Neutrinoless BB decay: physics that matters o

(...but doesn’t antimatter)
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In the beginning was...

How did we get this imbalance?
T . would CREATE matter...

... tells us about the (that isn't there)...

... and could help us measure its
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double-beta decay
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Neutrinoless double-beta decay : the smoking gun for Majorana
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OvBf could tell us about neutrino mass

1 <m55>2 Effect]
OvBB rate = TOvBB Gow(Qps, Z2) | Mov|* M2

1/2

Phase space

Nuclear matrix
factor

element
(hard to calculate)
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OvBf could tell us about neutrino mass

1 mag)”
OVBB rate = —goa7 = Gou(Q s, Z)| Moy |2 1088

2
T, Me

mBB o ClZClBrnVl + 312C13mv23 ¢12+513mv38 P13
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OvBf could tell us about neutrino mass

1 mag)” PMNS mixing angles/phases
OvBB rate = —4. 53 :GOI/(Qﬁﬁgz)‘ng‘2< 552> / l 0 gl P \

T, Me

2 2 2 2 ] 2 i
Mgp = CiaCiaM,, + SiaCiam, e'P2+siim, e'Pis
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OvBf could tell us about neutrino mass

1 mag)’ PMNS mixing anqgles/phases
OvBB rate = —5,35 = Gou(Qw,Z)\Moy\2< 50) J angiesp

et
mBB = C122 012.3. + 5122 0123.8 iP12 +s%3.ei¢13

| | |

Individual neutrino masses
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OvBf could tell us about neutrino mass

1 mag)” PMNS mixing angles/phases
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Ov3B rate =

"
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OvBf could tell us about neutrino mass
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Adapted from PRL 117, 082503 (2016)
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Looking for Ov33

Arbitary units

Some fraction of energy

2vBPB spectrum goes to neutrinos

0.0 0.2 0.4 0.6 0.8 1.0
D Eee / Qpp

Sum of the 2 electron energies, as fraction of B3 decay energy
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Looking for Ov33
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Looking for Ov33
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Choosing an isotope

“Short” half-life

0755 = Gou(Qpp, 2)| Mo, |
1/2
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Choosing an isotope

« “Short” half-life

- Lots of isotope

mass of source

material
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Choosing an isotope
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Natural Abundance (%)

— » Better

Backgrounds include
- 214Bj and 208T] - 3-emitting daughters of U & Th

- Particular danger from radon
+|rreducible 2vBf background



Choosing an isotope

Better *°°r
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Choosing an isotope

Better %
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Choosing an isotope

Liquid-Xe TPC

] Kamioka, Japan

Xe-doped liquid scintillator

homemade~atas.org

Large detectors with hundreds of kg of isotope (136Xe)
KamLAND-Zen has current best Ov3[3 half-life /mgs mass limit
T1/2 > 1.07 x 1026 years ( <mpp) < 61-165 meV)

Future detectors - nEXO, KamLANDZ2 Zen
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Choosing an isotope

LNGS, Italy

TeO-> bolometers

4000

o
Ol
-
-

Q-Value / keV
o
S
S
=)

o
o)
-
-

1500

homemade~atlas.org

130Te has 34% natural abundance

— 5 Better

TeOq crystals at 10mK heat up when decay occurs

0.2% energy resolution
CUPID adds particle ID

Better *°°r;

o Ca . JINST 13 (2018) no.03, PO3015

o ;"‘Zf ............ ."”?Nd ..... ____________ S

I S T o “Se _g"Mo .

.Ithd '
sEEEEERERRsEEEEEEsRsEEREEREEE PRl
: o B
e 'Sn 3
i 76

2000_“””4.._A_...““””..;A...O}Ge

0 2 4 6 8 10 12

Natural Abundance (%)

14

Cheryl Patrick, UCL

Double Beta Decay



Choosing an isotope
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Better *°%
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SNO+ at Sudbury, Canada
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SNO+ - a new approach for Ovf3f3
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SNO+ - a new approach for Ovf3f3

|

. Yy o 1\
,, Gl ,

Highly economical
130Te is the most economically scalable isotope (high natural abundance);
Liquid scintillator also very economically scalable detector technology!
Potential for dramatic scale-up
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SNO+ - a new approach for Ovf3f3

| 1000 ———— — calculations give different masses
auct25 s for the same half-life
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- Highly economical
- 180Te is the most economically scalable isotope (high natural abundance);
- Liquid scintillator also very economically scalable detector technology!

- Potential for dramatic scale-up
- Allows sensitivity above current leading measurement:
- T12q,88> 2.1€26 years ( mpg < 37- 89 meV ) after 5 years of running
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SNO+ - a new approach for Ovf3f3

Cheryl Patrick, UCL

Different matrix element

1000 T T calculations give different masses
1z g1 18 | ema CRE for th half-lif
13 211y 1S % or the same hali-lite
1 P ¥ o
&)
A |
mgg |e Hh 2 '
T fw 1
(meV) | A SV T E E
T IR e .
100 ‘—{ e N N R R Y S i
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ |
verted ] L L New chemistry developments
Hierarchy | T may make it possible to simply

iIncrease the loading in the
current instrument to achieve this

Highly economical
- 180Te is the most economically scalable isotope (high natural abundance);

- Liquid scintillator also very economically scalable detector technology!

Potential for dramatic scale-up
Allows sensitivity above current leading measurement:

- T12q88> 2.1€26 years ( mpg < 37- 89 meV ) after 5 years of running
Phase Il could reach 1027 years with the same detector but higher loading
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SNO+ - a new approach for Ovf3f3
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Different matrix element
calculations give different masses
for the same half-life

1000

mﬁﬁ 1} ~~~~~~~ I

(meV)

Tt
100 | 4

Inverted ] | New chemistry developments
Hierarchy | e T @ may make it possible to simply

E increase the loading in the
current instrument to achieve this

Highly economical
130Te is the most economically scalable isotope (high natural abundance);

Liquid scintillator also very economically scalable detector technology!

Potential for dramatic scale-up
Allows sensitivity above current leading measurement:

1120088 > 2.1€26 years ( mppg < 37- 89 meV ) after 5 years of running
Phase Il could reach 1027 years with the same detector but higher loading

Concept originated in UK (Biller & Chen, 2012)
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New loading method: Te-butanediol complex dissolves in liquid scintillatorS NQ

- Simple synthesis

- Single safe, distillable chemical
-+ Low radioactivity levels

- Minimal optical absorption

High light levels at 0.5% natle loading
N L

Developed in UK!D w5

See [ereza Kroupova's slides!

Cheryl Patrick, UCL

RAP

Te
OH/ ‘ \O

SePRp

Te Te
(6 o L\OH

O

Natural tellurium is 34% 130Te
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Detector progress S NQ

PHYSICAL REVIEW D 99, 012012 (2019)

e Operating with water from 2017 PHYSICAL REVIEW D 99, 032008 (2019)

Search for invisible modes of nucleon decay in water
with the SNO+ detector

Measurement of the B solar neutrino flux
in SNO + with very low backgrounds

""""""""" TABLE VI. Lifetime limits at 90% C.I. for the spectral and
' counting analysis, including statistical and systematic uncertain-
ties alongside the existing limits.

| —— Sig. + Bkg. Fit
- I Syst. Uncertainty

§ P 60<T, < 15.0MeV
\_f? - “ 5 Spectral analysis Counting analysis  Existing limits
* Invisible nucleon decay n 2.5x 102y 26x 10y  58x 102 y [9]
- Solar neutrinos S p 3.6 x 107 y 34x 107y 2.1 x 10 y [10
. Supernova neutrinos : pp 4T x10%y 4.1x 10"y 50x 107 y[11
O pn 2.6 x 10°% y 23x 1078y 2.1 %107 y [13
nn 1.3 x 10% y 0.6 x 10°% y 1.4 x 107" y [9]

0
-10 08 06 04 02 00 02 04 06 038 1.0
cosB, .

FIG. 4. Distribution of event directions with respect to solar
direction for events with energy in the range 6.0-15.0 MeV.

1

Largest background to Ov[3[3

See Martti Nirkko'’s slides!

Plus other analyses underway

Cheryl Patrick, UCL Double Beta Decay



Detector progress

Operating with water from 2017

Transition to scintillator
happening now

® |nvisible nucleon decay

e Solar neutrinos

e Supernova neutrinos

- Reactor neutrinos (Am?212)
- Geo-neutrinos

Cheryl Patrick, UCL

Scintillator purification plant commissioned
LAB successfully distilled underground
PPO prep underway

No/steam stripping tested

Double Beta Decay



Detector progress

Tellurium loading for 33 due in
2019-20 (1330 kg 130Te)

Invisible nucleon decay

e Solar neutrinos

e Supernova neutrinos

e Reactor neutrinos (Am?212)

e Geo-neutrinos

* Neutrinoless double-beta decay

i
|

01870329
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¥
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w1 20330
o I_l__t-“‘!l%ﬂg..'.'_‘_-‘ PN —— W
% % A 8 & o -
4 / 2 AR e 3

—
S5 Q“’ei‘."‘m \
S %‘“ﬁw“

8 £
£ i
5

Te-diol synthesis
plant construction is
well advanced
(synthesised from
telluric acid)
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Detector calibrations

Water phase: measure

coefficient with light-diffusing

- ” and underwater camera
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Double Beta Decay

See Martti Nirkko's slides! S NQ




N L7

Detector calibrations

Z 11

Water phase: measure

coefficient with light-diffusing assessed vs models with 16N >~
‘ " and underwater camera source along 3 axes: g oot
- Energy scale, resolution

. \Vertex shift, scale, |

resolution

- Angular resolution ’

by
14
|
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See Martti Nirkko's slides! S NQ

16N

SNO+ Preliminary |
= Data
—MC

Data vs MC ]
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i Chi2/NDF = 1.010
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E | pum =3.65+/-0.19
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Data vs:

Y

Cheryl Patrick, UCL

Double Beta Decay



Detector calibrations See Martti Nirkko's slides! S NG

Water phase: measure E E
coefficient with light-diffusing assessed vs models with 16N 5 R
“ " and underwater camera source along 3 axes: g o _vic :
@)
Energy -
Energy scale, resolution spectrum ¥ resolution
: | Data vs MC D

Vertex shift, scale atavs

. ’ ’ . model analytic

resolution response

Angular resolution R N LR A TR E R

- Embedded Laser/LED Light-Injection Entity

. /Lisbon LI system provides a wealth of information
e Aimis to iIngress when source is deployed

)
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-- Pope et al., AO.36.008710 (1997)
-- Mason et al., AO.55.007163 (2016)
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Detector calibrations See Martti Nirkko's slides! S NG

Water phase: measure E E
coefficient with light-diffusing assessed vs models with 16N 5 R
“ " and underwater camera source along 3 axes: g o _vic :
@)
Energy -
Energy scale, resolution spectrum ¥ resolution
: | Data vs MC D

Vertex shift, scale atavs

. ’ ’ . model analytic

resolution response

Angular resolution R N LR A TR E R

- Embedded Laser/LED Light-Injection Entity

. /Lisbon LI system provides a wealth of information
e Aimis to iIngress when source is deployed

)

O
v
.
x
o

’
[

-- Pope et al., AO.36.008710 (1997)
-- Mason et al., AO.55.007163 (2016)
SNO+ Decl7 (Water Phase)

w
=}
o)
et
)

S/
7 1\ ‘
[

AW

Absorption Length (m)

S
\ "\

Absorption Coefficient (1/mm)
o o
(=) 92

—
N

[y
=}

HH\}

i
{\H}H_} {—I—}H;%Iﬂf
P TELE kL cecaa

o
(9]

)
()

450 475 500

Wavelength (nm)

Cheryl Patrick, UCL Double Beta Decay 14



Detector calibrations See Martti Nirkko's slides! S NG

Water phase: measure E E
coefficient with light-diffusing assessed vs models with 16N 5 R
“ " and underwater camera source along 3 axes: g o _vic :
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Energy -
Energy scale, resolution spectrum ¥ resolution
: | Data vs MC D

Vertex shift, scale atavs

. ’ ’ . model analytic

resolution response

Angular resolution R N LR A TR E R

- Embedded Laser/LED Light-Injection Entity

. /Lisbon LI system provides a wealth of information
e Aimis to iIngress when source is deployed
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SuperNEMO and NEMO-3, at LSM, France

supernema°o

Imperial College
' London

Cheryl Patrick, UCL Double Beta Decay 15



The NEMO principle

Strengths

BB Source High-granularity Segmented

(switchable) tracker calorimeter e Source decoupled from detector - use any solid

BB source isotope

| —.  * Jrack reconstruction gives particle identification
e Combine with timings to identify topologies for

: .9, ultra-high background rejection

: [—Lrnergy - 1= e [racking info (angle between tracks) & individual

(\ | | == | energy distributions can distinguish between 5

w// | g L mechanisms
i Weaknesses

e Energy resolution poorer than for most
homogenous detectors
e Doesn’t scale as well as some other designs

Cheryl Patrick, UCL Double Beta Decay



supernemao

NEMO-3 (2003-2011)

collaboration

NEMO-3 "camembert" (source top view)
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results from NEMO-3

2VEPB measurements and OvBB limit

. 8239 (Eur. Phys. J. C (2018) 78: 821)

No. Events / 0.1 MeV

No. Electrons / 0.1 MeV

NEMO-3 - Se (Run 1) - 464 g, 5.25 y

S/B=4.0

—+— Data (4350)

[ External BGs

[ ] Radon BGs

I Internal BGs
I 2vBp Signal
T,,=(9.39£0.17) x 10" yrs
x?/ ndf =9.61/20

eeenennees w-**MMMH‘H» -

0.5 1 15 2 25

NEMO-3 - “Se (Run 1) - 464 g, 5.25 y

3 3.5
E, + E,/ MeV

collaboration

Summed 2-electron spectrum

2V[3[3:
T12 = 9.39 +0.17 (stat) + 0.58 (sys) X 1019 years
(SSD hypothesis)

OvBp:

T12 > 2.5 x 1023 years (90% C.L.)

- —+ Data (2050) $ ok —+— Data (2050)
2001~ [ External BGs s F [ External BGs
180— [ ] Radon BGs » 180 — [ | Radon BGs
160F- I Internal BGs £ 160/ Bl Internal BGs
- [ 2v@3p Signal e I 2vBB Signal
140E 2/ ndf = 35.32/ 16 ; = 2/ ndf = 12.34/ 16
120 S/B = 6.1 120— S/B =6.2
1005— 100—
aoE—H 80—
60 E—X2/ 60}
40— 40;—
205— 20—
- g - =
150 1.5
| B .o oS SO R SR +++++++ ---------- g 1:— ------- —wm*m*+++++¥
05— 0.5 H
0 0.5 1 15 2 2.5 0 0.5 1 15 2 2.5
E, / MeV E,/ MeV
Higher state dominated - many excited Single state dominated - mostly one
states Intermediate state

Individual electron spectrum tells us about intermediate 1+ states

Cheryl Patrick, UCL Double Beta Decay
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results from NEMO-3

2VBB measurements and OvB[ limit
. 828@ (Eur. Phys. J. C (2018) 78: 821)
» 100MM O arxiv 903.08084 [nucl-ex]

- Qver

Ov(3[3

Spectrum

with S/B = 80
and exotic
would modify energy

Limit set on contribution from Lorentz-
Invariance violating events

492 %1077 GeV <

<3.5x 107" GeV (90% C.L.).

Events/0.1 MeV

Residual(c) Data/MC

NEMO-3 ""Mo total
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¢ Data (501534)
2vpp Mo
23 Totbkg

2indi= 21.0/22 = 0.95
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AAAAAAAAAAAAAA

2VE3e

Tie = 6.81 + 0.01 (stat) + 0.46

(sys) x 1018 years
(SSD model)

supernemao
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collaboration
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https://arxiv.org/abs/1903.08084

results from NEMO-3

2VPRB measurements and OvB3E limit

- 828e (Eur. Phys. J. C (2018) 78: 821)

. 100Mo arXiv 903.08084 [nucl-ex] R
- 48Ca (Phys. Rev. D 93, 112008)
. 150Nd (Phys. Rev. D 94, 072003)

+ 116Cd (Phys. Rev. D 95, 012007)
- 130Te (Phys. Rev. Lett. 107, 062504)

. 96Zr (Nucl.Phys.A847:168-179)

- Qver

Ov(3[3

Spectrum
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Limit set on contribution from Lorentz-
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Currently at LSM: SuperNEMO Demonstrator

NEMO-3 SuperNEMO demonstrator
Mass [kg] (main isotopes) 7 (199Mo) 5.3 (%2Se)
T3, [y] 6.8 x 1018 9.4 x 1019
Energy resolution
FWHM at 1 MeV 15 % 8 %
FWHM at 3 MeV 8 % 4 %
Source radiopurity
A(%%8TI) ~ 100 ;Bq/kg < 2 uBq/kg
A(%14Bi) < 300 uBq/kg < 10 uBq/kg
Level of radon A(%%?Rn) ~ 5.0 mBq/m?3 < 0.15 mBq/m?3
Sensitivity after 5 (2.5) y data taking T(1)72 > 10 ¥y Tclh//z > 6 x 10% ¥

Magnetic :
field

supernemao

o=

collaboration

S
-

.”’H’H_mm 3
.“Wh‘fww )-
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Currently at LSM: SuperNEMO Demonstrator

NEMO-3 SuperNEMO demonstrator
Mass [kg] (main isotopes) 7 (1°°Mo) 5.3 (¥2Se)
T3, [y] 6.8 x 108 9.4 x 101
Energy resolution
FWHM at 1 MeV 15 % 8 %
FWHM at 3 MeV 8 % 4 %
Source radiopurity
A(%%8TI) ~ 100 uBq/kg < 2 uBq/kg
A(%14Bi) < 300 uBq/kg < 10 uBq/kg

Level of radon A(???Rn)

~ 5.0 mBq/m?

< 0.15 mBq/m?

Sensitivity after 5 (2.5) y data taking

Ov 24
T1/2 > 10" y

T, > 6 x 10y

Magnetic :
field
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Currently at LSM: SuperNEMO Demonstrator
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34 foils

Enriched Se powder mixed
with PVA

Increased radio purity
through distillation /
chromatography / chemical
precipitation

Source frame holding 6.3kg
of BB emitter (82Se)
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Currently at LSM: SuperNEMO Demonstrator

NEMO-3 SuperNEMO demonstrator
Mass [kg] (main isotopes) 7 (1%°Mo) 5.3 (%2Se)
T3, [y] 6.8 x 1018 9.4 x 1019
Energy resolution
FWHM at 1 MeV 15 % 8 %
FWHM at 3 MeV 8 % 4 %
Source radiopurity
A(%%8TI) ~ 100 uBq/kg < 2 uBq/kg
A(%14Bi) < 300 uBq/kg < 10 uBq/kg

Level of radon A(?*°Rn)

~ 5.0 mBq/m?

< 0.15 mBq/m?

Sensitivity after 5 (2.5) y data taking

Ov 24
T1/2 > 10" y

Ty, > 6 x 10%% y

Cheryl Patrick, UCL
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supernemo

Currently at LSM: SuperNEMO Demonstrator

collaboration
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e 2034 drift cells (13,000 wires!)

e Built and installed by UK team

e UK radon reduction / measurement
programme also used by dark matter

o experiments
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Currently at LSM: SuperNEMO Demonstrator

NEMO-3 SuperNEMO demonstrator
Mass [kg] (main isotopes) 7 (1%°Mo) 5.3 (%2Se)
T3, [y] 6.8 x 1018 9.4 x 1019
Energy resolution
FWHM at 1 MeV 15 % 8 %
FWHM at 3 MeV 8 % 4 %
Source radiopurity
A(%%8TI) ~ 100 Bq/kg < 2 uBq/kg
A(%14Bi) < 300 uBq/kg < 10 uBq/kg

Level of radon A(???Rn)

~ 5.0 mBq/m?

< 0.15 mBq/m?

Sensitivity after 5 (2.5) y data taking

Ov 24
T1/2 > 10" y

T, > 6 x 10y

Magnetic :
field
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Currently at LSM: SuperNEMO Demonstrator
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e 440 8" radiopure PMTs (plus 5”
NEMO-3 PMTs)

e Improved photocathode
guantum efficiency

e Directly coupled to polystyrene
scintillator (no light guide)

e UK Involved in upgraded design A LA

Se (Nucl.inst. Meth. A 866 96-106) 77| [N\ ‘. Calorimeters (optical modules)

Trs.
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Currently at LSM: SuperNEMO Demonstrator

NEMO-3 SuperNEMO demonstrator
Mass [kg] (main isotopes) 7 (199Mo) 5.3 (%2Se)
T3, Iy] 6.8 x 1018 9.4 x 1019
Energy resolution
FWHM at 1 MeV 15 % 8 %
FWHM at 3 MeV 8 % 4 %
Source radiopurity
A(%%8TI) ~ 100 uBq/kg < 2 uBq/kg
A(%14Bi) < 300 uBq/kg < 10 uBq/kg

Level of radon A(???Rn)

~ 5.0 mBq/m?

< 0.15 mBq/m?3

‘Sensitivity after 5 (2.5) y data taking

Ov 2
T1/2 > 10%% y

T‘l)‘/’2 > 6 x 10%4 y

Cheryl Patrick, UCL
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Currently at LSM: SuperNEMO Demonstrator O

collaboration
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: T1/29v > 6 x 1024 years
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Installation progress since last year

Cheryl Patrick, UCL

Double Beta Decay

Calo Wall

Tracker

Tracker

Calo Wall

collaboration




supernemao

Installation progress since last year 1©—

collaboration

1. Trackers joined to calorimeter

wall a

Calo Wall
Calo Wall
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Installation progress since last year

1. Trackers joined to calorimeter

2. Source foils and 207Bi calibration
system installed

Cheryl Patrick, UCL Double Beta Decay

Calo Wall

Calo Wall

collaboration




Installation progress since last year

1. Trackers joined to calorimeter
wall

2. Source foils and 207Bi calibration
system installed

3. Detector closed

Cheryl Patrick, UCL Double Beta Decay

Calo Wall

Calo Wall

collaboration



Installation progress since last year

Cheryl Patrick, UCL

1. Trackers joined to calorimeter
wall

2. Source foils and 207Bi calibration
system installed

3. Detector closed

4. Cabling calorimeter and tracker

Double Beta Decay

Calo Wall

Calo Wall

collaboration




Installation progress since last year

OM

2000

10000

12000 p~

/%" Preliminary

s ———p

ettt =

éééé}xﬁ?‘f::::::: -

Cheryl Patrick, UCL

2

1. Trackers joined to calorimeter
wall

2. Source foils and 207Bi calibration
system installed

3. Detector closed

4. Cabling calorimeter and tracker

9. First commissioning data!

Double Beta Decay

Calo Wall

Calo Wall




Physics goals

OvpPB: Ti2>6 x 1024 years; <my) < 160-400 meV

Cheryl Patrick, UCL Double Beta Decay



Physics goals

OvpPB: Ti2>6 x 1024 years; <my) < 160-400 meV

Exotic OvpBp mechanisms

Extend NEMO-3’s measurements

Cheryl Patrick, UCL Double Beta Decay



Physics goals

OvpPB: Ti2>6 x 1024 years; <my) < 160-400 meV

Exotic OvBB mechanisms

Forentzinvanancelviolationitest

2vBPB: SSD/HSD discrimination at 50 level
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Physics goals

OvpPB: Ti2>6 x 1024 years; <my) < 160-400 meV

Exotic OvpBp mechanisms

Forentz' invananceviolation'te

2vBPB: SSD/HSD discrimination at 50 level

- Axial-vector coupling constant ga Is
quenched in heavy nuclei

. N
¥ ga=1.27 .5 ../gAeﬁ<1 27
/ ./ »

- 2vPBP rate proportional to ga4

—1
(125) = ()" Mg o>

- New KamLAND-Zen paper investigates

Probe nuclear physics by investigating ga

Cheryl Patrick, UCL Double Beta Decay

this quenching nttos:/arxiv.ora/pdf/1901.03871.pdf

idoshiro,’ Y. Kamei,! K. Kamizawa,' T.
L' N. Ota,! S. Otsuka,! H. Ozaki,! Y. Shibukawa,! I. Shimizu,! Y. Shirahata,! J. Shirai,! T. Sato,! K. Soma.

- NEMO'’s topological capabilities mean it
could do even better!




Physics goals

OvpPB: Ti2>6 x 1024 years; <my) < 160-400 meV

Exotic OvpBp mechanisms

Forentziinvarianceiolations

2vBPB: SSD/HSD discrimination at 50 level

Q-Value / keV

Probe nuclear physics by investigating ga

Alternative isotopes: 1°0Nd and °6Zr

Natural Abundance (%)

Cheryl Patrick, UCL Double Beta Decay



Physics goals

OvpPB: Ti2>6 x 1024 years; <my) < 160-400 meV

Exotic OvpBp mechanisms

1
|

|“orentziinvariancelviola;

jon test

2vBPB: SSD/HSD discrimination at 50 level

Probe nuclear physics by investigating ga

Alternative isotopes: 1°0Nd and °6Zr

Cheryl Patrick, UCL

Ov4p: for 150Nd

Double Beta Decay

NEMO-3 placed limit on lepton

number-violating process, which

could affect even Dirac neutrinos
Phys. Rev. Lett. 119, 041801



Physics goals

25000

OvpPB: Ti2>6 x 1024 years; <my) < 160-400 meV
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2vBPB: SSD/HSD discrimination at 50 level
Probe nuclear physics by investigating ga

Alternative isotopes: 1°0Nd and °6Zr

Full SuperNEMO

e Modular design allows easy scaling up

e 20 modules x 5 years (500 kg year) gives
sensitivity comparable or better than current
leading experiments

0V4ﬁ' for 150Nd e Best technique to understand more about

plus proof of concept for...

OvBpB mechanism in the event of discovery

Look to the future...

Cheryl Patrick, UCL Double Beta Decay



Next-generation Ovf33 searches

Bayesian probabillity density fit by D’Agostini, Benato & Detwiler: Phys. Rev. D 96, 053001 (2017)
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Next-generation Ovf33 searches

Bayesian probabillity density fit by D’Agostini, Benato & Detwiler: Phys. Rev. D 96, 053001 (2017)
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Current experiments probe the degenerate regime
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Next-generation Ovf33 searches

Bayesian probabillity density fit by D’Agostini, Benato & Detwiler: Phys. Rev. D 96, 053001 (2017)
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(b) 10, QRPA
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10 - a
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Current experiments probe the degenerate regime
Next-generation will cover full inverted hierarchy region
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Next-generation Ovf33 searches

Bayesian probabillity density fit by D’Agostini, Benato & Detwiler: Phys. Rev. D 96, 053001 (2017)

L TTTITTTT L TT'ITTTT 1 TTIITTTT | TTII-1TI L L B AT

(a) NO, QRPA

L] LI 'TT.IT L] LI VTTn'T 1 LI UTT-I]' 1 L lTT.IT L LI «

(b) 10, QRPA

L 111

107 1
<
= 102
E”:.
10"
10 -
Normal Inverted
hierarchy hierarchy
10 4 - 1 L - 11111 ) P - ILJIi 1 )} . . | l'm ) L - l'Jli ) 2 1 L 12 - 1 1 1 lJ,L'll | ) lJL'll 1 1 1 lJL'll | 1 1 lJL'll 1 10 2
10° 10°* 10° 102 10" 110° 10°“ 10° 102 10" 1

m, [eV] m, [eV]

Current experiments probe the degenerate regime
Next-generation will cover full inverted hierarchy region

When likelihood density is considered, this mass range also covers more than
50% of normal hierarchy probability

Cheryl Patrick, UCL Double Beta Decay
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UK R&D: slow liquid scintillator

Several slow liquid scintillator mixtures developed at Oxford

provide:

- excellent time separation of Cherenkov light to help
reconstruct event topology

- high scintillation light yield for high energy resolution

directional 'S|t(')lrvt
90Sr source scintillator
/ sample
Cherenkov +
scintillation light
Trigger
PMT L ———
(from NEMO-3)

baffle

Cheryl Patrick, UCL Double Beta Decay



UK R&D: slow liquid scintillator

Several slow liquid scintillator mixtures developed at Oxford
provide:
excellent time separation of Cherenkov light to help
reconstruct event topology
high scintillation light yield for high energy resolution

directional 'SItc')Ir't
90Sr source scintillator
sample
Cherenkov +
scintillation light
Trigger
PMT L ———
(from NEMO-3)

baffle

0.06

0.05

0.04

0.03

0.02

0.01

"IIIIIIIIIIllllllllllllllllllll

Early

“— Cherenkov
peak in
forward
direction

Source directed
towards detector

Source directed
away from detector

Cheryl Patrick, UCL Double Beta Decay

Delta T (ns)




UK R&D: slow liquid scintillator

Several slow liquid scintillator mixtures developed at Oxford

provide: 0.06
excellent time separation of Cherenkov light to help
reconstruct event topology 0.05
high scintillation light yield for high energy resolution
SIOW 0.04
scintillator
sample 003
0.02
Just
scintillation light 0.01

Trigger
PMT

(from NEMO-3)

/ baffle
source pointing

backwards

Cheryl Patrick, UCL
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Source directed
Early towards detector
Cherenkov Source directed
peak in away from detector
forward
direction S |
[ Scintillation light is

ISotropic
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UK R&D: slow liquid scintillator

Several slow liquid scintillator mixtures developed at Oxford

provide:

- excellent time separation of Cherenkov light to help
reconstruct event topology

- high scintillation light yield for high energy resolution

slow
scintillator

/ sample

Just
scintillation light

Trigger
PMT

(from NEMO-3)

source pointing

backwards experiments

0.06

0.05

0.04

0.03

0.02

0.01

"llllllllllllll'lllllllllllllll

Source directed
Early towards detector
Cherenkov Source directed
peak in away from detector
forward
direction S |
Scintillation light is

ISotropic

UK SNO+ and SuperNEMO
/ baffle teams collaborating to research
technology for future Ov(33

7

supernemao

|| NJOS

collaboration
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UK future involvement - LEGEND HP76Ge detector

. 1 order of magnitude more
sensitive than current leading
experiments. Neutrino mass discovery
reach .

- Start running , run for 5-7 years.

Cheryl Patrick, UCL Double Beta Decay



UK future involvement - LEGEND HP76Ge detector

Cheryl Patrick, UCL

. 1 order of magnitude more
sensitive than current leading

experiments. Neutrino mass discovery

reach

- Start running

, run for 5-7 years.

: Neutrino mass
discovery reach even for
pessimistic NMEs.

- Jfurnonin with 1-tonne of
ISOtope.

Thanks to Dave \Waters for slide content
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UK future involvement - LEGEND HP76Ge detector

- 1 order of magnitude more | - . Neutrino mass Clean Room
sensitive than current leading discovery reach even for
experiments. Neutrino mass discovery pessimistic NMEs.
reach . - Turnonin with 1-tonne of
Start running , run for 5-7 years. iIsotope.
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Thanks to Dave Waters for slide content

Lancaster 23 & universiTy oF  THE UNIVERSITY OF ‘
University © ¢ & LIVERPOOL WA ]QV/IC K

__ UK Initial Participation
Combination of Particle Physics and Nuclear Physics groups.
AR LZy Builds on world-renowned expertise in HPGe detector development,
e o b » I\ low-background techniques and software/analysis expertise.
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Direct mass measurement: single B-decay endpoint
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Direct mass measurement: single B-decay endpoint
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Direct mass measurement: single B-decay endpoint

https://doi.org/10.5281/zenodo.1287933 - m\, -
1 —m,=1¢eV

Probability (arbitrary units)

-2 -1 0)
Kinetic Energy - Q-value (eV)
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Direct mass measurement: single B-decay endpoint

https://doi.org/10.5281/zenodo. 1287933 --m, =
1 —m,=1eV

Probability (arbitrary units)

-2 -1 0)
Kinetic Energy - Q-value (eV)

Cheryl Patrick, UCL

KATRIN (Karlsruhe, Germany)

Launched June 2018

3 decay of tritium molecules

Spectrometer uses collimator/filter to measure highest energy
electrons

Sensitivity my < 240 meV is the best achievable with this technique

Photo: KATRIN

Double Beta Decay



Direct mass measurement: single B-decay endpoint

https://doi.org/10.5281/zenodo.1287933

0.5

Probability (arbitrary units)

R m\/=
—m,=1eV

Fundamental Physics
See Jon Coleman’s slides!

Cheryl Patrick, UCL

Project 8 (design phase)

Electron energy measured using cyclotron radiation: frequency
related to kinetic energy
Atomic tritium improves sensitivity to 40meV

https.//doi.org/10.5281/zenodo. 1286953
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Direct mass measurement: single B-decay endpoint

https://doi.org/10.5281/zenodo.1287933 -5 m\, -

 m.=1eV Project 8 (design phase)

Electron energy measured using cyclotron radiation: frequency
related to kinetic energy
Atomic tritium improves sensitivity to 40meV

0.5

https.//doi.org/10.5281/zenodo. 1286953

Probability (arbitrary units)

—-""-‘_'

otron radiation
—_—
¢ Scattering off the residual gas

.——’

Energy 10sS via cycl

Filtered Power (A.U.)

Frequency - 24 GHz (MHz)

—

Electron is emitted

L
Fundamental Physics \{

See Jon Coleman’s slides!
Also for future 163Ho electron-
) capture endpoint experiments
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BB decay in the UK

supernema°o

Entering exploitation phase: scintillator
filling at SNO+, commissioning data at
SuperNEMO

collaboration

Cheryl Patrick, UCL Double Beta Decay



BB decay in the UK

SN

Slow scintillator
LEGEND

Fow-backqgrounditechnigues

supernema°o

Entering exploitation phase: scintillator
filling at SNO+, commissioning data at
SuperNEMO

collaboration

Quantum sensors
SNO+ phase |l

Full SuperNEMO
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BB decay in the UK

SN

Slow scintillator
LEGEND

Fow-backgrounditechniques

supernema°o

Entering exploitation phase: scintillator
filling at SNO+, commissioning data at
SuperNEMO

collaboration

Quantum sensors
SNO+ phase |l
Full SuperNEMO
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Source foil contamination measured at the BiPo-3 detector
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e Dedicated detector at Canfranc, Spain

e Designed to measure very low activities

e | ooks for characteristic signature of Bi 3 decay followed by a
decay of Po daughter (U and Th decay chains)

e Targets 10uBq /kg (214Bi), 2uBqg/kg (208TlI)

e Not very sensitive to 214Bi - final measurements will be taken in situ

JINST 12 (2017) PO6002
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Tracker gas system

95% Helium

Low atomic mass;
prevents multiple
scattering and energy
loSsS

1% Argon

Low ionisation energy;
helps avalanche
propagate

4% Ethanol

Quenches avalanche:
prevents re-firing

Cheryl Patrick, UCL

Argon
—— Helium
------ Fast flow line

— Ethanol

"4 "T” connector

<] Valve

<1 Flow control valve

= Pressure relief valve

< > Mass flow controller
| Variable area flow meter
() Backpressure regulator

() Particle filter

4 bar 0.68 bar
X 0.1 m3/h éw
Argon — > WP T (¥ X VBIUGRIE -t R et
AA8uEc/h
.......... NDLQ/‘Q@N {J

6 bar -

7

U 1.3 m°/h Z&

Helium—s —><— "+ —"+~< ) .

Gas system controlled by Raspberry Pi to monitor and control temperature, pressure, flow rate
2°C temperature change — 0.5% change in ethanol fraction — tracker efficiency

Double Beta Decay
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Event count targets in SuperNEMO demonstrator

Cheryl Patrick, UCL

Aiming at zero background

Events in window
NEMO-3 Phase 2 Demonstrator Module Comments
E, €[2.832]MeV (29 kg.yr) (29 kg.yr)
External Bkgnd <0.16 <0.16 (conservative)
Bi214 from Rn222 25102 0.07 radon reduction
Bi214 internal 0.80 £ 0.08 0.07
_ internal contamination reduction
T1208 internal 2.7 +0.2 0.05
Mo100 to Se82
2vBR 716 + 0.05 0.20 8% to 4% resolution
Total expected 13.1+0.3 0.39
Data 12 N/A (yet)

Double Beta Decay

NEMO-3
sensitivity in
4.5 months !



NEMO-3 results summary

Isotope |Mass (g) |Qgg(keV) |T(2v) (x10%%yrs) |S/B Comment Reference

Se82 |932 2997.9 94 +0.6 4 World’s best Eur. Phys. J. C (2018) 78: 821
Cd116 |405 2813.5 2.74 £0.18 10 World’s best* Phys. Rev. D 95 (2017) 012007
Nd150 |37 3371.4 0.93 £ 0.06 2.7 World’s best Phys. Rev. D 94 (2016) 072003
Zro6 |94 3355.8 2.35 1 0.21 1 World’s best Nucl.Phys.A 847(2010) 168
Ca48 |7 4268 6.4+1.2 6.8 (h.e.) [World’s best Phys. Rev. D 93 (2016) 112008
Mo100 |6914 3034 0.68 + 0.05 80 World’s best Neutrino 2018

Te130 |454 25227.5 |70+ 14 0.5 First direct detection  |Phys. Rev. Lett. 107, 062504 (2011)

Crucial experimental input for

1) NME calculations
2) Ultimate background characterisation for Ov

3) Sensitive to exotic BSM physics (e.g. Lorentz

violation, Grtime dependence, bosonic
neutrinos etc)

Taken from R Saakyan, NDMZ2018

Cheryl Patrick, UCL

* Together with Aurora
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Sensitivity to Ov3p

Preliminary

Ov: Ty, =6 10y
2V

208T): 2 uBq/kg
14Bi: 10 uBq/kg

—— Radon: 150 uBg/m°

Events / 0.05 MeV

—_

N

llllllIlIllIlllllllll.

82Se BB decay energy

Cheryl Patrick, UCL

4 ab

Summed 2-electron energy is best
distribution to separate signal from
background

- S. Calvez

Energy sum [MeV]
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Sensitivity to Ov3p

S 0.14[— — Ov
N —2v Summed 2-electron energy is best
S L 208y L . .
s b | distribution to separate signal from
g F Area normalised to 1 _2l4p; background
2 008~ — Radon
E L
o 0.06[—
0.04?—-
0.09 —ov 002:—i
> - Using a boosted decision tree, we can

1 12 14 16 18 .2 . . . .
Minimum electronenergy [MeV]  improve sensitivity by including other

variables (angle between tracks,
individual electron energies, internal/
external probability, vertex separation...)
(approx 10% improvement)

°O

0.07

Area normalised |— 2v
to 1

0.06

0.05

0.04

Events per 0.05 MeV

0.03

0.02

0.01
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Maximum electron energy [MeV]

oO
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Sensitivity to Ov3p

S 0.14{— — Qv
N —2v Summed 2-electron energy is best
S L 208 C L . .
s | distribution to separate signal from
g F Area normalised to 1 _214p; backg I’OUﬂd
2 008~ = — Radon
E L
L 0.06—
0.045—-
0.09 —Ov 002:_
- Area normalised |2 o ot e o L) Using a boosted decision tree, we can
07 o] . 208 . . . . . . . . - mgm  m . .
" MinimUm electron energy [MeVi  improve sensitivity by including other

0.06

— Radon variables (angle between tracks,
individual electron energies, internal/
external probability, vertex separation...)
(approx 10% improvement)

0.05

0.04

Events per 0.05 MeV

0.03

0.02

0.01

-

0.5 1 15 2 25 3 3.
Maximum electron energy [MeV]

°O

T12 > 5.85 x 1024 years (90% c.L)

For 7kg of 82Se (demonstrator) and 2.5 years’ exposure
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ELLIE - Embedded Laser/LED Light-Injection Entity

e UK/Lisbon system providing a wealth of detector info
e Aim is to minimise radon ingress when source is deployed
e Now deployed and operational

TELLIE: Timing and Monitoring SMELLIE: Scattering module

5 narrow laser beams injection
points, 3 angles @ 375, 405,
495nm and 400-700nm
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AMELLIE: Attenuation module
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w

4 narrow LED beams at O and 20
degrees (wavelength TBD)
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Detector response

50 0516 N SNO+ Preliminary
g =Data
e 0.04 ]
< —MC
003 F Energy -
| spectrum :
002 F ]
| Data vs MC ;
T.. [MeV]
i SNO+ Preliminary Position
ek +Daa distribution
O
£ _MC Data vs MC
107 £ 16N model
1
107 ey &
e
) |' L 'l'
|'|Ii| I'.

W T

4000 -3000 -2000 -1000 0 1000 2000 3000 4000
Source position - fitted position in x [mm]

Cheryl Patrick, UCL

Counts / 0.15 MeV

Counts / 0.02 bin

|||||
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Detector calibrations

Cheryl Patrick, UCL

Absorption Coefficient (1/mm)

Full internal scan with laserball,

photos from underwater cameras

35 1le=5 AbSOI‘pthl’l Coetticients ot Water 286
o 1 T Q0 0 0 T 0 0 r 0 1T T L T ﬂw 146.0 =
; Pope et al., AO.36.008710 (1997) SNO+ Preliminary { %
r --f-- Mason et al., AO.55.007163 (2016) i I
3.0F [ 1333 2
[ & SNO+ Decl7 (Water Phase) I"h ] 3
: [ -
2.5F I 400 &
[ I 1 2
2.0 i 500 <
L Z ]
[ it :
1.5F A H66.7
| {L ]
[ - o .
1 0 -_ T 77;II'14 :
! I T I Ecicoaan 7100.0
[ II/I'; ]
0.5} * s _
: I 3 HH_H-:.:-H‘I‘H'P}I -{200.0
:-I-ITLI-I",I‘I—I--II-I-I-.I—I-};-HI.HEE.H{.-I-HI-H—I-‘H 1—.1—1-1—.1'1’1'7 T i
0.07573 350 375 200 5 250 75 500
Wavelength (nm)

Poster #73

Calibration of the SNO+
Detector with a Light Diffusing

-10

Source in the Water Phase L

A. Inacio

Cherenkov source deployed

0/m .
04 PMT hit pattern
-0.4 (I)/Tt ‘ ‘ ‘ ‘
-1.0 -0.5 0.0

Fibre data

Poster #83

taking on

......

going

EOccilp. i 6.;02%

— ]
¥ (Y
\“‘

........................ E Tu rner

.............

P

-----
[

--------

.............

Double Beta Decay

SMELLIE: A Laser Calibration System for SNO+



NEMO-3 - quadruple beta decay

- 2VBB measurements and OvBR limits for several isotopes
- 100Mo (Phys. Rev. Let. 95, 182302)
- 48Ca (Phys. Rev. D 93, 112008)
- 82§e (Eur. Phys. J. C (2018) 78: 821)
- 150Nd (Phys. Rev. D 94, 072003)
- 16Cd (Phys. Rev. D 95, 012007)
- 130Te (Phys. Rev. Lett. 107, 062504)
96Zr (Nucl.Phys.A847:168-1/79)
: Quadrupleﬁdecay (Phys. Rev. Lett. 119, 041801)

collaboration

Ov4[3 decays would violate lepton
number, but could occur even If
neutrinos are Dirac fermions

Heeck and Rodejohann 2013

Allowed for 3 isotopes, including

150N 2079 MeV, 15034 + de-

o
o
()

Counts / 100 keV

0.025[—
0.02—
0.015[—
0.01—

0.005|-

— PRELIMINARY - Data
- — TNd 0vap

4e- golden = Ra':::v 2

channel Externals
B Internals .

: oon || NEMO architecture
- No events helps us identify these
- observed topologies

1 1.5 2
Electron energy sum (MeV)

T1/2> 2.6 X 1021 yr (90%CL)

Cheryl Patrick, UCL
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Low background strategy: reduce, remove, reject

Radon 222 (from U decay chain): target activity 150 |.IBC| / m3

~ 30 times lower than NEMO-3

Cheryl Patrick, UCL Double Beta Decay



Low background strategy: reduce, remove, reject

Radon 222 (from U decay chain): target activity 150 |.IBC| / m3

Reduce radon contamination with
radio-pure components

Emanation
chamber lets us
measure activity of
tracker
components and
materials: select only
the most radio-pure

70 litre
electrostatic
detector
sensitive down

to 0.09mMBq

Cheryl Patrick, UCL Double Beta Decay



Low background strategy: reduce, remove, reject

Radon 222 (from U decay chain): target activity 150 |.IBC| / m3

Reduce radon contamination with

Remove radon from tracker gas
(95% helium, 1% argon, 4% ethanol)

radio-pure components

70 litre
electrostatic
detector
sensitive down

to 0.09mMBq

Cheryl Patrick, UCL

Emanation
chamber lets us
measure activity of
tracker
components ano
materials: select only
the most radio-pure

Remove Rn with cold carbon trap
- He: 1010 x suppression - completely clean
- Na: 20x purification - 20 uBg/ms3

. Radon concentration line lets us measure

the low activities in the tracker

Measured activity: 2.7 + 0.3 mBqg / m3

Flush with He: 2 m3/ hour
Resulting activity: 0.15 mBqg / ms3

Double Beta Decay



Low background strategy: , remove, reject

Radon 222 (from U decay chain): target activity 150 |,IBC| / m3

Reject background events with
topological and timing cuts

Remove radon from tracker gas
(95% helium, 1% argon, 4% ethanol)

Remove Rn with cold carbon trap
- He: 1010 x suppression - completely clean
- Na: 20x purification - 20 uBg/ms3

Emanation
chamber lets us
measure activity of
tracker
components ano

- materials: select only
the most radio-pure

70 litre _ Radon concentration line lets us measure
electrostatic the low activities in the tracker

detector

sensitive down Measured activity: 2.7 + 0.3 mBqg / m3
to 0.09mBg Flush with He: 2 m3/ hour

Resulting activity: 0.15 mBqg / ms3

Fully-instrumented tracker gives:

- Event vertex

- Particle ID

- Timings —
direction of
travel

——

topologies at
analysis time

Cheryl Patrick, UCL Double Beta Decay



Calorimeterd

evelopment

Main calorimeter walls: 520 optical modules
With side, top and bottoms: 712 modules total

Nucl. Inst. Meth. A 868, 98-108 (2017)
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Calorimeterd

evelopment

Main calorimeter walls: 520 optical modules

With side, top and bottoms: 712 modules total

Nucl. Inst. Meth. A 868, 98-108 (2017)
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Calorimeter development

Contributions to

Main calorimeter walls: 520 optical modules improved resolution

With side, top and bottoms: 712 modules total 440 8” radiopure PMTs
with improved photocathode quantum
Cathode efficiency
Nucl. Inst. Meth. A 868, 98-108 (2017) Homogeneity HV Divider (5" PMTs for outer rows and columns. side, top and
A 29 bottom)

.| 197xPS: Mean 8.35, RMS 0.36
4 213(/224)xPS Enhanced: Mean 7.97, RMS 0.30

L

! e Scintillator/PMT
) Coupling
251 8% FWHM at 1 MeV— 26%
- _o/E 1.8% at 3 MeV
20f (Qpp for 82Se)
15 : Tlme resolution: S

|

1. 400ps (1MeV)

Composition
16%
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Calorimeter development

Contributions to

. . 2560 X 256 x 194 mm
improved resolution

Polysytrene scintillator block

Main calorimeter walls: 520 optical modules
With side, top and bottoms: 712 modules total

Cathode
Nucl. Inst. Meth. A 868, 98-108 (2017) Homogeneity HV Divider
m 8% 7%,
B .| 197xPS: Mean 8.35, RMS 0.36
. 213(/224)xPS Enhanced: Mean 7.97, RMS 0.30
30: —— 11xPS.R&I::M-ear:8.19,R.MSO.25 Scinti”ator/PMT
: Coupling
251 8% FWHM at 1 MeV— 26%
- o/E 1.8% at 3 MeV
20+ | (Qgg for 82Se)
15¢ ~ | Time resolution: Scintillator
i - L 400ps (1MeV) Composition
101 _ 16%
5/
E Optimised surface finish

Cheryl Patrick, UCL Double Beta Decay



Calorimeter development

Contributions to

Main calorimeter walls: 520 optical modules
With side, top and bottoms: 712 modules total

Cathode
Nucl. Inst. Meth. A 868, 98-108 (2017) Homogeneity HV Divide
8% 7%

.| 197xPS: Mean 8.35, RMS 0.36
213(/224)xPS Enhanced: Mean 7.97, RMS 0.30

30 B i

25 8% FWHM at 1 MeV—-
N o/E 1.8% at 3 MeV

20+ | (Qgg for 82Se)

15[ ~ Time resolution:

~ 1.400ps (1MeV)
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o

51
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Cheryl Patrick, UCL Double Beta Decay

improved resolution

Scintillator/PMT
Coupling
26%

Scintillator
Composition
16%

Directly coupled - no
light-guide




