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Neutrinoless double beta decay (0’‍‍) is an excellent (and perhaps the 
only) probe to the Majorana nature of neutrinos 

Harisree Krishnamoorthy | CPAD 2024, university of Tennessee, Knoxville

Maria Goeppert-Mayer
Nobel foundation

1939

Double beta decay

P*C.\+"Ү@"PҲ*C."\-4+"-"4g/"-"4"ɍg

Candidates: 
Even-even nuclei 
where single beta 
decay is energy 

forbidden or spin 
suppressed

35 candidates - experimentally observed 
in 11 nuclei -  T1/2 ~ 1018-24 years 
(measured).                           
    

Wendell Furry
AIP Emilio Segrè Visual Archives, Physics Today Collection

Combined 
Goeppert-Mayer 
cpf"OclqtcpcҲu"
ideas: proposed 

neutrinoless 
double beta decay 

(0’‍‍)

N(A,Z)  Ү@"PҲ*C."\-4+"-"4g-

1935 Kornkecvkqpu"kh"2’‍‍"ku"qdugtxgf<

Neutrinos 
are 

Majorana 
fermions

Lepton 
number is  

not 
conserved

Absolute 
neutrino 

mass scale 
can be 

constrained

Yet to be discovered!

Neutrinoless double beta decay
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NGIGPF

76Ge Ү> 76Se + 2e-
Q-value:  2039 keV

Large Enriched Germanium Experiment for 
Ngwvtkpqnguu"ɹɹ"Decay

Harisree Krishnamoorthy | CPAD 2024, university of Tennessee, Knoxville

Data-taking at LNGS, since March 
2023 with~140 kg

High-Purity 

Germanium 

detectors 

enriched in 
76Ge



4

Ygnn/
guvcdnkujgf
fgvgevqt
"vgejpqnqi{

Low intrinsic 
background

Background 
rejection using 
event topology

Source = 
detector, Energy 
resolution ~ 0.1% 

FWHM at Qϛϛ

Sharp peak above 
flat, well 

understood 
background

Strengths

Harisree Krishnamoorthy | CPAD 2024, university of Tennessee, Knoxville

Germanium 
detectors have 

many advantages 
that make them 
well suited for 

0˄ʲʲ decay 
searches 
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Laboratori Nazionali del 
Gran Sasso, INFN, Italy

LEGEND brings the innovation + expertise from its very 
successful, 76Ge-based, predecessors

MAJORANA 
Demonstrator

THE GERMANIUM 
DETECTOR ARRAY

Sanford Underground 
Research Facility (SURF) in 

Lead, SD

2011-20204237/4243

T1/2 (0 ɓɓ) > 1.8x1026 yr 

(90 % C.L.)
T1/2  (0 ɹɹ+"@":05"z"3225 y 

(90% C.L.)

Harisree Krishnamoorthy | CPAD 2024, university of Tennessee, Knoxville

127.3 kg yr64.5 kg yr

Achieved the best 
energy resolution

2.5 keV at 2039 keV

Achieved the best 
background index

5 x 10-4 cts/(keV kg yr)

Hkpcn"Tguwnvu"qh"IGTFC"qp"vjg"ugctej"hqt"Pgwvtkpqnguu"
Fqwdng/‍"Fgec{

Final Result of the MajoranaDemonstratorôs Search for 
Neutrinoless Double-‍Decay in 76Ge

https://doi.org/10.1103/PhysRevLett.125.252502
https://doi.org/10.1103/PhysRevLett.125.252502
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.062501
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.062501
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LEGEND Mission:
The collaboration aims to develop a 

phased, 76Ge based double-beta 
decay experimental program with 
discovery potential at a half-life 

beyond 1028 years, using existing 
resources as appropriate to 

expedite physics results

LEGEND-200 LEGEND-1000
Iqcn<"422"mi"*z"7"{t+gptIg"

Data-taking at LNGS, since March 2023

B ~ 2 x 10-4 cts/(keV kg yr)

T1/2 (0’)> 1027 yr

Goal: 1000 kg  (x 10 yr) enrGe 

Pending funding Approval

B < 10-5 cts/(keV kg yr)

T1/2 (0’)> 1028 yr

Pre-conceptual 
design report

m ~ 30 - 70 meV m ~ 10 - 20 meV

Radiopure underground 
Liquid Argon (UGLAr)

Harisree Krishnamoorthy | CPAD 2024, university of Tennessee, Knoxville

https://arxiv.org/abs/2107.11462
https://arxiv.org/abs/2107.11462
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Scintillating, self-vetoing



8Jctkutgg"Mtkujpcoqqtvj{"~"ERCF"4246."wpkxgtukv{"qh"Vgppguugg."Mpqzxknng

The LEGEND-200 detectors include the detectors from the past 
experiments and new ICPC detectors

19.0 kg 22.1 kg 86.7 kg14.7 kg

ICPC
PPC

DGIg

Coax

MASS (KG)
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LEGEND is designed to maximize background rejection

Ge anti-coincidence between 

The detectors

Event topology-based

discrimination
Liquid Argon anti-

coincidence

+ Water Cherenkov muon 

veto
+ other scintillating structures 

like PEN
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Embedding the Ge-detector array in a LAr active medium allows for the identification 
of simultaneous interactions occurring outside of the detectors, such as scattered ɺ"
rays (+ cools the detectors)

Harisree Krishnamoorthy | CPAD 2024, university of Tennessee, Knoxville

2-barrel geometry:
58 read out channels

18 inner 40 outer

Coupled to the SiPMs

With Wavelength 
shifting fibers

64 m3 LAr in a stainless- steel 

cryostat 
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accepted

Charge signal

Current signal
  ----- Acceptance window 

Harisree Krishnamoorthy | CPAD 2024, university of Tennessee, Knoxville

PSD classifier = A/E = (current)Amplitude/Energy

Waveforms indicative of multiple energy depositions and charge collection associated 
with surface events ( 1ɹ+"ctg"tgoqxgf"d{"vjg"Rwnug"Ujcrg"Fkuetkokpcvkqp"*RUF+"ewv"

Single-sited - 0  
event candidate Ownvk/ukvgf"

/tc{"dcemitqwpf

Surface event
 on n+ contact (42K/42Ar)

Surface  / 
p+ contact
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accepted

Charge signal

Current signal
  ----- Acceptance window 

Harisree Krishnamoorthy | CPAD 2024, university of Tennessee, Knoxville

PSD classifier = A/E = (current)Amplitude/Energy

Waveforms indicative of multiple energy depositions and charge collection associated 
with surface events ( 1ɹ+"ctg"tgoqxgf"d{"vjg"Rwnug"Ujcrg"Fkuetkokpcvkqp"*RUF+"ewv"

Single-sited - 0  
event candidate Multi -sited 

-ray background

Surface event
 on n+ contact (42K/42Ar)

Uwthceg""1"
r-"eqpvcev

208Tl
Double 
escape 
peak

212Bi 
Full
Energy
Peak
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Charge signal

Current signal

  ----- Acceptance window 

accepted

Surface  / 
p+ contact

Surface background
 on n+ contact (42K/42Ar)

Multi -sited 
-ray background

Single-sited - 0  
event candidate

Waveforms indicative of multiple energy depositions and charge collection associated 
with surface events ( 1ɹ+"ctg"tgoqxgf"d{"vjg"Rwnug"Ujcrg"Fkuetkokpcvkqp"*RUF+"ewv"

Harisree Krishnamoorthy | CPAD 2024, university of Tennessee, Knoxville

RUF"encuukhkgt"?"
C1G"?"ocz*ewttgpv+1Gpgti{Single-site events

High A/E events

 background P+ contact 

Low A/E events

Multi -site n+ contact 
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Summary of the Cumulative data 
exposure from March 2023

SILVER DATASET GOLDEN DATASET

76.2 kg yr 48.3 kg yr

Background 
+

Performance
characterization

’ɓɓ data set 
With

Fully-vetted
PSD parameters

Harisree Krishnamoorthy | CPAD 2024, university of Tennessee, Knoxville
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LEGEND-200 had stable energy observables over the first year 
of data-taking

Harisree Krishnamoorthy | CPAD 2024, university of Tennessee, Knoxville

The stability is monitored with 228Th weekly calibration data

~0.1 FWHM at Qɹɹ
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‌"tgikqp

2’ɹɹ"tgikqp

Harisree Krishnamoorthy | CPAD 2024, university of Tennessee, Knoxville

After applying the data cleaning cuts, 95 -99% of the physical 
events survive at Qɹɹ

Blinded window (50 keV)

Multiplicity cut rejects 26% of events and muon veto removes two events at Qɹɹ
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Ukowncvkqpu"cpf"ocvgtkcn"tcfkqcuuc{"wpfgtrtgfkev"44:Vj"kp"
rj{ukeu"fcvc"*dghqtg"cpcn{uku"ewvu+

Background excess compared to 
assay expectations

Hard to estimate systematic uncertainty on the assay results

Harisree Krishnamoorthy | CPAD 2024, university of Tennessee, Knoxville

Not a fit to the data!
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Vjg"NGIGPF/422"dcemitqwpf"oqfgn"tgrtqfwegu"vjg"fcvc"ygnn."
vjg"oqfgn"ku"hncv"cv"Sɹɹ

Fit to the data

Flat background at Qɼɼ



19

40K 42K

212Bi
42:Vn

2’ɹɹ"tgikqp

Harisree Krishnamoorthy | CPAD 2024, university of Tennessee, Knoxville

Strong suppression of background above 2 ɹɹ0"ɹɹ"ukipcn"ceegrvcpeg"
of close to 93%. Liquid argon had stable properties

Blinded window (50 keV)
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40K 64M

212Bi
208Tl

2’ɹɹ"tgikqp

Harisree Krishnamoorthy | CPAD 2024, university of Tennessee, Knoxville

Background form the beta decay of 42K is strongly suppressed after LAr 
anti-coincidence

Blinded window
EC

(uniform)
ʲ

όǎǳǊŦŀŎŜύ
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PSD cut suppresses ."ɹ"gxgpvu"cpf"Eqorvqp"ownvk-site 
events (by 60% at Qɹɹ)

‌ events strongly suppressed

40K
42K

212Bi
42:Vn

2’ɹɹ"tgikqp

Blinded window (50 keV)

Harisree Krishnamoorthy | CPAD 2024, university of Tennessee, Knoxville

Pulse shape classifier: ὃ/Ὁ = max(current) / energy Stable PSD observables (monitored with weekly 228Th 

calibrations)
ñLate Chargeò (LQ) cut instead of high ὃ/Ὁ cut for detectors

with large passivated surfaces
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The combination of the analysis cuts (PSD + anti -coincidence) provides 
strong suppression of backgrounds. 0 ɹɹ"survival fraction of Ḑ60%

40K
42K

212Bi
208Tl

‌ events strongly suppressed

~ pure 2’ɹɹ

Jctkutgg"Mtkujpcoqqtvj{"~"ERCF"4246."wpkxgtukv{"qh"Vgppguugg."Mpqzxknng

Blinded window (50 keV)

232Th strongly suppressed.
Remaining Compton background vanishes
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A closer look at the Region of Interest before unblinding

5 events survive
In the 

Background estimation window

Chvgt"cnn"vjg"cpcn{uku"ewvu<

Blinded window (50 keV)
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The data in the Region Of Interest after unblinding!

Only additional 2 events in the blinding window

Background Index: 5.3 ± 2.2 . 10-4 cts/(keV kg yr)

V314"*2’ɹɹ+"nqygt"nkokvu"*;2'"htgswgpvkuv"E0N0+"
*eqodkpgf"hkv"htqo"IGTFC."OCLQTCPC"cpf"

NGIGPF+

T1/2  (0’ɹɹ+">1.9 x 1026 yr   |  Sensitivity: 2.8 x 1026 yr 

World leading among 0’ɹɹ"gzrgtkogpvu."
Comparable to GERDA

Unblinded on 13 June 2024

One event at 1.4ů from Qɓɓweakens combined limit
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Currently in
Maintenance 

Cuuc{"-
"dcemitqwpf"
ejctcevgtk|cvkqp

Installation 
additional 

35 kg of HPGe
detectors

Publication of 
First results is 

in 
progress

Physics data-taking
Will be resumed

soon

Harisree Krishnamoorthy | CPAD 2024, university of Tennessee, Knoxville

Next steps for LEGEND-200
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Wpfgtitqwpf"
NCt

Ge 
Strings

WLS Fiber 
Curtain

ICPC
Ge Detector

Water 
Shield Neutron 

Moderator

Reentrant 
Tube

Atmospheric 
LAr

Jctkutgg"Mtkujpcoqqtvj{"~"ERCF"4246."wpkxgtukv{"qh"Vgppguugg."Mpqzxknng

Less-radioactive 
electronics and 
cables 

LEGEND-1000 will be deployed in staged individual phases. 

336 detectors distributed among 42 strings 

Large-mass (3 kg) high 
purity p-type ICPC detectors
Enriched to more than 90% 
in 76Ge

Underground-
sourced Ar (UGLAr) 
to mitigate the 42Ar 
background
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