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Open Questions about Neutrinos \\A

Offener Brief an die Qrunpe der Radiosktiven bei der
Gauvereins-Tagung zu Tubingen.

Abschrift

Physikalisches Institut

der Eidg. Technischen Hochaschule Zirich, L. Des. 1930
Z4irich Oloriastrasse

Iiebe Radioaktive Damen und Herren,
Wie der Ueberbringer dieser Zeilen, den ich mldvollst

* Nearly 100 years after Pauli’s “desperate
remedy” of the neutrino we still have open  normalhierarchy (NH) inverted hierarchy (IH)
questions about this little neutral particle: ™| M
1. Mass hierarchy — Inverted/Normal?
2. Absolute mass
3. Is the neutrino its own antiparticle?
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2. Absolute mass
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Neutrinoless Double Beta
Decay can directly probe 5
question 3 and inform 1 and 2 '
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/
Double Beta Decays \\A

2v Ov
n ﬁﬁrﬂ n 'Bpﬂ
« Comes in two types: 2vBB and Ovps [ W o W .
* OvBp would be definitive evidence that
neutrinos are Majorana fermions v \ ;[
. M
* Rate Given by: v |
2
Ovy—1 _ (0) 2 (mﬁﬁ> , . ,
75" ] )| Mo, [P =2 n W S n W,
2 me = == - -
. . ) TOV -1 Rars Process: Supgr Rare Process:
All experiments measure: | 1 ] T ¢ [1015.10%] years T 107 years
. (mﬁﬁ> contains the neutrino mass Observed in 11 isotopes Beyond the Standard Model!

information
. ‘|M(; |2contains all the nuclear physics
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How to find 0vB8 CEGEINU)

1 2v33
* OvfBp is a tiny signal compared to

background and the 2vSf signal

» Experiments need to increase the Ov 33
signal rate by increasing the: A
— Exposure (M = t) i
— Detector Efficiency (¢)
- Natural Signal Rate (f)

« Background rate determined by:
~ Background Index (BI) Bg—free T, x €-f-M-t
— Detector energy resolution (AE)

Events

Energy Qss

Bg limited Tﬂyg < €-f-

e : Efficiency t :Time
f :lsotopic abundance Bl :Background Index
M : Mass AE :Energy Resolution
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Current State of the Field

» Over 50 years we have advanced nearly 6
orders of magnitude in sensitivity

« Goal is now to probe the inverted hierarchy
with the next generation of experiments — in
our case LEGEND-1000

Half Life
Limit (10%°
yrs)

Isotope | Experiment

https://arxiv.org/

KamLAND-Zen abs/2406.11438

LEGEND-200 + https://arxiv.org/
GERDA + MJD abs/2505.10440

https://arxiv.org/

CUORE abs/2404.04453
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The LEGEND Experimental Program R\\J\

LEGEND-200 LEGEND-200 LEGEND-1000 -+

« 200 kg of e*Ge detectors (currently (proposed) s we
* Running since 2023 operating) “1
 Goals:

* 1 tonne-yr of exposure ’
* Background: 2 10 cts/keV * kg * yr g
. Tl > 1027 years (mgg ~ 30—70 meV)

LEGEND-1000 | § .. |
« 1000 kg of e""Ge detectors ‘ PEErE

« Tobe installed at LNGS |
 Goals: |
* 10 tonne-yr of exposure

« Background: 105 cts/keV * kg * yr @
. TO”’ > 1028 years (mgz ~ 10-20 meV) W

-~

;zm-rul*,u | y!

w '.
' .
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LEGEND-200 Experiment
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A
LEGEND-200 Germanium Detectors \\A

14.7 kg

ik Coax

LEGEND-200 has deployed HPGe detectors
for use in a source = detector configuration

HP Ge have a proven track record:
+ Good resolution (0.12% FWHM @ Q)
« Low background counts (10-* cts/keV = kg *

yr)

| 19.0 kg
For Neutrino result . a

N © ot
largest 22.1 kg

« 101 detectors in 10 strings 86.7 kg ribution b
i contripution by & rec

« 61 kg * yr total exposure LEGEND. IC
mass .

Present campaign — Summer 2025

« Detectors redeployed

« Additional IC detectors installed

« 137.2 kg of detectors deployed across 60
detectors

AAAAAAAAAAAAAAA


https://arxiv.org/abs/2508.18573

CEGENUL

LEGEND-200 Experiment

Feb 23 Feb 24 March 24 Summer 25
.. I I I I """ Present
Initial Neutrino — 24  Start of maintenance/Bg Additional detectors deployed

Commissioning  Data Set characterization Restarted data taking

Water Tank Muon Veto

LAr Cryostat

Wavelength shifting
reflector

HPGe detector strings
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LEGEND-200 Background Rejection LE G E N D

(Pulse Shape Discrimination) 267h ca da

« LEGEND-200 uses a combination of PSD cuts ' b . P
to cut background events -
— A/E = max(current)/energy
— Late Charge (LQ) surface event cut

« PSD observables - Monitored with weekly Th- R LA
228 calibration runs p— e S S

Energy [keV]

Charge waveform
Current (Smoothed
derivative of charge
waveform)
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LEGEND-200 Background Rejection

(Liquid Argon Instrumentation)

LAr serves as coolant/active shield
LAr helps with U/Th backgrounds

High light yield configuration with inner/outer
barrels

Stability of argon properties monitored through
the Liquid Argon Monitoring Apparatus.

&
329y P T &
+
2 2 [ ‘}SK E; 1.277x10%9y
A E
42 Ar Q, =3525.4 9y & B T ——
r 18 007% 50 .96 250 1 S 40K i
Q, =600 X4 ) s L
B 4+ | $ Gy 275241 50 s & Qg=1504.9
2+ T ? 6'(;&” 242417 13010 o 10.72%
. il 7 2+ X 1460859 10.67% 11.6'
073;4‘ 991, ot | 7;.\ 33872%Ss 1.12ps
100%  9.37 2742 0123600 |ersom o5 o o O staple  stable 2= 5 £ 00480 2100
1 9 K 20(:a 18Ar

AAAAAAAAAAAAAAA

Outer barrel
40 channels

Inner barrel
18 channels

CCEGENUL

After mucn veto and multiplicity cut
1 =W _ after LAr anti-coincidence
2vfp decay (Tyz = 2 x 10 yr)

00—
10°
¢ 504
= wx ap
v “7?4%1*1L' 10°

1460 1480 1500 1520 1540
Energy (keV)

|

600 800 1000 1200 1400 1600
Energy (keV)
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LEGEND-200 Energy Resolution
And Stability

sof ! IKcPCize3sodskev g ’ T OKPC PWHMg, - 258 5001kev  ---- FWHM curves /3 ¥ BE

LEGEND detectors are meeting _..| ! i T TSl ooy

. o t COAX 4422040kev * = 2 54 o = 4.50 & 0,04 ka¥
energy resolution 908|S (012% P s 3 ‘ T b
; 354 g“"‘ ........ F

@ Qﬁﬁ) I 304 P “ 8] ceoemoges J—
25+ . T ;a_' o 2] ey o

Energy scale stable over the L Ee e

wn
2
=N

05 1.0 1.5 zn 2.5 0 15 40 750 000 12500 1500 1750 Z0O0 2250 2500

course of weekly Th-228 oeector s ) Errey G
calibration runs

[ mean =-6.8e-05 keV

-
o
w
.

RMS = 1.8e-02 keV

2103.5keV
mean = 6.2e-04 keV
RMS = 4.9e-02 keV

Energy observables used to
create data partitions to filter out = men sk
best data taking runs ” Jf HH

"y
o
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!
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=
<
L

Counts/(0.001 keV)

-
o

2vf B not an issue due to N0 a7 0w 02 0w 6z 0 o5 10
resolution
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LEGEND-200 Results
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LEGEND-200 Spectrum JEIN UL

* Ovpp blinded analysis performed with a 50 keV blinded window around Qy,
« Spectrum after:

— Data cleaning: 95-99% survival fraction
— Muon veto: 2 events removed

— Ge-anticoincidence cuts (Multiplicity cut): 26% of events removed at Q4
-||:|n1 i

All detectors [61 kg-yr]
After muon veto and multiplicity cut

\.ﬂr 2vpBp decay (Tyz = 2 - 1071 yr)

—k
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.-'“.-*
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Spectrum after PSD and LAr Cuts \ \A

» Cuts applied: data cleaning + muon veto + multiplicity cut + PSD

« LAr anti-coincidence:
— PSD and LAr cuts complement each other

— Strong suppression of remaining Compton background
— Largest remaining background signal: 2vSf

104 i
All detectars [61 kg-yr] o
After muan veto and multiplicity cut E
= 10 After argon anti-coincidence o
= B After PSD and argon anti-caincidence g
=0 2
E
=
ﬁ o
© 10
1o |||u J (Lo Mg 11 i 11 IILMI
1000 2000 3000 4000 5000
Energy [keV]
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LEGEND

Blinded Region

Q I

LEGEND-200 Results — Blinding

 LEGEND-200 performed a
blinded search using a 50 keV
blinding window and a 1930-2190
keV Bg estimation window

 Collected two data sets: 3
— Golden (48 kg * yr) - v24 dataset 2 Additional Events
Blsiien— 5.41%:5 x 10~ *cts/keV - kg - yr N"
= Comparable to GERDA :
— Sliver (13 kg * yr): mainly Coax :
Bl.jiver = 13.0f§:2 X 10_4cts/keV kg - yr

—

=]

i
w

Counts / keV-kg-yr
=

=
<
]

Counts / keV-kg-yr

2000 2050 2700
Energy [keV]
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LEGEND-200 Results

« Combined GERDA+MJD+LEGEND-
200 anaIyS|S BN 1200 data [61.0 kgyr]

=== 1200 best-fit background & unc.
1200 T2 > 0.5 x 10 yr (90% CL)

w

- Single event near Q;; weakens limit
* Results:

Parameter | Value (90% CL)

mmm Comb. T% > 1.9 x 10%° yr (90% CL)

2
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Observed Tguﬁﬁ > 1.9 x 10%%yr
Sensitivity T97%F > 2.8 x 10%yr
2

o

1960 2000 2040 2080 2120 2160
Energy [keV]

Mass mgpg < 75 — 200"meV

World Leading Sensitivity https://arxiv.or;z/abs
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https://arxiv.org/abs/2508.18573
https://arxiv.org/abs/2508.18573
https://arxiv.org/abs/2508.18573

Moving Forward/Summary
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Immediate Plans

» Melt smaller detectors into larger ICPC
detector to further sensitivity reach

» Radio-assay campaign to verify
radiopurity of components

« Based on previous experience —
reevaluate cleaning procedures

« Late Aug. 25 — Started data taking with
new deployment
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LEGEND-1000

LEGEND-1000 is the upgraded
version of LEGEND-200 capable
of sensitivity well beyond
LEGEND-200 incorporating
several innovations

Goal is to reduce backgrounds
from LEGEND-200 by a factor of
20 using a variety of techniques

nts [ 1 kel

Observed con

R&D campaign is well underway

Funding for design and
infrastructure of LEGEND-1000
has already started

AAAAAAAAAAAAAAAAA




https://arxiv.org/abs/ZSO'

Summary/Conclusion

LEGEND program has shown excellent
performance in resolution/stability/BI/PSD
together with LAr veto

» Latest Results: ]
— Combined limit (90% CL): Tg”ﬁﬂ > 1.9 x 10%yr £ 10 LEGEND-1000 goal
— Sensitivity limit (90% CL): T%PP > 2.8 x 10%yr

* Restarted data taking in Aug. 2025 with 137
kg of HPGe

10! 1 1

- LEGEND-1000 preparations well underway s (V)

Image Credit: Sofia Calgoro, WIN 25
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Thank you for
your attention!
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Backup
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LEGEND-200 Background Model e g\\A

« Bayesian background using full dataset + extra 10.2 kg * yr of dedicated runs
« No unexpected background components
« Radioassays underpredicted U and Th contributions before cuts

— Data cuts highly effective at removing excess events

— Screening campaign + re-evaluation of cleaning techniques ongoing
— Ge-anticoincidence cuts (Multiplicity cut): 26% of events removed at Qg

4+ ] all detectors [76.2 kg-yr] This is a fit to data 3 10° ’ Flat at QBB g_: Data
" 10 : 10!: S e Model
e ~ A .JU;,.,...__..I S
@ — = —2VAE
x 103 —— Q 2 J g | i
oL | /\‘i BB &) 0° = T B W—«n‘. & a
~ 2 [LL_\UL WE\ 5 T T r'l ' § —— Th
£10%; L -[JLJ.; ‘ . 1900 2000 2100 2200 23003 i
G F—I =i e —g-
3 v
L o~ ,JL_I\IJJ " L l.hn g1l b Y 42K
i |
107 ; | : T oll —— Other

Residual

500 1000 1500 2000 2500 3000 3500 4000
Energy [keV]
.f!'.) Los Alamos

AAAAAAAAAAAAAAAAAA



	Slide 1: The LEGEND Program to Search for Neutrinoless Double Beta Decay
	Slide 2: Overview/Table of Contents
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27

