Bigger or Colder:
Majorana Neutrinos and the
Search for Neutrinoless
Double-Beta Decay

Lindley Winslow
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This 1s beta decay.




It usually takes place 1n a nucleus.

Z=number of protons Z+1
A=number of neutrons plus protons A=same



This 1s double-beta decay.

Change in number of
leptons is zero.



Double Beta Decay

Due to energy conservation some nuclel can’t decay to their
daughter nucleus, but can skip to their “granddaughter” nucleus.

A, L

A L+

A, L+2

A

Nuclear
Energy
Level




The Standard Model Process

This process 1s completely allowed and the rate was first
calculated by Maria Goeppert-Mayer in 1935.

Nucleus Z > H > Nucleus Z+2

Nuclear Process
Phys. Rev. 48,512-516 (1935)




Double Beta Decay

The sum of the electron energies gives a
spectrum similar to the standard beta decay

spectrum.
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This has been observed 1n most interesting isotopes.



This 1s neutrinoless double-beta decay.

Change in number of
leptons 1s plus 2!



Violation!
\Vi V;j

Nucleus Z > _ > Nucleus Z+2

Nuclear Process

Neutrinoless Double Beta Decay

Light Majorana Neutrino Exchange
(LMNE)



Double Beta Decay

The sum of the electron energies gives a spike at the
endpoint of the 2v double beta decay.

\\‘“m""lz
RevMod.Phys, 481-516 (2008)
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What 1s measured 1s a half-life...

The half-life of the neutrinoless decay via LMNE:

(7{1)72)_1 — GOV(QlBle Z) ‘MOV‘2<mIBIB>2

Phase space factor

* This 1s a difficult calculation, dependent on
the decay mechanism.

 Notice higher endpoint means faster rate.



Common Candidates:

Isotope Endpoint Abundance
8C3a 4271 MeV 0.187%
I50NId 3367 MeV 5.6%
6Zr 3.350 MeV 2.8%
00Mg 3.034 MeV 9.6%
82Se 2.995 MeV 9.2%
l6Cd 2.802 MeV 7.5%
30Te 2.533 MeV 34.5%
136)e 2479 MeV 8.9%
76Ge 2.039 MeV 7.8%
28T 0.868 MeV 31.7%

See ATOMIC DATA AND NUCLEAR DATA TABLES 61, 43-90 (1995) for all 69+19!



What 1s measured 1s a half-life:

The half-life of the neutrinoless decay via LMNE:

(T(l)/vz)_1 — GOV(Qﬁﬁ» Z) ‘¥0V|2<mﬁﬁ>2-

Nuclear Matrix
Element

This 1s a VERY difficult calculation with large errors
and substantial variation between 1sotopes...motivates
searches with multiple 1sotopes!



What 1s measured 1s a half-life:

The half-life of the neutrinoless decay via LMNE:

(70 )" = GOV(QIBIB9Z)|MOV‘2<mIBIB>2

Effective Majorana
Mass of the neutrino



Electron Neutrino Mass:

2 21,72 2 2 el 2 i 2 2 a2
m,, = E Vi m; = cos® 613(m7 cos” B12 + mj5 sin” f12) + m35sin” O3
i

Effective Majorana Mass:

2 2 213 2 20 -2 _ .2
mgg = E Viom; = cos” B13(m1e”'” cos” O + moe™“sin“f19) + mg sin” O13
i

Two more phases!



Double Beta Decay Parameter Space:



Double Beta Decay Visualizing the Equations:

mpg = E Ve%-fm,i = cos’ (913(771162”3 cos® f1o + 7n262msinQ¢912) + mgsin® 013
i

1
{

excluded

more sensitive
experiments
needed

10+

2

104 107 102 107! 1
llllightest [CV]

As experiments become more sensitive they push down in
this parameter space excluding larger masses.



Double Beta Decay Visualizing the Equations:

mgg = E Vam; = cos® B13(mye*” cos® O1g + mae*@sin*f1a) + ms sin® O3
i
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Double Beta Decay Visualizing the Equations:

mgg = E Vam; = cos® B13(mye*” cos® O1g + mae*@sin*f1a) + ms sin® O3
i

S Y4 Normal
=10 " " —
10° / - sin%0y,
A, 2 D



Double Beta Decay Visualizing the Equations:

mgg = E Viam; = cos® B13(mye*” cos® O1g + mae* @ sin*f1a) + ms sin® O3
i

/e

The dark part of the width
of these bands 1s real and
1f nature 1s cruel there
could be some very nasty
interference.



Goal: Definitive search in the Inverted Hierarchy (IH)

> I We are here.
o I Goal



A lot of detector 1deas:
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Photodiodes

TRACKING PLANE (SiPMs)
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A lot of detector 1deas:
e 109
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Phase I: 320 kg 90% enriched 13%Xe
Phase 1I: 380 kg
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KamLAND-Zen started in 2011:

Phys. Rev. Lett. 110, 062502
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Visible Energy (MeV)

Exposure=89.5 kg-years.
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0.2

Events/Day/Ton

e

Phys. Rev. Lett. 110, 062502

KamLAND-Zen started in 2011:

N\

Decay matches a
metastable silver
1sotope which 1s a

| DS-1 DS-2
N HomAg v2= 222
L~ e ... 208 42— 8.(%
B %Y, %2=10.16
B »—.—1—‘—4
............................ 'W‘ml. e ]

- | +

| | | | I I | 1 | I | | | | I | | | |
0 50 100 150 200

common fission
product.

Exposure=89.5 kg-years.



The Purification

Campaign [wldoi

June 2012~
November 2013

add purified
PC for density
adjustment

trap

T

f,S’ aal

vacuum extraction

of 136Xe

] >
chz.slrcoal smter.ed getter
filter metal filter N>
3-nm particle i distillation pa.rticle
filter (PTFE) XMASS proto. filter

confirm 110mAg
remains in LS

new purified LS

repla

new purified LS

two times of distillation
confirm whole 1°"Ag drained

replacé with new
purified Xe-LS

~380kg Xe installed
aim: 1/100 reduc‘tiorb8



Events/0.05MeV

Post Purification

Visible Energy (MeV)

KamLAND-Zen Phase 2:

Full phase-2 data-set

o After Purification
® December 2013 - October 2015

® Livetime 534.5 days, exposure 504 kg-yr
e For Reference: T12(11'mAg) = 250 days.

28



Events/0.05MeV

M 1-| I

L el .

Simulated ?'*Bi Event Rate (Events/Bin)

V2,1 N2 (n2)
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Energy and radial distributions are well-reproduced by known BGs.

Events/Bin

F1it constructed
from 40 Equal
volume bins.
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Analysis uses two time periods.

2.3<E<2.7MeV,R<1Tm
" period-1 270.7 days period-2 263.8 days
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Hypothesis 1s that “dust” sank, however

also consistent with a stmple decay at 2o.
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Phase 2 - Results on 0v208

period-1 period-2
livetime 270.7 days 263.8 days
;ffaey(ﬁﬁ < 5.5 /kton/day < 3.5 /kton/day

combined < 2.4 /kton/day (90%C.L.)
\/
136X e Ov2B

half-life > 9.2%x10% yr (90%C.L.)

sensitivity > 4,9)(]_025 yr (11% probability)



136X e OvBB Decay Half-life
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g \\ KamLAND-Zen Combined Ha]-f-]-lfe ]-1m1t (@9O%CL)
e
A EX0-200 (2014) Ov o5
S Ov 25
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T,, (107 yr)



(mgp) < (61- 165) meV

Commonly used NME with ga~1.27,
Improved phase space calculations.

Getting Ready to enter the
inverted hierarchy with
KamLAND-Zen 800!

(mgg) (eV)

136X e OVPRP Decay Half-life

90%C.L. upper limits on {mgp)
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EXO-200 | Sl .u-_u.J_u.]h

» Liquid xenon time projection chamber
(~150 kg, enriched to 80% 136Xe)

+ Topological discrimination and
o = 1.3% energy resolution

Outer cryo

'EXO-20(.) Phase '1 energy spectrum:

Signal-like:
i

+ Taking data since 2011:

Phase I: Sept 2011 — Feb 2014
(~100 kg yr)
Phase II: May 2016 - present
(~200 kg yr with upgrades, projected)

log,,(Counts/14 keV)

Phase 1 results:

Resid. (o)

T, 2P =2172%0.017 £0.060 -10%' yr
(stat.) (syst.)
Phys. Rev. C 89, 015502, arXiv:1306.6106 (2013)

Tﬂzm > 1.1 '1025 yr
{mgg) <190 - 450 meV
Nature 510, 229, arXiv:1402.6956 (2014)

log,,(Counts/14 keV)

Resid. (o)

* First Phase 2 results in summer
2500 3000 3500 3000

2017 1000 1500 2000
D. Moore, Yale BLV, CWRU — May 15, 2017 Energy (keV) 3






Phasell: Final Integration
40 detectors (all working) in 7 strings:

Q 30x °"'BEGe (20.0kg)
Q 7x “™semi-coaxial  (15.8kg)
©Q 3x "3'semi-coaxial (7.6kg)

side view

~ g
- - ‘ d

g l " strings surrounded by nylon
: shroud to reduce 42K from
npi 'Lé s

i
g ‘
_ drifting to detector surfaces

.in Dec 2015

bottom view

Andrea Kirsch (MPIK)




First Phasell Result from Neutrino 2016 data release

data exposure FWHM efficiency BI
" Pnasel:coaxial | Phase |: BEGe set [kg-yr] [keV] PSD total ¥ [10_3EV%]
.Phascll:ooaxial .Phasell:BEGo Pl golden 17.9 4.3(1) 0.85 0.57(3) 112
. Pl silver 1.3 4.3(1) 085  0.57(3) 30+10
Pl BEGe 2.4 2.7(2) 092  0.66(2) 573
Pl extra 1.9 4.2(2) 085  0.58(4) 575
. +2.1
Plla coaxial 5.0 4.0(2) 0.79 0.53(5) 3.577s
Plla BEGE 5.8 3.0(2) 087 0.60(2) 07758
* including enrichment, active mass reconstruction efficiencies, dead time
@ unbinned profile likelihood: [__] prior cuts B atter all cuts
f| b k d @ 1930-21901( V [ after LAr veto (Phase 1) ——— limit (90% C.L.)
T .. ' T '
6X at bac gI’OUﬂ . . e o ;Phasell-enrichedcoaxlal; 5.0 kgyr
1x common Gaussian signal at Qgs = .| ] '
profile likelihood Bayesian 210
2-side test-stat ¥¥ flat prior 8 w0k
OvBS cts best . S ! - ; !
fit value [cts] 0 0 £ | Phase - enriched BEGe | 5.8 kgyr
= : :
Ty lower 3 10
T ok >5.3(90%CL) >3.5(90% Cl) - F
limit [10°°yr| P
o - € 10%F
T, 75 median 3
e 5 >4.0(90%CL) >3.0(90% ClI) © E
sensitivity [102%yr| 10°
1950 200 2050 2100 2150
3k frequentist test-statisitics & methods EPJC71(2011) 1554 . o - e:ergy [keV]

Andrea Kirsch (MPIK)



Conclusions

x 1026 Phasel Phasella

@ GERDA Phasell is running stable 1.8 | W median
: M 68% prob.
o 3—4 keV energy res.,olutlon @ Qpp 16 90%2:;.
@ blind analysis on first 10.8 kg-yr of data = 14  95%prob.
. . o I 99% prob. Phasellb
@ published in Nature 544 (2017) 47 s o121
S 7 coming
new limit on OvB33 decay in 76Ge E 1 soon!
o > 5.3.10%5yr (90% CL) - ZZ
mgs < (0.15—0.33)eV (90% CL) g o" _
@ exposure further increased to 28.5kg-yr 02|
background index @ Qg ‘
coaxial 2.2f5:§-10‘3 cts/(keV-kg-yr) 35<NME <58
BEGe  0.67 %1073 cts/(keV kg yr) 3 H
2
GERDA Phasell is "the" high-resolution §
and background-free Ov33 experiment! £
GERDA Phase | goals ;
background ~1073cts/(keV -kg-yr) ¢ 0.1
exposure > 100kg-yr '
sensitivity Ty% > 10%6yr : 2012 2013 2016 2017 2018 2019 2020

time [yr]

Andrea Kirsch (MPIK) GERDA May 15th 2017 14 / 15



CUORE:
Cryogenic Underground Observatory for Rare Events

Super Cool



How Bolometers work:

Copper frame:

Y, 10 mK heat sink
% L

< PTFE holders:
weak thermal coupling

NTD Ge thermistor:
resistive thermometer '3] ~
4  —TeO, crystal:
\ energy absorber
Si joule heater: h i;:}i
reference pulses =~
Radiation:

energy deposit



CUORE:

Cryogenic Underground Observatory for Rare Events

CUORE
206 kg

CUORE-0

CUORICINO

11 kg

11 kg



CUORE:

Cryogenic Underground Observatory for Rare Events

Signal Here

g ¢ £
e TE /.
e R s (e
7 2E $-4 22, .4
=S S S AS——
185 / 025
24 16 f_ XZ/NDF =439/46 , E
TP, > 4.0 x 10%* yr S uE i o2
1/2 > y 2 1nE | .
< 10E- ‘ 5 =015
(90% C.L.) 7 sk | é ]
g 6 i ' 501
Phys.Rev.Lett. 115 (2015) 10, 102502 B el Ty | AT :
- o 0.05
ET T ++H? R
2470 7480 7490 ?500 7510 ')5')0 7530 7540 ')550 7560 2570

Reconstructed Energy (keV)

e First results from CUORE-0 (one CUORE-style tower
operated in old cryostat).

Rate (counts / (keV - kg - yr))



CUORE:

Cryogenic Underground Observatory for Rare Events

) EuriPhys J. C(2017) 77: 13
% 10 . FExp (M)
- E i i 5 : Il Muons
L T s e S S S B Crystals
= =8 : s s : s Holder
) 102 LU S SO S

10~

1000 2000 3000 4000 5000 6000 7000
Energy (keV)

* A detailed study of the backgrounds in CUORE-0 gives

us confidence in the background levels in the full
CUORE detector.



Plates:
300 K

40K

4K

600 mK
50 mK

10 mK

CUORE:

Cryogenic Underground Observatory for Rare Events

R B & ® 19 Towers, 988 TeOq
crystals operated as
n T bolometers.

® We are the “Coldest cubic
meter 1n the known
universe’.

Top Lead
Shield

Side Lead
Shield

Detector
Towers ﬁ

Bottom Lead
Shield




CUORE:

Cryogenic Underground Observatory for Rare Events

Goal:
1x10? counts/keV/kg/year

TeO2: natural radioactivity
CuNOSV: natural radioactivityi

CuNOSYV: cosmogenic activation

TeO,: cosmogenic activation
CuOFE: natural radioactivity
RomanPb: natural radioactivity

ModernPb: natural radioactivity

SI: natural radioactivity Lo ‘- 90%CL limit

Value

Rods and 300KFlan: natural radioactivity F—e—

Environmental p e

Environmental n ———e—

Environmental y [

| | |

1E-06 1E-05 1E-04 1E-03 1E-02 1E-01
counts/keV/kgly

arX1v-1704.08970




CUORE:

Cryogenic Underground Observatory for Rare Events

Exposure [kg-yr]

102 103
| | I L E I | | I LR l
BI: (1.02 io.o3ig-}g) .10°2 cts/(keV -kg-yr)
- FWHM: 5keV

i~y 26

T 10

£

S ! ‘

& ------

(o)

N st

3210285

=

CUORE-0 + CUORICINO:

| | lllllll | |

0.1 1

Live time [yr]

arXiv-1705.10816
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CUORE:
Cryogenic Underground Observatory for Rare Events




Data Taking has Started!

[ ] (] X/ Apollo Smart Scope

X scale: 10 s/div

Ch 537 {NON;E Sc2an-somvidv LT =,
f{\\ 27 Jan 2017

[<]

: \:
=
=

o
<
[<]

The commissioning was completed in April 2017/,



CUPID:
CUORE with Particle ID

For ton-scale detector need:

* Enriched crystals with
better background rejection.

* Scintillating bolometers are
one way to do this. ZnMoO4

1s one promising crystal.

0.003

ey
-0
o o

21Am ling —> |

T b il ®* Re-uses CUORE fridge, so
5 ““"}ﬂﬂ!,"““!!&!‘}'i |L0~0!h ”'6000 this more of an upgrade to
an existing detector than a

e Energy[keV] S ]
new experiment.

0.002

Alpha countrate |
9 [mBa/(keV kg)]

Light/Heat

0.001

" Alpha band (99.9 %)

2 o;””.. 2000 4000 6000 8000 10000 e RMD IIlC. has SBIR Phase )
Energy [keV] .
grant to grow crystals in US.

LUMINEU:
Physics Letters B, Volume 710, Issue 2, 2012, Pages 318-323



CUPID-Mo

EDELWEISS

* We are working closely with the
Orsay group both on crystal
testing and the realization of a
demonstrator experiment.

* The 20 Li1aMoOg4 crystal phase-1I
demonstrator will start taking
data at the end of the year, final
bolometric tests being performed
now!

MIT Graduate Student Joe Johnston
assembling the CUPID-Mo holometric test
tower, funding through MISTI-France



\/ LilnSe2

Tests done with Orsay Group:

d X s

450

400

350

300

Counts / bin

[N]
o
o

150

100

50

First US Crystals:

PHYSICAL REVIEW C 93, 034308 (2016)

Forbidden nonunique g decays and effective values of weak coupling constants

M. Haaranen,' P. C. Srivastava,? and J. Suhonen'
YWniversity of Jyviiskyld, Department of Physics, P.O. Box 35 (YFL), FI-40014, University of Jyviskyld, Finland
2Department of Physics, Indian Institute of Technology, Roorkee 247667, India
(Received 28 October 2015; revised manuscript received 22 January 2016; published 8 March 2016)

LiInSe2 bolometer (10.3 g, MIT), Run31 in Ulysse, CSNSM

T T T T T T T T T T

Signal ~ 100 nV/keV
FWHM of baseline ~ 2 keV

113]n, 4-fold forbidden non-unique B decay -
(Q; = 496 keV, T,,, = 4.4x10™ y)

End-point of
"5]n beta spectrum .

| | | | | |

=35

100 200 300 400 500 B00 700 800 900 1000
Detected heat, ADU

The crystal doesn’t work for double-heta experiments hecause of the In , but can help
with theoretical uncertainties in the nudear physics (quenching of ga).



Axions:

@ ABRACADABRA-10cm

SQUID readout of the pickup

cylinder, therefore the apparatus
should be as cold as possible.

This effort makes use of
infrastructure and expertise that
we built for the bolometer effort!

ABRACADABRA will be run in my
Triton400 dilution refrigerator. The
super conduction magnet may be
cooled using warmer stages but the
central cylinder needs to be at 10mK.



Axions:
ABRACADABRA-10¢cm




Back to Double-Beta Decay

{Ca Yr NG

15— 3 Mol

% 107'F KamLAND-Zen (**Xe) 2 l
E _
107%¢ 3
i NH -
107 3
R R B S W 171 B S R AT B SR AN R TTT] St AT S|
10* 107 107 107 50 100 150

mlightest (CV) A



Discovery probability of next-generation neutrinoless double-3 decay experiments

Matteo Agostini®
Gran Sasso Science Institute, L’Aquila, Italy

Giovanni Benato®
Department of Physics, University of California, Berkeley, CA 94720 - USA
Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, CA 7,720 - USA

1705.02996v2

Jason Detwiler
Center for Ezperimental Nuclear Physics and Astrophysics,
and Department of Physics, University of Washington, Seattle, WA 98115 - USA
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Back to Double-Beta Decay

* The current best limit 1s1x10%° years from
KamLAND-Zen.

* More results expected soon from CUORE,

GERDA Phase II, Majorana, SNO+, see
Friday from 11:30-1:00.

* World wide effort to design and build the
definitive IH experiment.

- I didn’t even get to tell you about more
ambitious projects.



Summary of the B.G. (2.3<E<2.7MeV, R<1m)

Period-1 Period-2
(270.7 days) (263.8 days)

Observed events 22 11 I mprove Og
Background Estimated Best-fit Estimated  Best-fit (future plan)
136 e 2138 - 5.48 i . g.zg‘.

Residual radioactivity in Xe-LS ) \ %
21Bi (***U series) 0.23 £0.04 0.25 0.028 4 0.005 0.03
205T] (232Th series) - 0.001 : 0.001 24V,
1T 0 ; 8.5 ; J 005
External (Radioactivity in IB) ~_-: 11
214Bj (238U series) - 2.56 - \'2.45‘)/)
2081 (?32Th series) - 0.02 - 663' 214 B| 1 OC
10m A o - 0.003 - 0.002
Spallation products
10¢ 27407 33 2607 J28%
SHe 0.074+0.18 0.08 0.07+0.18 0D
12 0.15+0.04 0.16 0.14+0.04 0.15 Improve neutron
1 57Xe 05+02 05 05+02 041 detection
% 137 1 1 1 . . .
the o-print (v 1605, 098851 Ihep o110 Replace the mini-balloon with a
May 2016). The correct numbers and figures clean one (NeXt phase)’
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Neutrinoless Double-Beta Decay
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