 232Th and 238U
primary decays per year for the nEXO cryostat is
indicated as the dotted gray line.

hand, are optimized for the low-energy regime, and typi-
cally have higher background levels in the ⇠MeV regime,
and may therefore require more aggressive fiducial cuts
to achieve a similar signal-to-background ratio.
We emphasize that these results are only approximate,

and that in a full likelihood analysis the modeling of the
events’ spatial components and energy distributions will
improve the signal to background ratio beyond what has
been discussed above. More precise estimates of the im-
pact of these backgrounds are beyond the scope of this
work, but will be necessary to understand the true im-
pact of externally-produced �-ray backgrounds in real
experiments.

B. 222Rn

222Rn may dissolve into the active LXe volume and cre-
ate backgrounds via �-decays that emit �-rays (↵-decay
events can be easily rejected by the ratio of ionized charge
to scintillation light [57]). There are only two �-decays
in the 222Rn chain with enough energy to create back-
grounds in this analysis. The first, 214Bi, is accompa-
nied by the subsequent ↵ decay of 214Po, which occurs
with T1/2 = 164µs. Thus, we assume that it can be re-
jected via a coincidence analysis. The second, 210Bi, has
a Q-value of 1.2MeV – just at the low-energy end of our
region of interest for the 2⌫ decays, but well below the

Full volume

Strict fiducial cut

Events falsely 
detected as 

signal

Decreasing 
number of 
true signal 

events in FV

Number of primary 232Th and 238U decays 
expected from detector materials
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FIG. 3: Dependence of the charge-only energy threshold
on the detection e�ciency for selected decay channels.
The e�ciency for the 0⌫EC�+ (blue) and 2⌫EC�+

(black) show a decrease with energy up to about
250 keV with e�ciencies ranging from about 41% to
10%. More striking is the behavior of the 0⌫ECEC
(red), which has a sharp cut-o↵ as soon as the double
electron capture energy (64.3 keV) is below the
threshold. Since this signature is required within this
analysis in order to provide a clear evidence and
necessary background suppression, this will
automatically drop the e�ciency to zero. For this
example a position resolution of 10mm has been used in
both directions.

cut-o↵ depending on the Q-value. The requirement re-
moves energy signatures which are merged by the detec-
tor due to the aforementioned limited spatial and time
resolution. If not all signatures have been found or if the
remaining energy is not a single deposition, the event is
discarded. The ratio of all events which survive the fil-
tering algorithm and the original generated number of
events corresponds to the desired e�ciency ✏.

D. Influence of thresholds, detector size and
position resolution

We first investigate the e↵ect of the S2 energy thresh-
old on the detection e�ciency. While for Dark Matter
detectors the threshold usually is only a few keV thanks
to amplification via electroluminescence, the situation is
di↵erent for an experiment like nEXO, which will mea-
sure charge directly. In this case, the electronics noise in
the readout circuit introduces a larger energy threshold
and thus influences the e�ciency for the example decay
modes as shown in Figure 3. In this work, the threshold is
implemented in the simulation simplified as a sharp cut-
o↵ for any given energy signature, assuming a position
resolution of 1 cm in radial and axial direction. It is evi-
dent that the e�ciency depends on this energy threshold.
Therefore, an improvement from O(100 keV) as achieved

in EXO-200 [54] would be beneficial for nEXO as this
has a direct impact on the sensitivity for any given de-
cay channel. Especially, in order to look for a possible
smoking gun evidence of the 0⌫ECEC decay, a threshold
below the energy of twice the K-shell electron energy is
necessary. In the following we assume that a su�ciently
low threshold is achieved that it can be considered neg-
ligible.
Next, we investigate the e↵ect of a detector’s position

resolution on the detection e�ciency. Our results are
shown in Figure 4 where we emphasize the importance
of x-y resolution. For any detector with an axial position
resolution (z-coordinate) of a few mm, which is funda-
mentally limited by electron di↵usion, an additional res-
olution of event topologies in the radial direction is highly
beneficial. Already at an achieved 10mm separation in
the axial direction, an x-y resolution of also 10mm can
improve the e�ciency by more than a factor of two. For
a nEXO-type detector this resolution is mostly a func-
tion of the pitch of the charge readout strips [55], and
therefore can become as small as a few mm. The situ-
ation is less clear for dual-phase detectors used in Dark
Matter searches; no detector dedicated for Dark Matter
search has reported its x-y resolution for multiple en-
ergy depositions arriving at the charge detection plane
simultaneously. In principle this should be achievable by
pattern recognition in the top array of the detector, and
is a good candidate for future work in better matching
algorithms and machine learning techniques.
Finally, an interesting comparison arises between a

nEXO like detector and a G3 Dark Matter experiment,
as both could have the same amount of 124Xe within
di↵erent-sized detector volumes. The influence of the
detector size on the e�ciency for the decay mode of
0⌫EC�+ is shown in Fig. 4. It is evident that an in-
creased detector size only increases the e�ciency by a
few %. This is due to the ratio of events leaving the
detector in comparison to the events confined in the full
volume. Therefore, the findings for a G3 detector that
are summarized in Table V are approximately also valid
for a nEXO-like detector.

V. BACKGROUNDS

From the above analysis, it is clear that the most exper-
imentally accessible decay channels are the 0⌫/2⌫EC�+.
As described, the key feature in a search for �+-emitting
decay modes is the ability to reject backgrounds using
the distinct event topology. We consider possible sources
of backgrounds below and estimate the expected rates of
events passing the topological selection criteria described
in Section IV.
As comparison points, we compute the expected num-

ber of 124Xe decays per tonne-year exposure of natXe
(corresponding to 0.95 kg-year of 124Xe) using the half-
lives estimated in Table II, Table III and Table IV. Af-
ter including the respective e�ciencies for a G2 exper-

• Total energy deposition resolution still has 
room for improvement from signal readout 
(see as much light and charge as possible). 

• Energy resolution for clusters by S2-only 
intrinsically limited by recombination 
fluctuations. 

• Energy threshold can be tuned by signal 
readout. 

• XENONnT/LZ and DARWIN have O(keV) 
threshold. 

• EXO had ~ O(100 keV) threshold – likely 
similar for nEXO

Remove event if no energy 
deposition matches E2k = 64.3 keV
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Scintillation and ionisation:  

• Prompt light signal (S1). 
• Secondary light in GXe from drifted 

charges (S2). 
• Position reconstruction and calorimetry.
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