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Ovl [ Rate

« (Yphase space factor
 Dependent on nucleus (Z and Q-value)

80 100 120 140 160
¢ DireCtly calculable Mass number

4, i . .

* g, = axial coupling constant typical values GOV ~10"14 y~1
* Free nucleonvalue g4 = 1.27
* Quenching due to multinucleon effects
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Ovl [ Rate

e |IM%|? = nuclear matrix element
* Depends on nuclear structure of parent,
daughter and intermediate nuclei
* Very computationally intensive to Agostini et al, Rev Mod Phys 95 025002 (2023)
calculate - requires model https://arxiv.org/abs/2202.01787
approximations

* Factor 4 variation between models — 2
order mag variation in predicted half-life

for given (mﬁﬁ)z
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Nuclear Matrix Element Calculations

Virtual

transition
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 |nitial state consists of 0(100)nuclei

* Final state consists of 0(100)nuclei + electrons
* Via large number of potential intermediate states
* Shortrange correlations? Quenching?

« Computationally infeasible without model assumptions
 Some aspects of models can be tested with 2v [ measurements (but not all)
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Ovl [ Rate

Square of the effective Majorana mass
See lecture 3
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Ovl [ Rate

» Looking at half-lives T; , > 10%>years and longer

° Vel‘y rare decays: / Mass of element
* Need a lot of candidate isotopes Niso = mxaxNA\ Avogadros Number
* Need to measure for a long time \ ~6X1023

Isotopic abundance

* Measure number of ‘0vff’ decays, N in a giventime ¢

N¢= number of isotopes after

_(t
* N = Niso = Ngg = Noe= (/7

timet
N,= initial number of isotopes
N4z=number of decays
— T'B'B N .
1/2 t = measuring time

7= time it takes to reduce to 1/,
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Experimental Considerations

* Signature of OV [ is a peak at the
endpoint of the 2e " spectrum
* Need to detect the electrons efficiently

and measure their energy very
accurately

* Need to minimize the chance of any
other events mimicking your signal

Intensity (a.u.)
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Background Free
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Detection efficiency

Isotope mass

\ Measurement time

Ty), o Met
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Experimental Considerations y

Region Of

Detection efficiency Interest

Isotope mass 200~ — Best fit

-
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o

Measurement time

M.e At /
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Backgrounds that
grou Backgrounds =70 counts / 2.5keV
scale with amount ]
of isotope ROl = 10keV wide
Background count = 280 counts
Constant Poisson uncertainty =1/280 = 16.7

Backgrounds
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Choose your Isotope 35 Decay Reetion 0B Abuaanee Qe
KEV

[atomic %)
BCa—"Ti 0.2 4274
Hi gh Q value: Tin—)l“So 7.6 2039
“*Se—"Kr 8.7 2996
* Generally better phase space %Zr—%Mo 2.8 3348
10Mo—1"%Ru 0.6 3034
* Above many low energy backgrounds 11601165 2814
1246n—11Te 5.8 2288
Double Beta Decay Isotope Candidates 128 T 3128 '8 66
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High Isotopic Abundance:

* More isotope per $$¢£

* [sotopic enrichmentis challenging
(money time and politics!)




|Isotope Enrichment

* |f abundance is low, enrich in your desired isotope.

* Method depends on element.
 Canyou make it gaseous? Soluble in liquid?

* Centrifugal force:
* gas centrifuge — Xenon, GeF, or GeH,, SeFg, MoF,

* Liquid solution centrifuge

e Atomic vapor laser isotope separation (AVLIS):

* |Inject laser energy at the precise frequency to ionize only the
specific isotope
* Separate ions from atoms with EM field

TRISEP 2024 ovpp Jeanne Wilson

( Light isotope

Counterion
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C h O O S e yo u r I S Oto p e 81 Dy Renslion Isotopic Abundance  Q-value

[atomic %] keV]
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Correlation between Q-value and Phase Space Factor
(not exact — other factors at play)
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Choose your Isotope

Source = Detector

«~MeV (s don’ttravel far so restricted to thin films if
detectors separate from source

*Need to ‘see’ the [ and accurately record their energy
* Detection Efficiency
* Energy Resolution

* Even better
 Canyou be sureitwas a fff event? — Tracking would be nice

* Canyou be sure it was a decay of your isotope? — Tagging of the decay
product would be very nice

TRISEP 2024 OvBp Jeanne Wilson 16



Backgrounds

M.e At

* 2v[ [ decays AE, b

T, ,,
V2T (.M + 0)AE

* Internal radiological backgrounds b

e Surface backgrounds ~b
* External radiological backgrounds ¢

e Cosmogenic b, ¢
* Neutrinos and Neutrino-genic b, c

TRISEP 2024 ovpp Jeanne Wilson
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Remember 238U

238U Chaln is a B8 decay ’ € Uranium

candidate

Protactinium

Naturally occurring (few ppm in rock, soil,
water), long lived T} /, = 4.5x10°years

* a-decays

* [-decays

* Accompanyingys

Thorium

* Very short decay steps can be used for Astatine
‘tagglng,: 214PO T1/2 — 164-‘1,[5 Polonium

Bismuth
Lead

Thallium

Mercury
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238 via 214BiPo

0.021% o-decay  iTin=199miny, >99% B-decay

Q-value = 5.62 MeV ! *, Q-value = 3.27 MeV
2107 214Pp

T,=13 n‘fin T,,=164.3 ps nter-Event Time for Tagged BiP0214 Pairs

A}
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238J chain D @D

Protactinium

Naturally occurring (few ppm in rock, soil,
water), long lived T} /, = 4.5x10°years

* a-decays

* [-decays

* Accompanyingys

Thorium

* Veryshort decay steps can be used for Astating
‘tagglng’ Polonium

* Radon gaseous and short lived Lead
222Rn T1/2 — 382 dayS Thallium

Mercury
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Radon

* 22RnT,,, = 3.82 days

* Produced in the 238U decay chain, can then
emanate out of solid detector components
Into a liquid or gaseous region

* Orradon in air can dissolve into a liquid

* Both can break ‘equilibrium’
* Different activity in the top and bottom part of the

chain

* Radon decays in air, can implant daughters

into solid materials

* Those radioactive daughters can later leach out
into liquids

TRISEP 2024

ovpp

Jeanne Wilson

Astatine

Polonium

Bismuth

Lead

Thallium

Mercury
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232Th chain

* Also naturally occurring

* Highest ‘naturally occurring’” gamma
o 208T| E=2.615MeV

Q,:6.207MeV 60.6 min Qg 12.254 MeV

0.299 psec

Q,:8.954 MeV
3.05 min

Qp: 5.001MeV

*22Po Ty ,, = 0.3us

 Can also be BiPo ‘tagged’ but more challenging as
shorter half-life that 27*BiPos

TRISEP 2024 ovpp Jeanne Wilson




Radioactive Isotopes

* Most ‘dangerous’ depends on detector and Q-value
e.g.%0Co —2.5MeV visible gammas

Signal region

Best fit (global mode)

90% limiton T’

2+
1.33 MeV y

60 0
Ni

§ “ ||‘ IIII IJ IllLlllr

2480 2500 2520 2540 2560 2580
Reconstructed Energy (keV)

CUORE spectrum
130Te Q-value = 2.528MeV

TRISEP 2024 ovpp Jeanne Wilson
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Backgrounds

* 2v[ [ decays AE

* Internal radiological backgrounds b
* External radiological backgrounds ¢

e Cosmogenic b, ¢
* Neutrinos and Neutrino-genic b, c

TRISEP 2024 ovpp Jeanne Wilson

M.e At

T1/2 XX
\/

(b.M + ¢)AE
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Cosmic Muons

* Muons produced in the
atmosphere from cosmic
ray interactions

* Deeper underground,
lower muon flux

* Muons are generally easily
vetoed

* Characteristic high energy
deposits

* Veto detectors
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SNGLAB

Muon flux = 70 muons/day

Class-2000 clean room lab
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Cosmogenic Backgrounds

* Muons can interact with material in the detector producing n,p, radioactive
Isotopes

* Materials above ground experience higher activation rates
* Source material
* During construction
* [n transit

v

P.S

>

Isotopes produced with short (<1year) half-lives can be mitigated by allowing
materials to ‘cool’ underground

* |[n-situ cosmogenic production
* Can veto short-lived isotopes with time-cut after muon

TRISEP 2024 ovpp Jeanne Wilson
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Experiment Examples

* Not a complete list

* Use these examples to illustrate the different backgrounds and challenges

TRISEP 2024

Liquid scintillator
136 130Tg
KamLAND-Zen

SNO+

ovpp

TPC
136X
nEXO, NEXT

Semi-conductors
76Ge
LEGEND

Jeanne Wilson

Tracking
calorimeters
8ZSe
SuperNEMO

Cryogenic
Bolometer
130'|'e’ SZSe
CUORE, CUPID
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Experiment Examples

* Not a complete list

* Use these examples to illustrate the different backgrounds and challenges

TRISEP 2024

Liquid scintillator
136X€, 130Te
KamLAND-Zen

SNO+

ovpp

TPC
136X
nEXO, NEXT

Semi-conductors
76Ge
LEGEND

Jeanne Wilson

Tracking
calorimeters
SZSe
SuperNEMO

Cryogenic
Bolometer
130Te’ SZSe
CUORE, CUPID
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SNO+

* 2km underground (~6000 mwe) Ml !' "4 Q“J l°\ \

* Observe events through scintillation light with
~9300 PMTs

et,y,a,u
» 130Te — 34% nat abundance

* Highly scalable, cost effective (no enrichment

. fi 780 tons LS
required) ¥ (LAB + 2.2 g/L PPO)

* Load natural Te into the scintillator (chemistry!) S| smer oisHERRRI AR

+ TeBD + DDA
* ‘Source out’ measurements first ;

* |nitially add 0.5% by mass (3.9tonnes)
e - 1%,1.5%,2.5% ...

TRISEP 2024 ovBp Jeanne Wilson 29
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Event Reconstruction

* ‘Events’ — scintillation light — photons — PMT hits
« > 10,0000 y/MeV —» ~300 hits/MeV

Event near center Event near edge

200 250 300 350

Calibrated PMT hit time (ns)

Calibrated PMT hit time (ns)

* Reconstruct position and energy of event from time and .

MC Only

number of PMT hits | o

—— B-yMC

tres = thit — levent — d/C
* Some sensitivity to event type through timing distribution

60 80 100

TRISEP 2024 0vBp Jeanne Wilson ] Time Residual [ns]
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SNO+ 0.5% loading

ROI: 2.42 - 2.56 MeV [-0.50 - 1.50]
Counts/Year: 9.47

B 0vBB (100 meV) .
2vpp Cosmogenic

B (a,n)

I U chain
Th chain

Counts/5y/20keV bin

External

B °B vES

Cosmogenic

External vy

23 24 25 26 27 2.8 29 3 .
Reconstructed Energy (MeV) InteI’ Ilal U Chaln

Internal Th chain
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KamLAND-Zen

* 1000-ton pure liquid scintillator
UTh< 107Yg/g

» ~745kg of 13%Xe (91% enrichment)
loaded into inner balloon

 ~8000 photons/MeV from Liquid
scintillator

TRISEP 2024 ovpp Jeanne Wilson
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KamLAND-Zen backgrounds 1

Mitigating backgrounds

from the balloon

TRISEP 2024

ovpp

Jeanne Wilson

Slide from | Shimizu, Neutrino 2024

Guide ring
\ 12 strings
(Vectran)

Inner Balloon Production

nylon balloon was produced in class 1 clean room Connection
g . piece
(PEEK)

¥ straight part

! X eak C | 12 suspending
Im Washi ' £ R rep <% . jﬁlm belts

Zen 400 (R 1.54 m) Zen 800 (R 1.90 m)
238 : 5x10-11 g/g 238 : ~4x10-12 g/g ,’,“ \‘\\4—— Cone part

222Th : 3x1010g/g ~ 282Th: ~2x10 g/g

balloon shape x10 reduction Of IB 214Bi % K RN I
. 10° £ " . \‘ ' NL-24 gores
*2.35 <E<2.70MeV N R , (PR b
R < 1.57 m-§: s .10
(low BG) %
10°

10?
10

R /,,
Ny 11! ) .2 A horizontal
1 R ‘:\_‘\\ : :: belt

Simulated 2'“Bi Rate (Events/Bin)

6
X24+Y? (m?) > %3 sensitive volume !!
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KamLAND-Zen backgrounds 2

carbon spallation products Triple coincidence tagging (dT, dR)

He6 2700 m.w.e. 4 time and space correlation
BI12 i L with muon and neutrons

Lig over-burden

BS
Cl10

Intensity [a.u.)

-
o
w

; Likelihood-based tagging (Nneutron, dR, dT)

: n n Muon seco
§ ' A l‘\()Xc
1241139 L .

“H‘L22]110In

1 BSb\l / 88Y

-t
(=]
N

events/MeV/day/kton
o

1321

time and space correlation with
muon and multiple neutrons

4
<
.
.
.
i
i
i
4
L N

35 4 45 5
visible energy [MeV]




KamLand-Zen latest resultS 1131 days of date

Best fit = 0 events, 90% CL <10 events
Ty), > 3.8x10%¢years

—— Total 136Xe OVBP (90%C.L.UL))
Total (Ovpp U.L.) —— Xenon spallation products
— DP%e 2vpp —— Carbon spallation + 37%e
—— [B/External RI
Internal RI
Solar Neutrino ES + CC
—+¢— Data

>
>
Ta)
<
-
~
w2
—
=
)
>
=

Visible Energy (MeV)
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Experiment Examples

* Not a complete list

* Use these examples to illustrate the different backgrounds and challenges

TRISEP 2024

Liquid scintillator
136 130Tg
KamLAND-Zen

SNO+

ovpp

TPC
136X
nEXO, NEXT

Semi-conductors
LEGEND

Jeanne Wilson

Tracking
calorimeters
SZSe
SuperNEMO

Cryogenic
Bolometer
130'|'e’ SZSe
CUORE, CUPID
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LEGEND

* High Purity Germanium detectors enriched in 7°Ge
* Solid state semi-conductors with outstanding energy resolution

* Very pure — low backgrounds
* HPGe commonly used for very low background screening

* Long-standing history for v searches

nt electrode

L-1000

p-type bulk ? )
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LEGEND




Background suppression

P

Multiple

: : i event,
Single site Multi-detector interactions |4
vetoed by
B event y event
eve y eventand activity in LAr
a, fsurface
o0 events o)
e%“‘e“‘ @ .e xe((‘a\\]e
S ?\)\5? \ “a\.\o“ et
et

ThitEpsetdlegendvexp.org/seiencesneutrinoless-bb-decay/legend-detectors



Background suppression

1000 2000 0 1000 0 1000 2000 O
time (us) time (us) time (us)

ThitEpseZilegendvexp.org/seiencesneutrinoless-bb-decay/legend-detectors

1000

== gignal
current

2000

time (us)

—
m
()
m
z
Q
N
o
o
o
o
N
o
N
NN

PSD - classify on
max current

Energy
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LEGEND-200 data

e —— After muon veto and multiplicity cut
o 2VB decay (Ty =2 - 102!
gl 212, VBB decay (T12 yr)

.y

o

¥202-90 - 00¢-AN3931

Ju]J QBB 21"9'.
W, 1 0
After muon ygto e, nﬂﬂmﬁ,d\% e events
and multiplicity | Y

by | g
cut S I OO o

3000 4000
Energy [keV]

Counts / 10 keV

All detectors [48.3 kg-yr]
After muon veto and multiplicity cut

sone 0Ty mmm After Pulse Shape Discrimination (PSD)
surviviu;

Qpp
Of = ¢V‘u+§

s-h—o-.J Ly suppressed

¥202-90 - 002-AN3937
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- After muon veto and multiplicity cut
Su;{;tfsi:::“J"Y After Pulse Shape Discrimination (PSD)
Il After PSD and argon anti-coincidence
Qgp }

¥202-90 - 00Z-0N3937

After Argon anti-
coincidence

Counts / 10 keV

ll |IlI l| Jll 11

2000
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Experiment Examples

* Not a complete list

* Use these examples to illustrate the different backgrounds and challenges

TRISEP 2024

Liquid scintillator
136 130Tg
KamLAND-Zen

SNO+

ovpp

TPC
136 g
nEXO, NEXT

Semi-conductors
76Ge
LEGEND

Jeanne Wilson

Tracking
calorimeters
SZSe
SuperNEMO

Cryogenic
Bolometer
130'|'e’ SZSe
CUORE, CUPID
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Xe TPCs

lonization

Avalanche
Photodiodes

Ground

Xe Liquid or Gas
* high pressure better as more isotope
* Requires cryogenics - ~ — 95°C

* Enrichment of 136Xe
0vBp

TRISEP 2024 Jeanne Wilson

Charged particles produce
light through scintillation and
ionized track

Drift electrons to anodes -
charge collection at wire grids

Simultaneous measurement of
light and charge for better
energy resolution and PID

EXO-200
200kg Liquid Xe TPC (80%
enrichment)

Central photo-cathode
Phys. Rev. Lett. 123, 161802
T,/,> 3.5x10%y (90% C.L.) 44



Xe TPCs

7

Electric field

-

Cathode

https://nexo.llnl.gov/nexo-overview

TRISEP 2024

harge collection tiles

- Cl
nEXO vessel
/, Photodetectors
/
| | |

0vBp

Jeanne Wilson

<= Cryogenic
vaCuum space

2vBB candidate

TPB coated surfaces

. xenon |

scintillation (S1)

" Jonization

-+ electroluminescence (S2) :

TRACKING PLANE (SiPMs)

J0000000C

" CATHODE ™. : ANODE | |

A A High pressure Xe gas TPC
Background . .
candidate Q with electroluminescence
: Topological

signal/background
separation

-120 -100 -80 -60 -40
X (mm)
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136Xe daughter tagging

The Ba**ionis only produced from [ decay
If this can be tagged, distinguish 5 from all other
radioactive events

One
Tracking .
o barium
Pressurized vessel ion
10-15 bar GXe

Barium
Tagging

Anode Gare
(ground)

Background

Active R&D:

 Drift ++ion to cathode

* Trap Ba-eg. cryogenic probe

* chemical sensors/
fluorescence

Eg https://www.nature.com/articles/s41586-019-1169-4
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Experiment Examples

* Not a complete list

* Use these examples to illustrate the different backgrounds and challenges

TRISEP 2024

Liquid scintillator
136 130Tg
KamLAND-Zen

SNO+

ovpp

TPC
136X
nEXO, NEXT

Semi-conductors
76Ge
LEGEND

Jeanne Wilson

Tracking
calorimeters
SZSe
SuperNEMO
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CUORE

* Closely packed array of 988 TeO, crystals (750g each) working as
cryogenic calorimeters

* Absorbed energy converted into temperature variation of crystal,
measured by thermistor
* Energy resolution ~0.3% FWHM

Challenges:
e operating temperature ~10mK!

|
|

Heat sink ~10mK
(Cu frames)

=1 -
i

-
€

Ge NTD
thermistor \

* Surface backgrounds
ETEE
* Sensitive to vibrations and seismic activity \01333. N

* Correlation between storms and low f noise /
Si heater I

e Sea waves!

| —
]

‘\\,‘

B

TRISEP 2024 ovpp Jeanne Wilson
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N
o
o

CUPID — Bestfit — 90% C.I. limit gé

CUORE
preliminary

—
N
o

CUORE Upgrade with Particle

IDentification

* Li,M00, crystals enrich to 95% Mo

* Higher Qpp for reduced y/fs 2480 2500 2520 2540 2560
backgrounds Energy [keV]

* Both temperature and light detection for
PID - rejection of surface as

Counts/2.5 keV

— &PID
,/
i Thermometers

(« -

release
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Experiment Examples

* Not a complete list

* Use these examples to illustrate the different backgrounds and challenges

TRISEP 2024

Liquid scintillator
136 130Tg
KamLAND-Zen

SNO+

ovpp

TPC
136X
nEXO, NEXT

Semi-conductors
76Ge
LEGEND

Jeanne Wilson

Tracking
calorimeters
8286
SuperNEMO

Cryogenic
Bolometer
130'|'e’ SZSe
CUORE, CUPID
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SuperNEMO

* Anisotope agnostic technique to distinguish individual partlcles and
probe Ovf [ mechanisms and nuclear effects /

T . e
h Charged particle Individual particle
Decay vertex trajectory energy and TOF

1.8% 9/ at 3MeV |

fb(_n
» il =y
/’ "y 6.1kg #2Se 2034 Geiger cells with
; 4 4 He, Ar, ethanol mix

TRISEP 2024 O0vBB  ~ Jeanne Wilson 51



SuperNEMO shielding

e Source #detector

' . Modane Underground
Iron y shielding  Neutron shield laboratory

* Great care with incoming
backgrounds

e U&Thin lab rock walls —
shielding

e Radon in lab air —» anti-radon
system

Pair creation Double Compton Compton + Méller

source source

foil
"<

B-decay + B-decay +
internal conversion Maller Compton

TRISEP 2024



Experiments

* There are many experimental contenders
* Different strengths and weaknesses / challenges

* Require significant investment and international collaboration

* Complementarity important for discovery:

* Differentisotopes
* Different techniques / locations

TRISEP 2024 ovpp Jeanne Wilson
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Top Trumps

* SNO+ « AMORE

e KamLAND-Zen « PANDA-X

e LEGEND e Selena

* NEXO  EXO-200

* NEXT-HD e Gerda

* NEXt-BOLD * Majorana

e CUORE demonstrator
« CUPID * NEMO-3

* SuperNEMO

https://tinyurl.com/BBTopTrumps

TRISEP 2024 ovpp Jeanne Wilson

‘ LW Lo \ 1 -
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https://tinyurl.com/BBTopTrumps

TRISEP 2024 ovpp Jeanne Wilson
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Summary - lecture 2

* How the rate of OvS [ relates to neutrino mass
e Matrix element uncertainties

* How the rate of OvS [ relates to experiment design
* Choice of isotope, mass

* Experimental challenges
* Backgrounds! Backgrounds! Backgrounds !

* Experiment Examples
* Liquid scintillator: isotope loading, reconstruction, background rejection
« HPGe: PSD and energy resolution, readout
 Xe TPCs: Track information, daughter tagging
* Bolometers: cryogenics, surface backgrounds
* Separate source, tracking + calorimetry: shielding and radon suppression
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