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Dark matter

Various searches for dark matter,
particularly for WIMPs

Direct-detection with NaI
(DAMA/LIBRA1, SABRE2,
COSINUS3,...): O(keV) signal

K in NaI; 40K−→ Ar electron
captures: irreducible 3 keV
background

1Bernabei et al., Universe 4(11), 116 (2018), 2Antonello et

al., Astropart. Phys. 106, 1-9 (2019), 3Angloher et al., Eur.
Phys, J. C 82(3), 1-11 (2022) https://svs.gsfc.nasa.gov/12307
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Geochronology

http://pubs.usgs.gov/gip/2008/58/

Various dating techniques, including
radioisotopic

K/Ar and 40Ar/39Ar techniques use
knowledge of 40K−→ Ar decays

Long-lived 40K (t1/2 ∼ 109 y)
used to access timescales as old
as the Earth
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Nuclear Theory & 0νββ

40K 4−
T 1/2 ∼ 109 yrs2+

0+

40Ar
40Ca

0+

EC∗

∼ 10%

Eγ

1460.820(5) keV

β+

∼ 10−3 %

QEC0 = 1504.40(6) keV

β−

∼ 90%
Q− = 1311.07(11) keV

EC0: rare third-forbidden unique transition
Assumed IEC0 ∼ (0− 0.8)%
3FU: effective weak-axial vector coupling constant → 0νββ half-life (48Ca)
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Nuclear Theory & 0νββ

Engelkemeir, 1962

log(ft), 1999

Pradler, 2013

Kostensalo, 2018

Mougeot, 2019

Carter, 2020

Kossert 2022
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The EC0 branch

Direct-detection

3 keV events with no high-energy veto available

Geochronology

Common exclusion[1a] of EC0 branch can shift calculated ages by
> 10, 000, 000 years (order of error)[1b]

Nuclear theory

No existing 3FU electron capture measurements2: avenue to quantify uncertainties
and inform 0νββ calculations

KDK obtained first EC0 measurement of 40K

1Exclusion in aMin et al., Geochim. Cosmochim. Acta 64(1), 111-121 (2001), as shown in bCarter at al., Geochronology
2(2), 355-365 (2020)
2Singh et al., Nuclear Data Sheets 84(3), 487-563 (1998)
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Coincidence technique

	

Source	
SDD	

MTAS	

x-ray	

g	

Silicon Drift Detector (MPP/HLL Munich); < 1 g

Modular Total Absorption Spectrometer (Oak Ridge
National Laboratory); NaI(Tl), ∼ 1, 000 kg

Coincident (∼ EC∗)

SDD signal + MTAS detection

Anti-coincident (∼ EC0)

SDD signal only

KDK measures ρ = IEC0/IEC∗
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Schematic

MTAS Support Structure

MTAS Outer Layers PMT

MTAS Hexagonal NaI Crystal

SDD Detector/Vacuum Chamber

MTAS Centre PMT

MTAS Plug

SDD HousingTriskel/Cable Support

Cooling Loop

Radioactive 
Source

53.34 cm

Instrumentation paper available: https://doi.org/10.1016/j.nima.2021.165593 8 / 17
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Blinded 40K SDD data
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Testing methods:
open analysis of 65Zn data
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65Zn complementary measurement

65Zn 5/2−
T1/2 ∼ 240 d

5/2−

1/2−

3/2−

65Cu

EC∗

∼ 50%

EC0

∼ 48.5%

1115.539(2) keV

Eγ

0.00254(18)%

770.6(2) keV

0.00269(22)%

β+

∼ 1.5%

QEC0 = 1351.7(4) keV

1 Some variability in 1115 keV
intensity measurements

2 Test SDD fits

10 / 17



65Zn complementary measurement

65Zn 5/2−
T1/2 ∼ 240 d

5/2−

1/2−

3/2−

65Cu

EC∗

∼ 50%

EC0

∼ 48.5%

1115.539(2) keV

Eγ

0.00254(18)%

770.6(2) keV

0.00269(22)%

β+

∼ 1.5%

QEC0 = 1351.7(4) keV

1 Some variability in 1115 keV
intensity measurements

2 Test SDD fits

tzig (1990)

oSch
 (2003)

et al

Luca 
 (2005)

et al

Iwahara 
 (2006)

eB

49.6

49.8

50

50.2

50.4

50.6

I(
11

15
 k

eV
) 

(%
)

10 / 17



65Zn complementary measurement

65Zn 5/2−
T1/2 ∼ 240 d

5/2−

1/2−

3/2−

65Cu

EC∗

∼ 50%

EC0

∼ 48.5%

1115.539(2) keV

Eγ

0.00254(18)%

770.6(2) keV

0.00269(22)%

β+

∼ 1.5%

QEC0 = 1351.7(4) keV

1 Some variability in 1115 keV
intensity measurements

2 Test SDD fits

10

210

310

410

510

C
ou

nt
s 

/ (
10

 e
V

)
C

oi
nc

id
en

t

Data Fit

Zn EC
65

αZn K

Augers+BG

1

10

210

310

410

510

C
ou

nt
s 

/ (
10

 e
V

)
A

nt
i-c

oi
nc

id
en

t
7.5 8 8.5 9 9.5 10 10.5 11 11.5 12 12.5

SDD Energy [keV]

10 / 17



65Zn MTAS events; coincidence considerations

0 500 1000 1500 2000 2500 3000
MTAS Energy [keV]

10

210

310

410

510

C
ou

nt
s 

/ (
10

 k
eV

)

Data Fit

 from ECγ +β

Background +Backgroundγ

γ+γ

Values at 2 µs SDD+MTAS coincidence window
11 / 17



65Zn MTAS events; coincidence considerations

0 500 1000 1500 2000 2500 3000
MTAS Energy [keV]

10

210

310

410

510

C
ou

nt
s 

/ (
10

 k
eV

)

Data Fit

 from ECγ +β

Background +Backgroundγ

γ+γ

MTAS γ-tagging efficiency = 97.93(6)%

BG coinc. probability = 1.25(1)%

Values at 2 µs SDD+MTAS coincidence window
11 / 17



65Zn results
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40K fits
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40K fits
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40K Result

ρ = IEC0/IEC∗ =

(
0.95

stat
± 0.22

syst
± 0.10

)
× 10−2 −→ IEC0 = (0.098± 0.025)%

Engelkemeir, 1962

log(ft), 1999

Pradler, 2013

Kostensalo, 2018

Mougeot, 2019

Carter, 2020

Kossert 2022
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Implications of 40K result

DM direct-detection

Quantified 3 keV background in NaI

DAMA/LIBRA: tends to loosen
constraints on result interpretation

Geochronology

IEC0 omission →K/Ar ages
overestimated

Indirect effect on 40Ar/39Ar

Nuclear theory

First 3FU EC measurement

Significant gA quenching from gbareA ,
48Ca 0νββ half-life suppressed by 7+3

−2
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28 Potassium-40 is a widespread, naturally occurring isotope whose radioactivity impacts subatomic
29 rare-event searches, nuclear structure theory, and estimated geological ages. A predicted electron-
30 capture decay directly to the ground state of argon-40 has never been observed. The KDK (potassium
31 decay) collaboration reports strong evidence of this rare decay mode. A blinded analysis reveals a
32 nonzero ratio of intensities of ground-state electron-captures (IEC0 ) over excited-state ones (IEC� ) of

33 IEC0=IEC� ¼ 0.0095�
stat
0.0022�

sys
0.0010 (68% C.L.), with the null hypothesis rejected at 4σ. In terms of

34 branching ratio, this signal yields IEC0 ¼ 0.098%�
stat
0.023%�

sys
0.010%, roughly half of the commonly used

35 prediction, with consequences for various fields [Hariasz et al., arXiv:2211.10343].
DOI:36

37 Potassium-40 (40K) is a long-lived radioactive isotope
38 figuring prominently in a variety of fields from geology to
39 searches for exotic subatomic particles and processes. 40K is
40 one of the three naturally occurring K isotopes. It is fairly
41 common, representing about a ten-thousandth of natural
42 potassium, and contributing roughly half of the radio-
43 activity in the human body. It plays an important role in
44 geochronology, through K=Ar and 40Ar=39Ar dating. In
45 addition, its commonness makes 40K a challenging back-
46 ground in many particle-physics experiments looking for
47 rare processes, such as dark matter interactions or neutrino-
48 less double-beta decay (0νββ). Lastly, its decay scheme
49 involving all three types of beta decay is rare, and impactful

50to nuclear-structure analyses [1]. Surprisingly, among those
51decays, the electron-capture (EC) transitions of 40K to 40Ar
52are incompletely known.
53From the standpoint of particle physics exploring the
54fundamental nature of our Universe, a host of experiments
55are looking for putative dark-matter particles that could
56make up the bulk of matter [2]. Low-energy x rays and
57Auger electrons emitted after 40K electron capture fall in
58the signal region expected in many dark-matter models; as
59such, electron capture is a significant background in many
60experiments of this type. In the case of decays to an excited
61stated of 40Ar (EC�), the high-energy γ-ray emitted during
62deexcitation provides a means of identifying and rejecting
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Potassium-40 is a widespread, naturally occurring isotope whose radioactivity impacts estimated geological

2

ages spanning billions of years, nuclear structure theory, and subatomic rare-event searches—including those for
dark matter and neutrinoless double-beta decay. The decays of this long-lived isotope must be precisely known
for its use as a geochronometer, and to account for its presence in low-background experiments. There are
several known decay modes for potassium-40, but a predicted electron-capture decay directly to the ground state
of argon-40 has never been observed. The existence of this decay mode impacts several fields, while theoretical
predictions span an order of magnitude. Here we report on the first, successful observation of this rare decay
mode, obtained by the KDK (potassium decay) Collaboration using a novel combination of a low-threshold x-ray
detector surrounded by a tonne-scale, high-efficiency γ -ray tagger at Oak Ridge National Laboratory. A blinded
analysis reveals a distinctly nonzero ratio of intensities of ground-state electron-captures (IEC0 ) over excited-

state ones (IEC*) of IEC0/IEC* = 0.0095
stat± 0.0022

sys± 0.0010 (68% CL), with the null hypothesis rejected at 4σ

[Stukel et al., Phys. Rev. Lett. (to be published) ]. In terms of branching ratio, this unambiguous signal yields

IEC0 = 0.098%
stat± 0.023%

sys± 0.010%, roughly half of the commonly used prediction. This first observation of a
third-forbidden unique electron capture improves our understanding of low-energy backgrounds in dark-matter
searches and has implications for nuclear-structure calculations. For example, a shell-model based theoretical
estimate for the neutrinoless double-beta decay half-life of calcium-48 is increased by a factor of 7+3

−2. Our
nonzero measurement shifts geochronological ages by up to a percent; implications are illustrated for Earth and
solar system chronologies.
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I. INTRODUCTION46

Potassium-40 is a common, natural isotope. It decays47

mainly by β− decay, less frequently by electron capture to48
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an excited state of argon-40 (EC∗), and very rarely by β+
49

decay (see Fig. 1). It is a frequent contaminant in various 50

particle detectors, and a source of radioactive background in 51

rare-event searches for dark matter [1–6] and neutrinoless 52

double-beta decay [7]. Several experiments looking for dark 53

matter are taking draconian steps to purify their NaI detectors 54
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65Zn is a common calibration source, moreover used as a radioactive tracer in medical and bi-
ological studies. In many cases, γ-spectroscopy is a preferred method of 65Zn standardization,
which relies directly on the branching ratio of Jπ(65Zn) = 5/2− → Jπ(65Cu) = 5/2− via electron
capture (EC∗). We measure the relative intensity of this branch to that proceeding directly to
the ground state (EC0) using a novel coincidence technique, finding IEC0/IEC∗ = 0.9684± 0.0018.
Re-evaluating the decay scheme of 65Zn by adopting the commonly evaluated branching ratio of
Iβ+ = 1.4271(7)% we obtain IEC∗ = (50.08± 0.06)%, and IEC0 = (48.50± 0.06)%. The associated
1115 keV gamma intensity agrees with the previously reported NNDC value, and is now accessible
with a factor of ∼2 increase in precision. Our re-evaluation removes reliance on the deduction of this
gamma intensity from numerous measurements, some of which disagree and depend directly on total
activity determination. The KDK experimental technique provides a new avenue for verification or
updates to the decay scheme of 65Zn, and is applicable to other isotopes.
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I. INTRODUCTION

65Zn is a common γ-ray calibration source [1], and for
nearly a century has been applied in the fields of medicine
and biology as a radioactive tracer [2–4]. It has been
applied in various studies [5, 6] including an investiga-
tion of potential orbital-modulation effects on decay con-
stants [7].
In many applications, γ-ray spectroscopy is a conve-

nient avenue for activity determination of 65Zn, which is
an emitter of essentially monoenergetic γ rays (1115 keV)
associated with some of its electron capture (EC) de-
cays. This technique relies on knowledge of the ab-
solute 1115 keV intensity (fraction of decays that emit
1115 keV γs), available from existing decay scheme
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KDK+: upcoming measurement of
40K β+ branch
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SDD Details

p+ Rings

V-

p+ Cathode

Anode (n+)

n- Silicon
Guard Ring

Integrated FET
S
G
D

Increasingly-biased p+ rings

Planar cathode

Central n+ anode is at potential minimum

Gate of field-effect transistor (FET)
connected to anode

MTAS Insert

Contains SDD + source

2mm width except for endcap

Endcap is 30cm long, 0.63mm thick to
reduce scattering
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MTAS Details

19 NaI(Tl) hexagonal volumes

∼ 53 cm × 18 cm

Inner, Middle Outer: one PMT at each end

Center: 6 PMTs on each end, hole through
center for source

total mass ∼ 1 ton

∼ 4π sr coverage

surrounded by lead shielding
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MTAS BG

Peaks: 40K (1460 keV), 214Bi (1760 keV), 208Tl (2614 keV), 127I & 23Na neutron
captures (6800 keV).
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65Zn - 3rd Electron Capture Branch

Electron capture branch to the
770 keV level

Intensity per 100 for 770 keV =
0.00269(22)

Intensity per 100 for 330 keV =
0.00254(18)

This means decay directly to 770 keV
occurs 0.00015(28) % of the time

The systematic effect of the
intermediate 65Cu energy level on ρ
is smaller than the statistical error

65Zn 5/2−
T1/2 = 243.93(9) days

5/2−

1/2−

3/2−

65Cu

EC∗

50.08(6)%

EC0

48.50(6)%

1115.539(2) keV

Eγ

0.00254(18)%

770.6(2) keV

0.00269(22)%

β+

1.421(7)%

QEC0 = 1351.7(4) keV
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Uniqueness, Forbiddenness - I/II

From this link

40K
EC0/β+

−→ 40Ar (3FU); 40K
β−
−→ 40Ca (3FU); 40K

EC∗
−→ 40Ar (1FU)

54Mn
EC∗
−→ 54Cr (A); 54Mn

EC0/β+−→ 54Cr (2FU)
65Zn all allowed.

5 / 6

http://websites.umich.edu/~ners311/CourseLibrary/bookchapter15.pdf


Uniqueness, Forbidenness - II/II

From this link

“Unique transitions are Gamow-Teller transitions where L and S are aligned.”
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