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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 (ovBp) n
- create matter without antimatter
- lepton number violation
- not observed yet
n

(=]

Pseudo data
—— 0uBB (1028 yr)

— 2vB3B (102! yr)
——— Other background

2. Enriched germanium detectors
- leading material for OvBp searches
- excellent energy resolution
- topological discrimination

Observed counts / 1 keV
N

3. The LEGEND experiment

- indeed large 5
- aims to observe OvBB in germanium 1 \
- or push the lower limit on decay half-life

- synergy with other neutrino physics experiments e S TR TR T

Energy (keV)
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Neutrinoless double beta decay




Beta decay

I Neutrinoless double beta decay 5
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In nature i That’s because
we only observe they are simply just
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Energy (MeV)
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I Some neutrino physics 6

Neutrino oscillation Neutrino mixing matrix
flavor change during propagation mathematical formalism & measurable parameters

new mixing matrix

V]_ Uel Ue2 UeB 1 O O Ve
V2 — U,ul UMQ U,u3 0 et O vy
V3 U’Tl U’7'2 U7-3 0 0 ete2 Vs
[ es
Propagate mixing matr Majorand phas interact
in space weakly

Neutrino mass ordering
which mass state is the lightest?

>V Normal Inverted
---------- vz Ordering Ordering
(NO) (10)
""""" V3 \
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I Back to neutrinoless double beta decay 7
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Neutrinoless double beta decay Germanium experiment technology




I Germanium detectors P 9
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Germanium detectors

Spectrum before analysis cuts
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5000
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Window around Q@B is blinded! Background index is computed based
Qes(’6Ge) = 2039.061 + 0.007 keV on the rest of the spectrum
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Germanium detectors

Pulse shape discrimination
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Germanium experiments

2
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e e e
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Germanium experiments 13

Counts / 15 keV

All analysis cuts

e Quality cuts

e Detector anti-coincidence

e Muon veto T
* Pulse shape discrimination
e LAr veto
4 2
by [ ] Prior to analysis cuts g
103 I After analysis cuts ::;
E 2vB B decay (T, = 1.93 x 10*! yr) 3
102 g 5

1500 2000

GERDA ,
experiment
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Energy (keV)
World leading background index Energy resolution
counts
Bl =5.2"1%x10"* AE = (2.6 +£0.2)k
—13 keV kg yr (2.6 +0.2)keV
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Germanium experiments

14

mass
exposure
bkg idx

resolution

GERDA MAJORANA Demonstrator LEGEND-200 goal
44.2 kg mass 29.7 kg mass 200 kg
100 kg yr exposure 75 kg yr exposure 1000 kgyr =7 .
(5.2+1.6)-10 cts/(keV kg yr) bkg idx (4.7+0.8)-10°° cts/(keV kg yr) bkg idx 2.10* cts/(keV kg yr) ¥
(2.6 £0.2) keV resolution (2.53 +£0.08) keV resolution 2.5 keV

LEGEND-1000 goal
mass 1000 kg
exposure 10000 kgyr "9

bkg idx 10° cts/(keV kg yr)*so,/

resolution 2.5 keV
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Neutrinoless Germanium Status of the
double beta decay experiment technology LEGEND experiment




LEGEND baseline design

Laboratori Nazionali del Gran Sasso

largest underground LEGEND'2OO LEGEN D' 1000

research center
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LEGEND timeline

LEGEND timeline and status

Detector characterization

Transfer of GERDA Preconceptual Design Report
infrastructure to LEGEND

Nov 2017

Feb 2020 AUS 2020 AUg 2021

oct 2019

End of GERDA Phase Il

17

LEGEND-200
commissioning

Post-GERDA test
@ LNGS, Italy

e infrastructure

e« GERDA, MAJORANA and
new detectors

 readout electronics and DAQ

» 1 month of physics data &
calibrations

e AE=2.2keV @ Qpp
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LEGEND prospects in Ov33

In case of no discovery,
push lower limit
2 orders of magnitude above current best

Virtually background free!
Unambiguous discovery
even with a handful of counts

Energy (keV)
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LEGEND prospects in Ov33
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What else can LEGEND do?

Alternative Ovf mechanisms

Long-range mechanisms e.g. light Majorana
neutrino

Short-range mechanisms = heavy particles
e SUSY particles e.g. gluions or squarks

e right-handed currents with heavy neutrinos
or scalar fields e.g. Higgs

Multiple mechanisms at the same time could be
possible

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

e €
A A

Other Beyond Standard Model searches

Fermionic Dark Matter

Fractionally Charged Cosmic-rays

Majoron emission
Exotic Fermion Emission in OvBp decay

Baryon decay

Lorentz violation
Exotic Currents in 2vpp decay

Solar axions

WIMP searches

Bosonic Dark Matter

Electron Decay
Pauli Exclusion Principle
Violation

¥ e
&

N N

o\"(—e '\‘Q & o ‘]\B

+ BSM physics in °Ar (ECEC)
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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 (ovBp)
- create matter without antimatter
- lepton number violation
- not observed yet

(=]

Pseudo data
—— 0uBB (1028 yr)

— 2vB3B (102! yr)
——— Other background

2. Enriched germanium detectors
- leading material for OvBp searches
- excellent energy resolution
- topological discrimination

Observed counts / 1 keV
N

3. The LEGEND experiment

- indeed large 5

- aims to observe OvBB in germanium 1
- or push the lower limit on decay half-life

- synergy with other neutrino physics experiments 0 —

1940 1960 1980 2000 2020 2040 2060 2080

Ener keV
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More about LEGEND

LEGEND website
https://legend-exp.org

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

22
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Large Enriched Germanium Experiment for Neutrinoless 3 Decay - LEGEND

The LEGEND collaboration is comprised of over 250 researchers fram about 50 institutions from around the world, working together to develop the largest 75Ge
neutrinoless double-beta decay experiment 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.
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LEGEND-1000 Preconceptual Design Report

Af———{Localized signature in multi-site classifier g
GERDH 17.07 =
- i aT, ) Pt
- 2
& o 102 "}- Ge gingle-site avent =
wn with external depositions B
i &5
m_ap Ey ]
X 2 |External energy depasitions evident in LA g

o —
& T anti-coincidence classifier 5
20 w2 =
- < Internal energy depositions evident in E
2 miulti-site classifier S
E - 304 1 : L
g ! §g Ge multi-site event fully ‘%’
iz, i TEERASE 100 contained o

‘1%80 1600 1620 1640 S BID
energy (keW) Lacalized signature in LAr a energy (kel)
coincidence classifier [~

FIG. 15, An example of the clear separation of signal and background in the complementary PSD and anti-coincidence
classifiers from GERDA calibration data. Two types of events are considered: a " 7T1 double-escape peak (DEP) event
and a P**Bi full-energy peak (FEP) event. Both of these are characteristic of backgrounds that cause peaks in the
(e spectrum. The orange diamonds indicate the classtfication of events as signal-like in one of the two parameter
spaces, the magenta rectangles highlight the distribution in each parameter for background like events. Unlike the
twer cases here, o Ovd8 decay event would be classified as a signal in both observable parameters,

Lomonosov conference o Aug 2021

SV ke the coffeebreal

Contact me if you have questions
mariia.redchuk@pd.infn.it
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Dirac vs Majorana neutrino

(
But if v = v, does that mean v can participate in inverse beta decay? )
For Majorana, there is no such thing as v, just v, what matters is helicity
Dirac Majorana
R + R +

v, +p—n+e yes Vo, +p—n+te yes

VeL +p—=>n-+ et never VeL +p—>n+ et yesbut ~0% chance

l/f+p—>n—|—e+ never

vl +p—sn+et  yesbut~0%chance

Dirac: so far, we have only observed VL and ‘Vr
Majorana: they are simply just Vi and 'Vr

Lomonosov conference o Aug 2021 e Status of the LEGEND experiment ¢ Mariia Redchuk
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Dirac vs Majorana neutrino

notation  chirality p(l7) p(I™)
Dirac v yP L 1— (%)2 0
VR R (38) 0
Dirac v 7 L 0 (%)2
7 R 0 L—{m=2°
Majorana v v =pM L 1 - (%)2 (5% ;
Majorana v v = v R (?’)2 1 - (QEV)Z

Dirac: so far, we have only observed VL and ‘Vr
Majorana: they are simply just VL and Vr

Lomonosov conference

e Aug 2021

o Status of the LEGEND experiment e

Mariia Redchuk

26



Neutrino observables

Mg, (eV)

Effective Majorana mass

“Incoherent sum” of Ve mass eigenstates
(“mass of electron neutrino”)

Sum of neutrino masses
COS

mological/astrophysical observable

Il normal ordering
I inverted ordering

GERDA 18-11

bl
T
5
N
\
A

< ]
< =
) % El3 ©
g g -
& & =
8 8 <
T 1 T BRI B | .&.\ 1 1L L Lol .& |
107° 107 107 1 107 1 107 107 1
Miigr; (€V) = (eV) m; (eV)
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Two-neutrino and neutrinoless double beta decay

’N“ 4
< odd-odd
g N :
35 naturally occurring isotopes which can decay
through 2vB-B- with forbidden or suppressed B-
decay
'.'1 ‘\
QI \‘ e Only 6.for.2vB+B+, small Q values and much
B longer livetimes
z-=3 z-:2 z—=1 zI z-:-l Z-:-Z 7
Limits by present-generation experiments
Experiment Isotope Exposure [kg-yr] /2[10%° yr] mgs[meV]
GERDA [77] Ge 127.2 18 79 — 180
MAJORANA [78] Ge 26 2.7 200 — 433
KamLAND-Zen [79) 130Xe 594 10.7 61 — 165
EX0-200 130Xe 234.1 3.5 93 — 286
CUORE [81] 130 e 1038.4 2.2 90 — 305
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I Alternative mechanisms for OV3f3 29

Long-range mechanisms e.g. light Majorana neutrino Tlo/V 25 B mgg

Short-range mechanisms = heavy particles

» SUSY particles e.g. gluions or squarks
e Right-handed currents with heavy neutrinos or scalar fields e.g. Higgs

Multiple mechanisms at the same time could be possible

Let’s see if we observe Ov[[3!

TOVBﬁ ~ 1026271 Possible to see in LHC and determine
1/2 y dominant (short-range) mechanism
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Germanium detectors e e 30

« e- do not contribute much since they drift through a
volume of low field strength

e n+ — diffused lithium, p+ = ion-implanted boron
e >10° e-h pairs / MeV

1200~ ICPC
Planned purchases
28%

PPC BEGe ICPC

z [mm]

204 \

\

/ 1 / \ 1 4 \
up to 1 kg s <1kg e up to 3 kg sz
Longer drift times

— optimal PSD
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Waveforms

0.50 l

sample value

i

YA i

0 1000 2000 3000
t [ns]

Pulse on the p+ contac
(simulation)
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l‘SUXIU“ I ’\
1.20x104 I \
Fﬂﬂi%
st e an';_:
0 1ox10®  20x10°  3o0x10®  go0x16®  so0x16®  6.ox10
t [ns]
DAQ waveform

(characterization data)
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Pulse shape analysis

32
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Pulse shape discrimination

Fits in 30-keV slices
- SSE - MSE - total

w

~

-

T
10 15 0.1 1.0 1.5

T
1.0 15 0.1 1.0 £ 5

1.0 15

— obtain u and o for each slice for each detector
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The LEGEND experiment

T, 90% Sensitivity [years]

limit setting

)
3

3
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%

107

10%

10%

GERDA

Majorana
Llil HI

10 mf" range
—— Background free

—— 0.025 counts/FWHM-t-y

- - - 0.1 counts/FWHM-t-y
==+ 1.0 count/FWHM-t-y
-------- 10 counts/FWHM-t-y

10%
107

1072

107" 1 10 10? 10°
Exposure [ton-years]
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signal discovery
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