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I What | want you to remember about LEGEND 3

LEGEND = Large Enriched Germanium Experiment for Neutrinoless double beta Decay
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I What | want you to remember about LEGEND 4

LEGEND = Large Enriched Germanium Experiment for|Neutrinoless double beta Decay

. > >
1|Neutrinoless double beta decay (0vBB) n = P
i : w r—— -
- create matter without antimatter % ‘VM e
- lepton number violation - o —
e e
- not observed yet n > p
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I What | want you to remember about LEGEND 5

LEGEND = I_.arge[gnriched Germanium |[Experiment for Neutrinoless double beta Decay

1. Neutrinoless double beta decay (0vBB) n )w% g P

- create matter without antimatter

- lepton number violation 13.__

- not observed yet

2{Enriched germanium|detectors
- excellent energy resolution

- topological discrimination -.
- leading material for Ovp searches
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What | want you to remember about LEGEND 6

LEGEND =|Large|Enriched Germanium Experiment for Neutrinoless double beta Decay

: > >
1. Neutrinoless double beta decay (0vBB) n = P
. : w T -
- create matter without antimatter % ‘VM e
- lepton number violation B .
P © W — "
- not observed yet n ——= > p
6
. . Pseudo data
2. Enriched germanium detectors S| ——ousB (10 ym) OvBp

- excellent energy resolution
- topological discrimination
- leading material for Ovp searches

Observed counts / 1 keV
3 e~

[N]
[

— 2vBB (102! yr)

——— Other background '
3. The LEGEND experiment €
- indeed|large|- 1000 kg of germanium
- operating in background free regime

- optimized for Ovf discovery 0 —

—_
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Neutrinoless Germanium experiment LEGEND-200
double beta decay technology first year of data
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Neutrinoless double beta decay

Neutrinoless double beta decay (0OvBB)
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Double beta decay (2vBp)
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well-known at this point...
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Neutrinoless double beta decay

Double beta decay (2vBp)

=
Y
S
/(v
® s
22

Dirac fermion
v & v
We only observe
VL and VR
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Neutrinoless double beta decay (0OvBB)
-
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7Ge = 7Se + 2e” [ + 2ve ]

Majorana fermion
Vv

They are simply just
VL and VR

LEGEND-200: first steps towards the hunt for OvBB ¢ Mariia Redchuk



Neutrinoless double beta decay

Double beta decay (2vBp)
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Neutrinoless double beta decay (0OvBB)

7Ge = 7Se + 2e” [ + 2ve ]

Dirac fermion I 040
v & v . 20
We only observe
VL and 'VR | | |
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Majorana fermion
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They are simply just
VL and VR

ICHEP2024 < Jul 2024 < LEGEND-200: first steps towards the hunt for ovB@ e Mariia Redchuk



Key experimental parameters 11

Energy (MeV)
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Key experimental parameters

underground lab germanium detectors
shielding I 0ve low noise electronics

active veto enersv

5 293 on
topological discrimination < | » reso\gﬁﬁ _ 2039 keV
d
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packs ndiek e I e
Energy (MeV)
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Key experimental parameters

Operating in background free regime!

1000kg x 10 yrs

underground lab
shielding
active veto
topological discrimination

ICHEP2024
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germanium detectors

low noise electronics

Energy (MeV)
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Neutrinoless Germanium experiment LEGEND-200
double beta decay technology first year of data
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Germanium detectors

* high purity 7¢Ge enriched detectors
* detector = source
* superb energy resolution

* pulse shape discrimination
Y

Single detector 228Th calibration data
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Germanium detectors 16
Pulse shape discrimination
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GERmanium Detector Array (GERDA) technology 17

Experimental setup
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GERmanium Detector Array (GERDA) technology 18

Experimental setup
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GERmanium Detector Array (GERDA) technology 19

Experimental setup
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GERmanium Detector Array (GERDA) approach 20

All analysis cuts
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GERmanium Detector Array (GERDA) approach

All analysis cuts

¥

2 [ ] Prior to analysis cuts

b 103 ) » Bl estimation I After analysis cuts

% ) 5 2vBB decay (T}, = 1.93 x 102! yr)
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Energy (keV)

— World leading background index

keV kg yr

== BI—5.2t16 y 10—+ _SOUS
&
4 Energy resolution

AE = (2.6 £ 0.2)keV

Mxtx BxAFE <1
in full exposure = “background free”

GERDA PRL 125 (2020) 252502



The LEGEND experiment

GERDA
mass 45 kg
exposure 127 kg yr
bkg idx 5.2:10" cts/(keV kg yr)
resolution 2.6 keV

ICHEP2024
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The LEGEND experiment

GERDA MAJORANA Demonstrator
mass 45 kg mass 30 kg
exposure 127 kg yr exposure 65 kg yr
bkg idx 5.2:10" cts/(keV kg yr) bkg idx 6.6:10° cts/(keV kg yr)
resolution 2.6 keV resolution 2.52 keV
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The LEGEND experiment

GERDA MAJORANA Demonstrator
mass 45 kg mass 30 kg
exposure 127 kg yr exposure 65 kg yr
bkg idx 5.2:10" cts/(keV kg yr) bkg idx 6.6:10° cts/(keV kg yr)
resolution 2.6 keV resolution 2.52 keV
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The LEGEND experiment

GERDA MAJORANA Demonstrator LEGEND-200 goal
mass 45 kg mass 30 kg mass 200 kg
exposure 127 kg yr exposure 65 kg yr exposure 1000 kg yr‘la’ o
bkg idx 5.2:10" cts/(keV kg yr) bkg idx 6.6:10° cts/(keV kg yr) bkg idx 2-10 cts/(keV kg‘;l:f v
resolution 2.6 keV resolution 2.52 keV resolution | 2.5 keV

ICHEP2024

Jul 2024
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The LEGEND experiment 26

GERDA MAJORANA Demonstrator LEGEND-200 goal LEGEND-1000 goal
mass 45 kg mass 30 kg mass 200 kg x2 mass 1000 kg N
exposure 127 kg yr exposure 65 kg yr exposure 1000 kg yr 7 o exposure 10 000 kg yr Z 7 )
bkg idx 5.2:10" cts/(keV kg yr) bkg idx 6.6:10° cts/(keV kg yr) bkg idx 2-10 cts/(keV kg‘?lf v bkg idx 10° cts/(keV kg yr(so\t
resolution 2.6 keV resolution 2.52 keV resolution | 2.5 keV resolution | 2.5 keV

credit to \-
Patrick Krause
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Neutrinoless Germanium experiment LEGEND-200
double beta decay technology first year of data
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LEGEND-200

<G

Laboratori Nazionali del
Gran Sasso
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https://emojipedia.org/waving-hand

LEGEND-200 commissi
e (Y
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FWHM (keV)

LEGEND-200 performance

* Commissioning finished October 2022

e ~142kg installed (~100 detectors) on 10 strings

* Physics data taking from March 2023

* 1 year exposure analyzed

* Full report on performance @ TAUP2023
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LEGEND-200 first year of physics data

* Silver dataset: background & performance [76.2 kg x yr]

» Golden dataset: Ov(33 data with fully vetted
pulse shape discrimination parameters [48.3 kg x yr]

5 events in “background estimation window”
[1930 - 2190 keV]

* + 2 events in blinding window after unblinding
[Qbb + 25 keV]

* Background index (5.3 £ 2.2) x 10 cts/(keV x kg x yr)
[GERDA world-leading level]

* T1(0vBB) > 1.9 x 10% yr (combined analysis)
* Full report @ Neutrino2024

Counts / keV-kg-yr

Counts / 5 keV

Before analysis cuts
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B After cuts [48.3 kg-yr]
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LEGEND-1000 prospects in 0vBp
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Ut

Observed counts / 1 keV
w "~

Discovery potential

Virtually background free
Unambiguous discovery

even with a handful of counts
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Limit setting

In case of no discovery,
push lower limit

2 orders of magnitude above current best
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More about LEGEND

LEGEND Preconceptual Design Report
https://inspirehep.net/literature/1892243

z O =
4 Pseudo data >
— 5| 0vBA (1028 yr) éo
Py 2086 (10! yr) %
g ——— Other background =
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1940 1960 19‘80 2000 2020 2040 2060 2080
Energy (keV)

Chat with Sofia and me during the coffee breaks
Contact me at

mariia.redchuk@pd.infn.it

LEGEND website
https://legend-exp.org

34
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Science - Aboutus - More ~ Related Links

Large Enriched Germanium Experiment for Neutrinoless BB Decay - LEGEND

The LEGEND collaboration is comprised of over 250 researchers from about 50 institutions from around the world, working together to develop the largest "Ge
i ble-beta decay i in history. By combining the technological expertise and experience from the GERDA experiment and MAJORANA
DEMONSTRATOR, LEGEND is expected to reach a design sensitivity two orders of magnitude greater than its predecessors.

& kﬁ & €
xR X
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https://legend-exp.org/
https://inspirehep.net/literature/1892243

Large Enriched

PADOVA

Istituto Nazionale di Fisica Nucleare
Sezione di Padova

I N F N / \ Germanium Experiment
\_A for Neutrinoless B Decay

ND Spring collaboration meeting 2024
s @ University College London, London, UK

ICHEP2024 -




- optimized for Ovp [ discovery
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What | want you to remember about LEGEND
LEGEND = Large Enriched Germanium Experiment for Neutrinoless double beta Decay
. > >
1. Neutrinoless double beta decay (0vBB) n = P
w T
- create matter without antimatter X ayM e
- lepton number violation Be W oa——
- not observed yet n >—‘ﬂ“”r'ﬂJ > ;
_ 6
. . ﬁ Pseudo data
2. Enriched germanium detectors = | —owss a0y OvBp
- excellent energy resolution % - i):ifr(égckg}z))und
- topological discrimination : g 45
- leading material for Ovp searches % 5l
S
: i )
3. The LEGEND experiment ?
- indeed large - 1000 kg of germanium 1
- operating in background free regime

1940 1960 1980 2000 2020 2040 2060 2080
Energy (keV)
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LEGEND-200 first year of physics data

Counts / 10 keV

Counts / 10 keV

¥202-90 - 002-aN3931
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Energy [keV]
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LEGEND-200 first year of physics data

Counts / 10 keV

Counts / 10 keV
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I After argon anti-coincidence

3000 4000 5000
Energy [keV]

¥202-90 - 00¢-AN3D31

1000

ICHEP2024

Jul 2024

All detectors [48.3 kg-yr]
After muon veto and multiplicity cut
After argon anti-coincidence
I After PSD and argon anti-coincidence

¥202-90 - 00¢-AN3931

2000

LEGEND-200:

3000 4000 5000
Energy [keV]

first steps towards the hunt for ovBB e Mariia Redchuk
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LEGEND-200 first year of physics data
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LEGEND timeline 41

Detector characterization

FX/v
Transfer of GERDA L1000 Preconceptual Design Report 711462
infrastructure to LEGEND L60 data taking L20(_)_(_Jl_a_t_q taking
Feb 2020 pug 2020 sep 2021 oct 2022 >
oct 2017 jul 2021 jun 2022
Post-GERDA test LEGEND-200
@ LNGS commislsioning
* infrastructure * Electronics & DAQ
* GERDA, MAJORANA and * LAr veto fibers & SiPMs
new detectors * 60 kg of Ge det mounted

* readout electronics and DAQ « Ge det 2Th calibration

* AE ~ 2.5 keV @ Qgp

* Data monitoring & analysis tools

* 1 month of physics data &
calibrations

*AE=2.2keV @ Qgp
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LEGEND-1000 prospects in OvBp

Nuclear physics: decay half-life

Virtually background free!

v OVB,B
T10/25B VB AE Tyjg" ~ Mt

°Ge (91% enr.)

mass

Neutrino physics: Majorana mass
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cosmology
SO
neutrino
mass
experiments
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Neutrinoless double beta decay experiments

43
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What else can LEGEND do?

OvBp mechanisms

Long-range mechanisms e.g. light Majorana neutrino

Short-range mechanisms = heavy particles

* SUSY particles e.g. gluions or squarks

* right-handed currents with heavy neutrinos or
scalar fields e.g. some form of Higgs

Multiple mechanisms at the same time could be
possible

LEGEND can probe short-range mechanisms beyond
what other experiments can do

e e
A A

44

Other Beyond Standard Model searches

Fermionic Dark Matter

Fractionally Charged Cosmic-rays

Majoron emission

Exotic Fermion Emission in OvBp decay
Lorentz violation

Exotic Currents in 2vBB decay

Baryon decay

Solar axions
_|WIMP searches

Bosonic Dark Matter

Electron Decay
Pauli Exclusion Principle
Violation

N N N

N
e e e =

+ BSM physics in *°Ar (ECEC)
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LEGEND-200 detectors

BEGe (GERDA)

30 detectors PPC (MJD)

35 detectors
Okg

Coax (GERDA)
6 detectors
15kg

ICPC (GERDA)
5 detectors
10kg

Total mass: 190 kg

C (new) Total # detectors: 125
49 detectors

116kg
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Germanium detectors 46

risetime

, ‘ - >
: Il A
4000V Sorr /
ey
. :/ Vi
| ’ CIne] !
— * energy based on pulse
- — |_Il\ gEund ’ - - risetime and amplitude
e germanium crystal = semicol{ductor * particles deposit energy in the

crystal » event topology based on the
* implanted p+ and -+ contacts — diode pulse shape
* electron-hole pairs drift towards

* reverse bias — crystal fully depleted respective contacts

* germanium serves as both detector and
source of 2vBBR/0vp

Ge = 7°Se + 2¢e” [ + 2ve |
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* similar trajectories due to E field

>10° e-h pairs / MeV
profile = position-independet pairs /

amplitude



LEGEND-200 DAQ

------ [ HV filter ]—m

CC4
I flange
— — ~ connector
>

Controller

card ' Head card —|H_IFanoutcard

1111

7
<
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Neutrino physics recap 48

Neutrino oscillation Neutrino mixing matrix
flavor change during propagation mathematical formalism & measurable parameters
V1 Uel UeQ UeB Ve
V3 UT]. U7'2 . U 73 Vr
propagadte mixing matriX interact
in space weakly

Neutrino mass ordering
which mass state is the lightest?

Normal » | Inverted
Ordering Ordering
(NO) (10)

V3

Vs Vy Vr
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Neutrino physics recap

Neutrino oscillation
flavor change during propagation

49
Neutrino mixing matrix
mathematical formalism & measurable parameters
new mixing matrix
4! Uel UeQ UeS 1 0 0 Ve
V3 U’T]_ U7'2 U7'3 0 0 er? Vr
i S
propagdte mixing matr Majorana Pase interact
in space weakly
Neutrino mass ordering
which mass state is the lightest?
m2 A A m2
Normal Inverted
Ordering Ordering
(NO) (10)
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Back to neutrinoless double beta decay 50

X ) .
phase Nuclear physics

TN A

OvBp signature QRppg = Minit — Mfina — 2me

Neutrino physics ixing maa
(vaior®”

Majorana mass g3 = | Z Ue;mi|

10°

il eXPoSure
OvBB
107 ~experiments . TOV BB ~ Mt
- 1/2
ey Decay half-life | / NOvBs
zero background regime obSe‘Ned
e\/ents
cosmology
&N
neutrino TOV BB ~ Mt _
mass mass ege o 1 / 2 )
ordering 10741 experiments lo SenSItIVIty BI AE
experiments 103 102 o (o 101 100 in presence of baCkg round c\(sfou“d energytio
Connection inder @ QP

. nt
phasé space faCtornuclear matrix eleme

m%ﬁ _ (Fou . |M0u|2 . Tf/’/fﬂ)_l
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Neutrino observables

mpgp = ‘ E Uezzmz| Effective Majorana mass
. Z 2017 |2 “Incoherent sum” of Ve mass eigenstates
mB — m’L | ez| « B
(“mass of electron neutrino”)

> O Mepsm = E M;  Sum of neutrino masses
cosmological/astrophysical observable

E 1 [ I normal ordering é
=3 ) . &

Eﬁ I inverted ordering g
10° W

3
%
[0 =
LEGEND goal 10 5 - )
S ; z
10° § . -
L ul MR | Lol 0 N 1 | B 1 Ll 1 Lol
107° 1072 107 1 107 1 102 107 1
Miigr; (V) = (eV) m, (eV)
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Dirac vs Majorana neutrino

Probability to produce lepton

notation  chirality p(l7) p(I™")
Dirac v 1— (%)2 0
R (5) 0
Dirac v L 0 (%)2
R 0 L —ifme)”
Majorana v vy = vy L 1— (%)2 (% 2= 0
Majorana v vp = vg R (;né)i o 1— (25)2

Dirac: so far, we have only observed Vi and 'Vr

Majorana: they are simply just Vi and 'Vr
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Two-neutrino double beta decay 53

* 35 naturally occurring isotopes which can decay
through 2vB-B- with forbidden or suppressed - decay

ﬁl
< odd-odd
R * Only 6 for 2vp+p+, small Q values and much longer
B\ livetimes
o By * Most precise measurement of 2vBp half-life in the
J| K world by GERDA

R Ay T2, ("5Ge) = (2.043 % 0.0334101+5ys) - 102 y1
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Signal VS background events

54

228Th Source Calibration

106 .
[ After quality cuts
E —— photoelectric effect —— Compton scattering [ After quality cuts and pulse shape discrimination cut /tEGEM))\ 208T| FEP
K] .| —— pair creation —— total ; <« >
S B e 10° 4 511keV 511keV
%5 E 10§ 208T| DEP [22Bi FEP 208T| SEP
Ls:) - 0 \\ = 10
o F =
s 10 N
© E «
2 N\
3] 2 S 10°
B — \--._ { 208T| DEP
% 5?/ T
é 10 : 7‘\ 102 2000
109 el il Y o e 014 . . .
10° 10? 10" 1 10 [MeV] 1580 1600 1620 1640
101 | | | LEGEND 200 Commlssmmng Summer 2022 (prehmmarv)
1000 1200 1400 1600 1800 2000 2200 2400 2600
Energy (keV)

. 10 e T TR T - 1_0

= [ SSE <

08 N 0'8 N
FEP = Full energy Peak o5k .S!.ng!@.S_!t@__Ey@nt ................... . Chage . ook

. — Current C

SEP = Single Escape Peak 04+ VB, 2VEE, DEFVAN 0sb-
DEP = Double Escape Peak oo\ 02

0.0 - N 1 i N 1 M L 1 N L 1 N " 1 M 0.0 i 1 M " L M L 1 N M 1 L M 1 N

81200 81400 81600 81800 82000 81200 81400 81600 81800 82000
t[ns] t[ns]
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Pulse shape discrimination

A/E [a.u.]
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1.0
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