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Overview
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Neutrino mixing
'I'he nature of neutrinos: why does 1t matter?
Neutrino (-less) double beta decay
<= Matrix elements, phase space and lifetime
Experimental techniques
<= SNO+: the large-scale liquid scintillator approach
<= A word on sensitwity calculations

Status of the field = future goals (probing MH)
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< Absolute neutrino



What 1s Lelt?
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< 'T'he very nature of the neutrino:

s the neutrino its own antiparticle?
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T'he very nature of the neutrino:

s the neutrino its own antiparticle?

Absolute neutrino mass
Neutrino mass hierarchy

Neutrinos as a probe (the Sun, the Earth)
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Neutrinos as a probe (the Sun, the Earth)
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Neutrinos as a probe (the Sun, the Earth)

Precision neutrino measurements (oscillations)
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<= If a particle has mass, can always boost to a frame 1n which

helicity thps
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Helicity: a briet reminder

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

<= Orientation of spin relative to momentum

——— RH LH—>

<= If a particle has mass, can always boost to a frame 1n which

helicity thps

QVQW%» =

= Discovery of non-zero neutrino mass

= can have a RH v <Ol" LH V> Thanks to J. Conrad &

L.. Winslow for cartoons!



Neutrino Interactions
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<= The only known fermion with
the potential to be its own
antiparticle

< Define Ve and Ve by interaction with

charged leptons (e?)

< Introduce a conserved ‘charge’ _
= lepton number Ve -
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Majorana VS Dirac

Ditterent helicity Ditferent

state of same particle particles




Neutrino Interactions
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<= The only known fermion with
the potential to be its own
antiparticle

Majorana VS Dirac
Ditterent helicity Ditterent
state of same particle particles

So what?



Dirac vs Majorana
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<= T'here 1s no Standard Model until we understand how
neutrinos acquire mass

< Dirac < Majorana

Requires global U(1) Simplest M term 1s 5D
symmetry to be

fundamental (lepton #) Cannot be explained by “standard”

Yukawa Higgs coupling

Really? .
Not renormalisable!

= matter and antimatter

smdamentally different => not the most fundamental
/ 0 theory
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2v Double Beta Decay
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Rare process

Occurs in ~50
nuclear 1sotopes

Single-[3 decay
energetically
distavoured



2v Double Beta Decay
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Double Beta Decay

(AZ) =
(A,ZA+2) +2e + 2ve



Ov Double Beta Decay
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Double Beta Decay Neutrinoless Double Beta Decay

(A7) — (AZ) =
(A,Z+2) +2¢ + 2v; (A,ZA+2) +2e



Ov[3[3 Signature
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Energy Spectrum



Ovf33 Decay Rate
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/ me
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Nuclear Matrix Element
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Phenomenological correction
Accounts for use of nuclear models
to esimate NME

Taken from single-[3 decay

Some controversy over value
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Ov33 Decay Rate
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L= (Tys) =G

Phase space factor /

Well defined
Nuclear Matrix Element Etfective
Not so calculable Neutrino Mass

2 .

0 ng ¥ 0 Probes absolute neutrino mass scale

M™Y = | ==— M*™" Also sensitive to mass hierarchy

ga

Phenomenological correction Mas — —
Accounts for use of nuclear models Bp ZL: et

to esttmate NME
. L 2 2 (X"
Taken from single-[3 decay — cos” 019 cos” 013" “m4

Some controversy over value , : , o
—+ sin” VAL cos? Glgewmg + sin? 03¢ 22577?,3



Ov[3[3 Phase Space

mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm

Normal (NH)
Vi [T

A
2
107" AM -
%) : é) 2 \ 4
10 : Am?
_ 10 2 : CB_) - v, I i
€ s .
¥
= Inverted (IH)
102 5 _ v,
' 161 Vi T
|| o 1g |
: — 20 || 4
: 30
10_4 | | | 1 ||||| | | | 1 1 ||||| : T I T T T Am232
107 107° 1072 10~ 1
mmin [eV] v
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Isotope Choice

Natural Mo | | Gov | ! g Rl

abundance (10%yeV?)  (107y)
Ge 1\24?/ 7.8% 4.15 £ 0.65 4.09 0.95 1.0
82Se 1\3/[38/ 9.2% 3.75 £ 0.45 0.93 0.26 3.3
130T 1\2/123/ 34.5% 3.60 £ 0.15 0.59 0.18 3.1
136X e 1\2/[;}3 8.9% 2.95 £ 0.25 0.55 0.25 2.1
ONd 1\3/15\7/ 5.6% 1.85 £ 0.55 0.13 0.15 3.3

Sense and Sensitivity of 3f3 expts: arxiv/1010.5112
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Daifterent
techniques
can give
quite
different
results for

NME

76G€ 828e 130T€136X€ ISONd

Sense and Sensitivity of 33 expts: arxiv/1010.5112
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Isotope Gomparison
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mpp corresponding
tolevent/ 1/ yr

R.G.H. Robertson Mod. Phys. Lett. A, Vol. 28, No. 8 (2013) 1350021



Isotope Gomparison
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R.G.H. Robertson Mod. Phys. Lett. A, Vol. 28, No. 8 (2013) 1350021



Plot

geometric
mean of

NME at
o A=1

Isotope Gomparison
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R.G.H. Robertson Mod. Phys. Lett. A, Vol. 28, No. 8 (2013) 1350021



Individual
NMEs
against
specific

phase
space

Isotope Gomparison
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R.G.H. Robertson Mod. Phys. Lett. A, Vol. 28, No. 8 (2013) 1350021



Experimental Challenges

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

< Large mass (signal stats)

Ultra small signal = + Low bkg
<= Deep underground
< Purihication
<= Bkg ID methods

<= (Good E resolution

< Multiple 1sotopes

< Various technologies



Experimental Techniques
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1. Source external to detector 9. Source iternal to detector

e.g SupertNEMO e.g. Gerda, M}J, CUORL, EXO,
SNO+, KL-Zen

+ event topology, bkg 1D + detector M, resn, acceptance
- detector M, resn, acceptance - topology, bke 1D

Model testing Discovery



Experimental Techniques

Approach

* Self-shielding: low ext bkg
Large self-shielding e Fasily scalable to large M
Calorimetry * Source in / source out caln
 High detection efficiency

e Relatively poor E resn

* Relatively easy to enrich

Xe TPC * No long-lived r/a 1sotopes

Qpp (2.46MeV) close to 208T1

° 0/o-
* Scint + 1onisation signals fo-level Eresn
High-resolution o Excellent E resn ’ o trackl.ng
: . * Ltd bkg suppression (exc E)
calorimetry ’ Stmple, compact e  Reduced self-shielding

* Low detection etficiency
'Iracko-calo expt ° Good bkg rejection . Low E resn
. Very hard to scale




Experiments

Approach Technology Experiment Isotope

Large self I KamILAND-Zen, 136Xe
hield; * [sotope-loaded liquid SNO+, 1301e
SHICIOING scintillator XMASS, 136Xe

calorimetry CANDLES 48Ca
. . . EXO0-200, 136Xe

Xe TPC . }Ifq‘“d e nEXO 136Xe
igh-pressure gas | NEXT 136Xe

. CUORE 130Te

High-resolution |¢  Bolometers : GERDA, 76Ge

Calorimetry ° Tonisation MAJORANA, 76Ge

COBRA 130Te, 116Cd
e  Tracking with *  SuperNEMO, .

Iracko-calo expt external source MOON Mulaple




Controversial Signal
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Heidelberg-Moscow "°Ge experiment

71.7 kg year

2004: 0.17 ct/kg-yr-keV
T10=1.19x10%yr, 420

2006: “almost no y background”
T2 =2.23x10%yr, >60
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Enriched °Ge crystal array
LAr bath (shielding)

Refturbished Ge diodes from
HdM / IGEX

Phase I: 18kg (14.6kg)
21.6 kg yr

TVi2> 1.9 x 102 yr
90% CL (Bayesian)

arXiv:1307.4720 2013) 07/2013
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Enriched "°Ge crystal array
LAr bath (shielding)

Refurbished Ge diodes from
HdM / IGEX

Phase 1: 18kg (14.6kg)
21.6 kg yr

TVi2> 1.9 x 102 yr
90% CL (Bayesian)

Combine with other Ge:
TVi2>3 x 102 yr

arXiv:1307.4720 2013) 07/2013
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Enriched "°Ge crystal array
LAr bath (shielding)

Refurbished Ge diodes from
HdM / IGEX

Phase 1: 18kg (14.6kg)
21.6 kg yr

TVi2> 1.9 x 102 yr
90% CL (Bayesian)

Combine with other Ge:
TVi2>3 x 102 yr

arXiv:1307.4720 2013) 07/2013



MAJORANA (Demonstrator)
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M]JD: 40kg prototype
(Goal: tonne-scale

Advanced High-purity
Ge detector

J. Detwiler

900 — 1 count/ROly

Electroformed Cu cryostat

8001 ------ 4 counts/ROItYy

Mod. Phys. Lett. A 21 (2006), p. 1547 (3): (1.30-3.55) x 10% years

Electroformed Cu/Pb shield

a o N

Under construction in SURF

(m_ ) sensitivity (90% CL) [meV]

Bp

Goal: 1 bkg/ton-keV-yr ™

co
-
o
N
o
w
o
&l
o

Exposure [kg years]

I
50 60 70 80 90 100
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Cryogenic Bolometry
19 towers suspended in a cylindrical structure

13 levels, 4 crystals each
3x5x5 cm? (750g each)

130Te: 33.8% natural 1sotope abundance

750 kg TeO, => 200 kg *'Te

New pulse tube refrigerator and cryostat

Radio-purity techniques and high resolution
achieve low backgrounds

Joint venture between Italy (INFN) and US
(DOE, NSF)

Under construction (expected completion by
~end of 2014)



CUORE Sensitivity
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Background AE.,,. T, m_ [meV]
[c/keV/kg/y] [keV] |yl @ 68%C.L.|R(QRPA)" pn(QRPA)’ ISM° IBM-2¢
0.01 5 2.1x10*° |35+-66 41-67 6582 41
0.001 5 6.5x10% |20+-38 23+38 3747 23
5-year sens itivity g B zU::En:1 z;s:/:ewg/y .........................................................................
Assumes SkeV FWHM  B'7E  cocumecuoneo [ i s
resolution e [ i St RS SR SO
First tower assembled in - G810%Ess s s e
prototype (Cuoricino) EEERRN IO SN Y A O AN SN I
cryostat SRS NSO SO ST SO SR SRR Y
Taking data now
(CUORE-0) s R R VA R
Will operate ndil start of ]]]]
3 4 5 6 7

CUORE

Live time [y]



EXO-200
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/
%

TPC: 1onisation + scintillation

200kg enriched L.Xe (80.6%0)

/
X4

< Prototype for 1'l-scale



EXO-200
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/
L

TPC: 1onisation + scintillation

= 200kg enriched L.Xe (80.6%)

o

< Prototype for 1'l-scale

Gamma

< Phase I: 120.69 days (32.5 kg-yr)
Electron, T(%)Vﬁﬁ (136X6) > 1.6 X 1025 yt
23

< mgpg > < [140,380|meV

PRL 109 032505 (2012)
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/
%

Gaseous TPC: tracking

o

= 1% energy resolution

D

<= Prototype for 100kg-

scale 1n operation at

LLBNL

NEX'T-100



KamlLAND-Zen
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< Large-scale LS, [.Xe enriched to 91%

< 179kg, 112.3 days + 120kg, 101.1 days

PRL 110.062502 (201%)



KamlLLAND-Zen
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TP (156Xe) > 1.9 x 10% yr

2

T <mgg > < [161, 334]meV

EXO200 < mgg > < [128,349]meV

PRL 110.062502 (201%)



KamlLLAND-Zen
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TP (156Xe) > 1.9 x 10% yr

NME:
KLZ
EXO-200

2

< mgg > < |161,334

<mpgg > < [128, 349

meV

meV

TvPB (**°Xe) > 3.4 x 10%° yr

2

< mgg > < [120,250|meV
< mgp > < [96,261|meV

PRL 110.062502 (201%)



SuperNEMO
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SuperNEMO

Isotope 325e, 100Mo

7kg 100-200kg
Resolution 8% (FWHM) | 4% (FWHM)
(BMeV) |
20 modules e
. Efficiency 189/, ~30%
vent topology (OvR)

= model testing > 2x10%*yr  |> 1-2x 100 yr

Demonstrator ~2014 RSNl < 03.1.0cV |<40-140 meV




12m
acrylic
vessel

1k'T DO

™~

68001t level
5390 m.w.e.

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

e 1.7k +
5.3k'T
H-O bultter

<« 9500 PM 15,
60%o coverage
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¢ 1!
a
Vi ter
: AVAILABLE
Basement space! Six million cubic ft., large deck,
showers. Laundry facilities and a/c. Just 10
min. walk to elevator access. V. low radon, °ra)ge
* Ol shielding from dangerous “cosmic’ radiation.

e )H8Yu m.w.e.
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N Re-use SNO detector
Il Replace DO with liquid scintillator [EEst
+ minor upgrades

o 1]
Basement space! Six million cubic ft., large deck,
showers. Laundry facilities and a/c. Just 10
min. walk to elevator access. V. low radon, - )
‘ . 11 . . . -Tage
* O shielding from dangerous “cosmic’ radiation.

e HBYU m.w.e.



Scintillator Development
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In use 1n reactor & other experiments
Chemically compatible with acrylic

High flash point, low toxicity

Readily available (used in detergent production)
Loading of metallic 10ns to few %o, stable for 3+ yrs
High light yield (10,000 y / MeV)

Decay times: a-[3 separation

NIM A 578 (2007) 329-339

Number of events per bin

NIM A640. 119-122 (2011) Time [ns]

Number of events per bin

Peak/total ratio



World’s Largest Spherical Lens?
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World’s Largest Spherical Lens?



Electronics & DAQ

New custom crate-readout cards 1n each crate
Each crate now has local intelligence

Autonomously push data to central
switch via TCP/IP

Max data rate for SNO: 2.4MBits/s
SNO+: 250 MBits/s
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New custom crate-readout cards 1n each crate
Each crate now has local intelligence

Autonomously push data to central
switch via TCP/IP

Max data rate for SNO: 2.4MBits/s
SNO+: 250 MBits/s

High rate/occupancy

=> need new trigger board
Low power dissipation
Reduce deadtime
Larger dynamic range
+ Auto retrigger
+ Remote crate disconnects



Electronics & DA

New custom crate-readout cards in each crate
~ Each crate now has local intelligence

Autonomously push data to central
switch via TCP/IP

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Max data rate for SNO: 2.4MBits/s
SNO+: 250 MBits/s

High rate/occupancy Plus:

=> need new trigger board New interface board
Low power dissipation CAEN digitizer board
Reduce deadtime New GPS
Larger dynamic range recelver

+ Auto retrigger
+ Remote crate disconnects






New underground facility
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Multi-Faceted Physics Program
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Solar neutrinos
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Solar neutrinos
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Energy / MeV
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Events / kTonne-year

Multi-Faceted Physics Program
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Solar neutrinos

=— Sum == 228Ac
SB - - 210Bi
— Be -~ 212Bip
- = 214Bi
gg)o 40K
— - - 234Pa
By Reactor
- - 212Po

- - 208T1

antineutrinos

1.8 20
Energy / MeV

Geoneutrinos



Events / kTonne-year

Mult-F a(:eted Physms Program
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Solar neutrinos

=— Sum == 228Ac
B - = 210Bi1
—— 7Be 212B¥ B
- - 214Bi
— gg)o 40K
- = 234Pa
214Pb

- - 212Po
208T1

1.8 20
Energy / MeV

Geoneutrinos

Reactor
antineutrinos



Mult-F a(:eted Physms Program
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Solar neutrinos

Events / kTonne-year

= Sum
8B

- 7Be
CNO

— PP

== 228Ac
- - 210Bi

- - 214Bi

- = 234Pa

- - 212Po

212Bi B
40K
214Pb

208T1

1.8 20
Energy / MeV

Geoneutrinos

Reactor
antineutrinos

Invisible modes of
nucleon decay
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OvBR with SNO+

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

Large target mass, easy scaling

Fiducialisation = self-shielding

Low backgrounds (dominated by 8B

solar neutrinos)
Spectral fitting improves sensitivity
High detection etficiency

Source 1n / out calibration

Isotope goes here =~



ISO’I‘e VS ISONd

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

OOOOOOOOOOOOOOOOOOOOOOOOO

High natural abundance
=> high loading w/o

enrichment

2v rate 100x lower
=> lower bkg, less sensitive to

pOOT energy resn

R /A background rejection at
99.9% (coincidence tag)

Improved optical properties
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SNO+ Optics

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

Higher intrinsic light yield
Nd-LS (0.5%): 8400 y / MeV
Te-LS (0.5%): 9400 y / MeV

Optically clear: no abs peaks
Use of WLS to shift to high-A

OOOOOOOOOOOOOOOOOOOOOOOOOO

Nd-LLAB
Te-LAB

PPO emission

PMT QFE
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QIOPb
210P,

U chain
'1'h chain

SNO+ Backgrounds

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

Cosmogenic
e.g. 1C

External
AV, PMTs, HyO,
ropes

LS, AV leaching,

internal ropes

Internal



Background Mitigation
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Background Mltlgau()n
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Several a, 3 emissions
ID using coincidence

95-99 9% rejection

QQQQQQQQQQQ

0000



Particle Identification

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

Determine particle
ID from PM'T hit-
time residual
distribution

>99.9% a-f

separation from
Likelihood ratio test



Coincidence Rejection

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

Time residual (ns)

OOOOOOOOOOOOOOOOOOOOOOOO

Identity coincidences by timing

212B1
— 212Po + 3
— 208Pb + a T = 300ns

Simplest case:
a and [3 fall in separate event
windows

= 100% [3 rejection purely by
coincidence tag



Pile-Up Rejection

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

- Determine particle 1D from
212B1-212P0  pyrr b time distribution

Instead of a vs [3

Consider a+f3 vs 23

1301e

Likelihood ratio in hit-time residuals
Constrain fit with known a/[3
energy ratio



Pile-Up Rejection

B i B B b L L B B b b B b B R Ll b B Bl bl Ll B B b B b B B L B B b Bl bl LR B B b b b B b B B B b L b LR R B b b



Pile-Up Rejection
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Pile-Up Rejection

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

100% rejection of 100,000 BiPo pile-up events
0% sacrifice of 10,000 Te events



Purification
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* Mulu-stage distillation ~ * Ny / steam stripping

Removes heavy metals Removes Rn, Kr, Ar, O

Improves UV transparency o

Dual-stream PPO distillation Water extraction

Removes Ra, K, B1

Distillation  Water extraction * Metal scavenging
Removes Bi, Pb

* Microfiltration

Removes dust

e.g. "Co reduced to 2.7x10°
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Calibration Programme

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

Comprehensive source list
Minimalist deployment plan (risk 222Rn contam)
Camera system for source positioning

Plus optical sources



Cherenkov Source

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ s I
g 1l ;
Cherenkov-light source ) -
= Measure PM'I" optical response -
Indep CI11 dC Ilﬂy Of S ClntlllatO I p rOp C rti CS ] A - =t == e B
e LGB spheer A

Isotropic Clean, clear, fast
scintillation event Cherenkov ring



Huighlights
SNO+ Status
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* Rope net installation
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Huighlights
SNO+ Status

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

* Rope net installation complete

* (leaning complete: the superheroes of SNO+
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Huighlights
SNO+ Status

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

* Rope net installation complete
e (leaning complete
* Electronics upgrade complete

e (Cameras installed
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Huighlights
SNO+ Status

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

* Rope net installation complete
* (leaning complete

* Electronics upgrade complete
* (ameras installed

* Successtul "air-fill’ running



Air-Fill Data: Our First Muon

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO



Air-Fill Data: Richie finds a ladder

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO



Aiar-Fill Data: Day Shift, Oct 31st

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO
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* Wiater 1n the cavity!



Huighlights
SNO+ Status

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

* Rope net installation complete
* (leaning complete

* Electronics upgrade complete
* (ameras installed

* Successtul "air-fill’ running

* Water 1n the cavity!

* Stephen Hawking comes to visit















Physics Plan
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nucleon
Light Water fill decay
(Nowl!)
o initial E
Scintillator fill Solar Sk ©
(Summer 2014) S
-
®
Te-loaded scintillator Phase | =
(Late 2014) pp -
Pure scintillator (11) detailed
(20177) solar study

Phase Il pp? Other ?




SN O+ Sensitivity

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

Assumptions:

<= 100% detection
etficiency

)
L

Background
rejection
efficiencies

AV/PMT r/a at
SINO-proposal

levels

/
o

)
X4

3 Input parameters: 0.3% natural Te

mpp = 270meV 2 years live time
NME = 4.03 (IBM-2) Optics from ex-situ (Penn/BNL)

G =3.69x 10 /y (ga =1.269) <= 3.Om fiducial volume (20%b)

)

X4
)
X4

)
X4

)
X4

9
L



Requirements tor Ov[3[3 Sensitivity
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Requirements tor Ov[3[3 Sensitivity
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(1) Short halt-life for given neutrino mass

a) Large phase space tactor

b) Large NME




Requirements tor Ov[3[3 Sensitivity

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

(1) Short halt-life for given neutrino mass
a) lLarge phase space factor
b) Large NME

(2) Low background in ROI

a) High Q value (above r/a bkg)
b) High Ov/2v ratio and/or good F resolution

c) Background rejection techniques



Requirements tor Ov[3[3 Sensitivity

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

(1) Short halt-life for given neutrino mass
a) lLarge phase space factor
b) Large NME

(2) Low background in ROI

a) High Q value (above r/a bkg)
b) High Ov/2v ratio and/or good E resolution

c) Background rejection techniques

(3) Large number of atoms of target 1sotope

a) Low cost per mol

b) High nat. abundance
or low enrichment cost
or low detector cost (iff detector 1s source)
or detector unaftected by large quantity of i1sotope



Sensitivity Galculations
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In(2) Naane [ Mt

—— [ (0F)

TOI/ _
1/2 Ny %4 boFE




Sensitivity Galculations
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< Standard sensitivity calculation:

In(2) Naane [ Mt
Ny %4 bSE

T1/2 — f (OE)



Sensitivity Galculations
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< Standard sensitivity calculation:

Exposure time

fOE)

In(2) Naane | Mt
Ny %% bSE

Number of sigma

T1/2 —

1. Fixed factors



Sensitivity Galculations
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< Standard sensitivity calculation:

Isotopic abundance

Exposure time

fOE)

In(2) Naane | Mt
Ny %4 bSE

Number of sigma Molecular weight

T1/2 —

1. Fxed factors
2. Isotope-dependent



Sensitivity Galculations

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

< Standard sensitivity calculation:

[sotopic abundance Total mass (target e.g. TeO2)

Detector efficiency Exposure time
In(2) Naane | Mt
Ne |44 boE

Number of sigma Molecular weight

Tlo /1/2 — f (5 E ) Signal acceptance

Energy ROI

Background rate

1. Fuxed factors
2. Isotope-dependent

3. Experimental techmque



Sensitivity Galculations

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

< Standard sensitivity calculation:

[sotopic abundance Total mass (target e.g. TeO2)

Detector efficiency Exposure time
In(2) Naane | Mt
Ne |44 boE

Number of sigma Molecular weight

f (5E ) Signal acceptance

Energy ROI

Ov __
Tl /2 —
Background rate

1. Fuxed factors Assumes

2. Isotope-dependent backgrounds scale

3. Experimental technique with target mass



Sensitivity Galculations
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B(SE) =b M 6E t



Sensitivity Galculations
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< If backgrounds scale with mass: B(0FE)=bM 6FE t
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Sensitivity Galculations

mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm

<= If backgrounds scale with mass: B(0FE)=bM 6FE t

< It backgrounds do not scale with mass:
B(OE)=(bM + ¢) 0E t
< = more accurate formula:

ln(2) Nz’sotope t
N VOM + C) dE t

Tlo/yz — f(OF)




Sensitivity Galculations
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< If backgrounds scale with mass: B(0FE)=bM 6FE t

< If backgrounds do not scale with mass:
B(OE)=(bM + ¢) 0E t
< => more accurate formula:

lTL(Q) Nisotope t
N V(OM + C) dE t

Tlo/yz — f(OF)

b: 2v, cosmogenics, LS cocktail



Sensitivity Galculations

mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm

< If backgrounds scale with mass: B(0FE)=bM 6FE t

< If backgrounds do not scale with mass:
B(OE)=(bM + ¢) 0E t
< => more accurate formula:

ln(2) Nz’sotope t
N VOM + C) dE t

Tlo/yz — f(OF)

b: 2v, cosmoagenics, LS cocktail
¢: 8B, external ys (AV, PMIs), LAB < dominant!



Sensitivity Galculations

mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm

< It backgrounds scale with mass: B(0FE)=bM 6FE t

< It backgrounds do not scale with mass:
B(OE)=(bM + c) éE't

<= => more accurate formula:

U in(2) N 1sotope t

Ty = Tt f (6F)
N VOM + C) dE t

b: 2v, cosmoagenics, LS cocktail

¢: 8B, external ys (AV, PMIs), LAB < domunant!

bM < C = mpg scales with M!/? NOT M!/*



Status of the F 1eld
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Status of the Field
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Status of the Field
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An Alternative View
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<= More direct

comparison of

2 1sotopes

< (hallenging

when we have
data from 3+...

T,, °Ge (yr)

PRL 110.062502 (2013)
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Future Plans: Probing the MH?

mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm

1 : | | | ' TTTIT | | | ' TTTIT | | | ' TTTT | ] | | | ' TTT
GERDA limit - E
KI.-Zen Iimit
EX0-200 limit
10_1 =
— L O 1
3 g
=y 10_2 : 9 _E
£ S ]
L O |
L 1
T
107 3, E
i | — 1ol
i : — 20 ||
: 30
1 0—4 | | | 1 1111 l l | | | 1 1 111 | 1 1T 11
107 1073 1072 107" 1

Mmin [eV]
S. M. Bilenky & C. Giunti, Mod. Phys. Lett. A27, 1230015 (2012)



Future Plans: Probing the MH?

mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm

1 ! T T TTTI ! T T TTTI ! IIIIIII|

GERDA limit
Kl.-Zen limit

EXO-200 limit

MJD projection 4o-1 .
— e I
3 2
_ 10° 3 =
3 S ]

e |
L ]
I

107 3. 3
I | — 10]]
i : — 20 ||

: 30

10—4 | | | 1 11 III l | | | 1 1 11 I| 1 1T 11
107 1073 1072 107" 1

Mmin [eV]
S. M. Bilenky & C. Giunti, Mod. Phys. Lett. A27, 1230015 (2012)



Future Plans: Probing the MH?

@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@

1 ! T T TTTI ! T T TTTI ! IIIIIII|

GERDA limit
Kl.-Zen limit

EXO-200 limit

MJD projection 4o-1 .
CUORE projection |
— Q) I
3 2
_ 10° 3 =
£ S
e |
L O ]
N

107 3. 3
i | — 1o
i : — 20 ||

: 30

1 0—4 | | 1 1 1 111 I I | | 1 1 1 111 | 1 T 11
107 107° 1072 107" 1

Mmin [eV]
S. M. Bilenky & C. Giunti, Mod. Phys. Lett. A27, 1230015 (2012)



Future Plans: Probing the MH?

@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@

1 ! T T TTTI ! T T TTTI ! IIIIIII|

GERDA limit
Kl.-Zen limit SNO+

natural Nd

EXO-200 limit

MJD projection 4o-1 ]
CUORE projection |
— Q) I
3 2
_ 10° 3 =
£ S
e |
L O ]
N

107 3. 3
i | — 1o
i : — 20 ||

: 30

1 0—4 | | 1 1 1 111 I I | | 1 1 1 111 | 1 T 11
107 107° 1072 107" 1

Mmin [eV]
S. M. Bilenky & C. Giunti, Mod. Phys. Lett. A27, 1230015 (2012)



Future Plans: Probing the MH?
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Running Approved R&D
Current / Proposed Experiments

Experiment Isotope Mass [kg] 1™i/9 [y] mpp [meV] Timescale
CUORE-0 o 11 Ox 1024 170-390 9013-2015
CUORE ¢ 206 1x1026 50-120 9014-2019
GERDA-I 15 9102 9200-650 9010-2013
GERDA-II 6Ge 40 951026 65-200 9013-2015
%G ERDA-III 1000 6x 1027 10-40 9016-2025
MJD oGy 33 9x 102 94-300 9013-2014
#\AJORANA © 1000 6x 1027 10-40 92016-2025
EXO0-200 P 200 6x 102 130-190 9010-2014
nEXO © 5000 9% 1027 11-30 9015-2025
SuperNEMO 82Gc 100-200 (1-2)x1026 40-140 9013-2019
400 4% 1026 40-80 9011-2013
_ 136
KamLAND-Zen Ke 1000 ~1027 95-50 9014-2016
300 9014-2017
130 ~ ~
SNO+ le 8000 9017-2020
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Open Questions

@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@

PO

= Most current-generation experiments will ~reach the 1H

@

<+ Next-gen experiments should aim to cover the 1H

* No demonstrated technique (need R&D)
% Hugely costly ~ O(§50M - §500M)
* 2020-2025

% Tume pressure (correlated to other hierarchy expts)

PO

> We may need a plan for covering the NH
*  No suggested technique for achieving O(ImeV)

* No guaraniees (myp can go to 0) PRD 87 071301(R) (2013)



SNO+ Future Direction (?)

ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

0.3% run: prototype for multi-1" experiment

WLS R&D:
< Increase light yield

< Reduce correlation loading/optics

Upgrade path:
< Replace PM'Is e.g R5912-HQFE plug-and-play (34%)
< Replace concentrators

Pie in the Sky...
<= Move PMIs to cavity walls

— 8KT volume “vessel”



Neutrinoless Double Beta Decay
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Neutrinoless Double Beta Decay
n summary

What it could tell us about the neutrino:
Majorana vs Dirac
Absolute mass scale
Neutrino mass hierarchy
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Matter-antumatter asymmetry

GUT-scale physics
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Neutrinoless Double Beta Decay
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What it could tell us about the neutrino:
Majorana vs Dirac
Absolute mass scale
Neutrino mass hierarchy

What 1t could tell us about the Standard Model:
How particles acquire mass (Higgs or non-Higgs??)
Matter-antumatter asymmetry

GUT-scale physics
Experimental approaches

What will 1t take for tuture discovery?
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