Double-Beta Decay: Part 2
Backgrounds and More Experiments

Lindley Winslow

Massachusetts Institute of Technology
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Neutrinoless Double Beta Decay

The sum of the electron energies gives a spike at the endpoint of
the "neutrino-full” double beta decay.

Rev.Mod.Phys., 481-516 (2008)
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From Last Time:
How do you relate the cosmological measurements?
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FIG. 6. Updated predictions on mgg from oscillations as a function of the lightest neutrino mass (left) and of the cosmological
mass (right) in the two cases of N'H and TH. The shaded areas correspond to the 3o regions due to error propagation of the
uncertainties on the oscillation parameters. Figure from Ref. [91].

arX1v:1601.07512v1 [hep-ph] 27 Jan 2016



Let’s make a detector!

Isotope Endpoint Abundance
Ca 4271 MeV 0.187%
150Nd 3367 MeV 5.6%

o/ 3.350 MeV 2.8%
00Mo 3.034 MeV 9.6%
82Ge 2.995 MeV 9.2%
16Cd 2.802 MeV 7.5%
130Te 2.527 MeV 34.5%
36Xe 2457 MeV 8.9%
76Ge 2.039 MeV 7.8%







Choose an Isotope
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Choose an Isotope
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Choose an Isotope
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Choose an Isotope
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Choose an Isotope
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Choose an Isotope
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Choose a Signal:

CUORE

Bolometer+Cherenkov
or

Scintillating Bolometer:
CUORE-Next Family
(LUCIFER, LUMINEAU]

I TPC: nEXO and NEXT

Semiconductor:

Liquid Scintillator:

KamLAND.Zen. SNO+ ?EREN Majorana
L AR ’ : racking:

Scintillating Crystal: SuperNEMO, DCBA

CANDLES




A lot of detector ideas

0
OO
0
g

Scintillation (O
0
0

lonization
e
e

)
4
%
¢
Photodi%es

Avalan

-75kV

Ground

ANODE

scintillation (S1) X

CATHODE.

000000000

(SLA) INV1d ADHINT




Detector Data:

Choose a Signal:

Tracker Gas TPC

Liquid TPC Liquid Scint.

Germanium Bolometer




source = detector
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So Much More detail!
Also, the relative intensity of individual

gamma lines tells a lot about the
source position.



’Ge - GERDA/Majorana



Detector Data:

Choose a Signal:

Tracker Gas TPC

Liquid TPC Liquid Scint.

Germanium Bolometer




The MAJORANA DEMONSTRATOR &

Funded by DOE Office of Nuclear Physics, NSF Particle Astrophysics, NSF Nuclear Physics
with additional contributions from international collaborators.

Goals: - Demonstrate backgrounds low enough to justify building a tonne scale experiment.
- Establish feasibility to construct & field modular arrays of Ge detectors.
- Searches for additional physics beyond the standard model.

» Located underground at 4850’ Sanford Underground Research Facility

» Background Goal in the Ovff peak region of interest (4 keV at 2039 keV)
3 counts/ROl/tly (after analysis cuts) Assay U.L. currently <3.5
scales to 1 count/ROI/t/y for a tonne experiment

» 44 8-kg of Ge detectors

—29.7 kg of 88% enriched "®Ge crystals
—15.1 kg of "=tGe

— Detector Technology: P-type, point-contact.

*» 2 independent cryostats
— ultra-clean, electroformed Cu

Radon Veto Poly
Enclosure Panels

— 22 kg of detectors per cryostat
—naturally scalable Quter
« Compact Shield Cu

— low-background passive Cu and Pb Slkeld

shield with active muon veto

July 2016 Elliott, Neutrino 2016



Phase |l upgrade: LAr scintillation light veto

Hybrid veto instrumentation:
® 16 PMTs (9 top / 7 btm)

® 800 m fibers coated with WLS + 90
SiPMs

® nylon mini-shroud around each string
coated with WLS

Parameters optimized for each channel:
® ~0.5 PE threshold

® ~ 5 — 6 us anticoincidence window

== PE distrib, ch20

counts

1 2 3 4 5

ZOOU
amplitude [Pii]

[see poster P4.057]
Matteo Agostini (GSSI/LNGS)




Background suppression - BEGe

E 10° I  anicoincidence cut (AC) + Muon veto (MV)
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Main spectral components in Phasel

T m-T7T -9 - rr-‘r---r-rr-rrr-rrr-1rr-r°r1rr- 1T
10% _ 39, 01515 quality cuts / muon veto / detector anti-coincidence
S I only *"Ge detectors (golden set 17.9 kg yr)
®© .3 L
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& [ 210p,,
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energy [MeV]
Main spectral components at Qgg:
n+ electrode

o ~y: 208T)| 214B; (DL ~ 2 m\m)‘
e 3: *2Ar (cosmogenic)

. . . + electrod
e a: 219Po surface contamination or 222Rn in LAr DLieg,gﬁnS
Active suppression techniques:
e AC: detector anti-coincidence
e PSD: pulse shape discrimination N o
e LAr veto: read-out LAr scintillation light % Y B a2pr

(new in Phasell) 28, [a q

Matteo Agostini (GSSI/LNGS) ] L r—



3¢ Xe - EXO-200/nEXO



Detector Data:

Choose a Signal:

Tracker Gas TPC

Liquid TPC Liquid Scint.

Germanium Bolometer




From Liang Yang

Use Liquid Xenon Time Projection Chambers
(TPC) to Search for 0vgp Decay

» Xe is used both as the source and
detection medium.

Scmtlllatlo

« Simultaneous collection of both .
lonization and scintillation signals. ‘ IS

» Full 3-D reconstruction of all
energy depositions in LXe.

* Monolithic detector structure,
excellent background rejection Charge collection - 8kV
capabilities.

Example of TPC schematics (EXO-200)

EXO-200 is a running LXe detector with ~110 kg active volume. It has
demonstrated key performance parameters for Ovgg search, and can reach

0vpp half-life sensitivity of 5.7 x10%° yrs after Phase-Il operation.

nEXO is a proposed ~ 5 tonne detector. Its design will be optimized to take
full advantage of the LXe TPC concept and can reach 0vgg half-life

sensitivity of ~ 1028 yrs 2



The EXO-200 TPC

Two almost identical halves reading
ionization and 178 nm scintillation, each with:

« 38 U triplet wire channels (charge)

38 V triplet wire channels, crossed
at 60° (induction)

234 large area avalanche
photodiodes (APDs, light in
groups of 7)

All signals digitized at 1 MHz,
+1024 us around trigger (2 ms
total)

Drift field 376 V/cm

TPC housed in a copper vessel
with 1.37 mm wall thickness



From Liang Yang

Detector Energy Resolution

3500 I I I B I
228Th source . .- Combining lonization and
_ 3000  8S . 48 . Scintillation energy to enhance
3 - IRTEEN energy resolution
>‘ - - - - -
S Anticorrelation between scintillation
§ and ionization in LXe known since
S early EXO R&D
o (E.Conti et al. Phys Rev B 68 (2003) 054201)
G
@ 3500 . : . .
— Scintillation: 5.0%
50 . . , , 3000 — |onization: 3.0% y
900 1000 1500 2000 2500 3000 3500 —— Rotated: 1.2% '
lonization energy [keV] _ 2500} ]
3
) o 2000+ :
EXO-200 has achieved ~ 1.25% S
energy resolution at the Q value. £ 1500} -
3
i i 0 S 1000l Qs s .
nEXO will reach resolution < 1%,
sufficient to suppress background sool I _
from 2vgp.
900 10|00 15|00 20'00 25|00 3000

Energy [keV]



From Liang Yang

Topological Event Information
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TPC allows the rejection of gamma backgrounds because Compton
scattering results in multiple energy deposits.

SS/MS discrimination is a powerful tool not only for background
rejection, but also for signal discovery.
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NEMO-2/SuperNEMO - A Tracker



The Tracker-Calorimeter Technique ‘

idate 190Mo Double-Bet
* Source separated from detector: (almost) any Ca[r)]gf:yeEvent(i)n ISE:A%-; @

solid isotope can be hosted.

* Generally poorer energy resolution than X-—---:]LN CBe25G
“homogeneous” detectors such as HPGe and | gommany

bolometers. Ry

= Full topological event reconstruction including
e*, y-ray and a-particle identification. -

&
— ~"“‘"O “

50 cm

\C’z @
o -4
2 B\

X % 832 keV

50 cm /\ iy

8-

= Strong background suppression by
particle identification, event
characterisation & timing.

= Ability to disentangle different
mechanisms for 0vpp, by looking at
variables other than XE.

8th July 2016 NEMO-3 and SuperNEMO



The NEMO-3 Experiment

» 5" low activity PMT
coupled to PS
scintillator blocks.

* Energy resolution :
AE(FWHM) 14%

E ~ VE(MevV)

» Source strips.

» Metallic or
composite structure.

» Calibration tubes.
* Host207Biand other

sources. = Ran from 2003 to 2011.

« Cathode rings = Surrounded by shielding and

surrounding each anti-radon enclosure.

vertical a"°d_e WIr€- | = Located at 4800 m.w.e. at the

* 3D tracker hits from Laboratoire Souterrain de

transverse drift and Modane (LSM).

longitudinal plasma

propagation. = %Mo (7kg) ; #*Se (1kg)

« 25 Gauss B-field = 116Cd, 150Nd, 48Ca, %Zr, 30Te
) " Y " « Cu/Fe structure.

8th July 2016 NEMO-3 and SuperNEMO 5



* Backgrounds constrained in these and other control channels.

Search for 0vpp in 1Mo

= Search for a 0vpp signal in the region 2.0 < Eyor< 3.2 MeV distribution (larger than ROlgyum)

NEMO-3 - Mo - 7 kg, 4.96 y

PRD92,072011(2015) 4

For the hypothesis of light Majorana

310' 20 —— Data 27051 Evts neutrino exchange :
S 18 = 2vfip ““Mo
b — Py T2 51.1%10% yr (90% CL)
o 10° 12 1 :Bl Internal -
10 B 71 tnternat (my) <0.3—-0.6¢eV
I
" Tl = Close to the best limits from other
2 experiments, with only 7kg of isotope.
10 28 29 3 31 32 33 34 = Noevents in [3.2-10] MeV for 47 kg.yr
1 ! L1, = Competitive bounds also placed on :
© : R-parity violating couplings in the case of
s gluino/neutralino mediated 0vpp.
3 1
0 T T Y RHC couplings.
53 ¢ e mevy © Majoron-neutrino couplings.
8th July 2016 NEMO-3 and SuperNEMO 8



Double-Beta Decay of °Nd

= 150Nd : Qgg = 3.4 MeV and the largest phase space of any isotope.

- NEMO-3 -"*'Nd- 36.6 ,5.25 y arXiv:1606.08494
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5 s s
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* Most precise measurement of the 2vp rate:

T, = [9.34 +0.22 (stat.) F(:5 (syst.)] x 108 yr

8th July 2016

Events / 0.1 MeV

Data/MC

NEMO-3-'*Nd - 36.6 g, 5.25 y arXiv:1606.08494
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* The total energy is the single most
sensitive variable in searching for 0vfp.

NEMO-3 and SuperNEMO 10



Events/ 0.1 MeV

Data/MC

Double-Beta Decay of °Nd

NEMO-3-""Nd -36.6 g,5.25y arXiv:1606.08494

3 +-Data (3005) [l26B
- [] other Backgrounds
10 —(m,) - (A)
- —Z_,
10
1=
10
:l 11 1 1 1 1 11 II -
o R -
e T4
0.5F
Ey P Las sl el lao v aa 1l ' Y
/1S B ¥ SN S SN S S
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Partitioning of energy between the two

electrons is particularly sensitive to
the mechanism of Ovfp.

Nine other kinematic and detector
variables are fed into the BDT.

8th July 2016

Events

107

10

10’

NEMO-3-"'Nd - 36.6 g, 5.25 y

* Rich information provided by full event reconstruction can be exploited through multi-variate
analysis techniques such as Boosted Decision Trees.

arXiv:1606.08494

—4— Data (3095)

I "*°Nd 2vpp

I *°*Tl internal

[ Other backgrounds
[ 1OvpB(m,)

Nyys < 3.29
1-CL,=0.71

3 %,
- *9//'
i %
04 -02 0 02 04 08
BDT score
0
TJQBB > 2.0 x 10?2 yr (90% C.L.)

(my) < 1.6 —53eV

NEMO-3 and SuperNEMO

= Expected (observed) half-life limitis 11%
(34%) better than using Eror alone.

1"



* Lepton number violating processes with AL=4 are possible with Dirac Neutrinos (Heeck &
Rodejohann 2013) Neutrinoless quadruple beta decay (0v4p) is one such process.

* The best candidate is *°Nd 222 MY, 150Gq 4 ¢~
* Unique sensitivity with topological reconstruction capability of NEMO-3.

> -
§ 0.03— PRELIMINARY
20,025 4e" golden
§ channel

g

o

—h

o
IIIIIIIIIIIIIIIIIIIIIIIIIIII

Electron eneri;y sum (MeV)

$

= Combined with other channels :

= World'’s first limit on this process.

8th July 2016 NEMO-3 and SuperNEMO

—+— Data
— "Nd 0v4p
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S
0.005 \\G
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05 1 1 2

TIO}’;B > 2.6 x 10*! yr (90% C.L.)| [4.3 x 10*! yr expected]




- Change isotope 712 calorimeter channels | = Reduce radon in
100Mo — 8285e gas by factor 30.

= New purification & 2034 tracker cells = Strict radiopurity
fabrication control of all
techniques. l 7 kg BB source ]l materials.

* Possibility of l * Improved
hosting other . efficiency,

- sources, e.g. *Nd | ‘ calibration etc.

-
= ,\*’,b» - 1”.;;,_,

L §

Nk

-

contamination to
208T) < 2 uBg/kg

“BiPo” Detector
Measure source foil
214Bj< 10 uBg/kg
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Demonstrator Module

8th July 2016 NEMO-3 and SuperNEMO



Backgrounds?
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This is a lot of Nuclear Physics!



Some Random Ones

110mAg

e metastable state of silver
e fission product
e What is its lifetime?

 Why is it so long?



Let’s do some research!
http:// www.nndc.bnl.gov/chart/



Some Random Ones

40K

 Long lived

* Naturally occurring

e What is it’s characteristic
gamma ray?

e Why is it so long-lived?



Uranium Chain

Uranium
Protactinium

Thorium

Long Lived @

Often times it is radon
that is coming into —
your detector. ~>

Astatine

Polonium

Note: mixture of beta Bismuth
and alpha decays, the

Bi-Po decays are =———————pp lead
particularly useful for
coincidence analyses.

Thallium

Mercury



Thorium Chain

228
90

19Yr

23(2) ;;»;num
14. 180500 1
Yr B

Long Lived

Often times it is radon

that is coming into S

your detector.

Radon220

(Thoron,

Paolonium

212

Highest energy

gamma ray of either —_—m
U or Th chain.



Alpha Decay Pretty Simple

Picturing Alpha-Decay

= =
This is the radius over which

r the strong force acts.
S




This Is a tunneling phenomenon.

Classically the 0Falpha emission
particle can’'t escape, _ Vi

but quantum g:QO"
mechanically it can ol W

tunnel through the TR :
barrier. ,

Separation of centers (fermis)
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Alpha Decay to Excited States

Q-Value reduced
so becomes less
probable.
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Beta Decay

3 - F.A.Scott, Phys. Rev.48,391 (1935)

| | 1
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F1G. 5. Energy distribution curve of the beta-rays.
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Wikipedia



Fermi’s Golden Rule

This is a result from perturbation theory.

27
R = leMQ”f(Eo)

A

Density of states for energy

Decay rate Matrix element linking released in this decay E,,.
initial and final states.— —How many states could
How easy is this do this transition?

transition?



Fermi’s Theory of Beta Decay

A completely general matrix element:

n
/ Hyey = /\II*H\U 1%1“(/%1,)(]%7 d37,
p e |
\ Becomes a simplified matrix element:

. H fi = (;H / ‘lf{?'n( ’_)( ll(l—j (’

Point-like interaction
justified by heavy W
bosons = short interaction
range.

P>



Fermi’s Theory of Beta Decay

Plane wave is a good assumption for the neutrino:

n ] —
e =\ ,ll\: 7 "l_:/
/ l;"'l/(7 ) —_— V]/Z € L 1
P e’
\ For now use a plane wave for the electron too:

1 ez:/;, e

—

© U’e (T ) ‘/7 1 / 2

In principle the electron interacts with the
Coulomb potential of the nucleus and at second
order the electron cloud (this can get very
complicated).



Fermi’s Theory of Beta Decay

In the plane wave approximation:

n
/ . Gw i W (A —i(ketky) 732
p e Hyi = U (F)p(F)e™ e d7r

-
;
1

The wave vectors ke and kV are small over the
range of the nuclear wave-functions, so what do
we do?



Fermi’s Theory of Beta Decay

An expansion of course:

CW [ i ne G
Hy= 32 [ 06,17 - L EAR) - [wr0w (e Rt

|

This integral is 0 or ~1.

If the first term is ~1, then this is an allowed decay. If the first term is O then it is a forbidden
decay (remember nothing is really forbidden in quantum mechanics it just gets less probable.



Forbidden Transitions

These are the selection rules:

AJ=L-1,L,L+1

Ar = (—1)"

Forbiddenness AJ |An

Superallowed 0t — 0*|no
Allowed 0,1 no
First forbidden |0, 1,2 | yes
Second forbidden ' 1,2,3 no
Third forbidden (2,3,4 |yes



Let’s now look at the
energy dependence.

2 |
dR = T”uarf,-\zn,,(]zO — E.)n.(E.)dE,
:



Let’s now look at the
energy dependence.

2 |
dR = T”uarf,-\zn,,(]zO — E.)n.(E.)dE,
:



Density of plane wave states:

V Ar
(27T) h363

n(E)dE = (E? —m?c )2EdE

including the rest mass of the particle, note all calculations done
with relativistic relation between energy and momentum.



Putting them together:

P G%A/ M|
23R 6

So(E.)dE,

and all energy dependence comes from the leptons....

So(Ee) = [(Eo — E.)* - '7'7'14,2,(?4]%(E() — E()(E(2 — -7'77.,304)% E.

this is true for allowed decays some energy dependence can
come from angular momentum conservation needs in forbidden
decays...this is outside the scope of this discussion.



Doing better...

Let's add the interaction with the Coulomb potential of the daughter nucleus Z,..

e(Z4,0)|°

F(ZdaEe) — ?7/) (O O)

So our energy dependence becomes....

Sc(Ee) — F(ZdaEe)SO(Ee)



Non-Relativistic Approximation.

27N
Wz E.)= ,
‘ 1] — e—277
2
n — -+ Z€ + =electrons
i = __471'6 h’l’ - = positrons
L

V is the velocity of the electron.



What happens as v—0

F(Z, Ee) = 2w F(Z,E,) = 2x|n|e~ 2™l

Electrons have enhanced decay rate at Positrons have to effectively tunnel out at
low energies/velocities. low energies/velocities.



Total Decay Rate

1 G%/|Mp|*m2c*
— = = Z4, E
T 23R f(Za; Eo)

Eo ’
/ F(Z,E.)(Eo — E.)*(E? = m2c*)2 E dE,
mc?

1
f(Z, Ey) = (m- (72)

Separates out all electron kinematics/interactions. This
formulation let’s you substitute in more detailed calculations.



logft - Only the nuclear physics.

Table 8-2. Classifications of 3-decay Transitions

1 Gi|Mp)Pmict

—

Superallowed 29-37 0 No 0 0
Allowed 44-60 0 No 0 0,1
First forbidden 6-10 1  Yes 0,1 0,1,2
Second forbidden 10-13 2 No 12 123
Third forbidden >15 3  Yes 2,3 2,3,4

Oregon Course

273h'

,( Z(1~ h“l) ,I



40K, Why is it so long-lived?



208T], What does it look like
inside and outside a detector?
(contained and not contained)
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What 1S th|S? lots of nheutrons and other
things including light isotopes.



Neutron Production:

o I
2 =
> |
e B
o =
=
2 B :
— .
Q ——
C‘E _1 n /
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B other
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Figure 7.4: Neutron producing process initiator as a function of muon energy as calculated
by FLUKA. At low energies most neutrons are produced by (7, n) reactions. Above 100
GeV pion induced reactions dominate.



Light Isotope Production:

Table 7.3: Light isotope production at E, = 260GeV and the exponent of a power law fit
to the simulation data.

2

Isotope N x107® per g g/cm® Dominant Process Power Law Exponent

llc

4608.33 +17.19 12C(y, n) 0.703 £ 0.002

"Be 1167.95 + 8.65 12C(~, na) 0.684 + 0.004
10Be 446.35 + 5.35 12C(n, 3He) 0.825 + 0.007
12 308.53 +4.45 12C(n, p) 0.828 + 0.009

8Li 234.17 + 3.87 12C(n, pa) 0.821 £+ 0.010

10C 211.28 + 3.68 2C(xt, np) 0.810 £+ 0.010

6He 133.97 +2.93 12C(n, 2p*He) 0.818 £+ 0.013
B 63.97 & 2.03 2C(xt, 2H2H) 0.804 + 0.019

ILi 35.06 + 1.50 12C(n—, 3He) 0.801 + 0.026

°)C 14.94 + 0.98 2C(nt, 3H) 0.772 £ 0.039

12N 8.59 4+ 0.74 12C(p, n) 0.921 + 0.045
1RBe 9.36 +0.77 2C(n, 2p) 0.753 + 0.051
"He 3.53 +0.48 2C(x—, *H) 0.926 + 0.078
138 3.14 + 0.45 BC(n, p) 0.742 + 0.075
150 0.51 £0.18 3C(p, n) 0.793 + 0.244
13N 0.64 +0.20 160(, n) 1.120 + 0.220




Where does °Co come from?

http://www.nndc.bnl.gov/sigmal/

or

http://www.nndc.bnl.gov/exfor/exfor.htm

Hint: (n, alpha)



