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Brief introduction

|s a second order weak decay simultaneously converting two
neutrons into two protons.

Because of the nucleon pairing energy for some nuclides -
decay is the only way to achieve the lowest mass state.
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Brief introduction

|s a second order weak decay simultaneously converting two
neutrons into two protons.

Because of the nucleon pairing energy for some nuclides -
decay is the only way to achieve the lowest mass state.

There are many ways this can be achieved. The two most
popular modes are:

A(ZN)>A(Z+2,N-2)+2e +2v,  (2vpp)
A(Z,N)—> A(Z+2,N-2)+2e (0vpp)
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Brief introduction

|s a second order weak decay simultaneously converting two
neutrons into two protons.

Because of the nucleon pairing energy for some nuclides -
decay is the only way to achieve the lowest mass state.

There are many ways this can be achieved. The two most
popular modes are:

A(ZN)>A(Z+2,N-2)+2e +2v,  (2vpp)
A(Z,N)> A(Z+2,N-2)+2¢e (0vBp)

 Violates Lepton number by two units
* Requires neutrino anti-neutrino identity (Majorana character)
 Driven by neutrino exchange: rate determines neutrino mass
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‘ Focus on light neutrino exchange mode

Decay rate depends on an effective Majorana mass. Its
calculation requires knowledge of nuclear physics quantities.

(1) = 6™ M -(my,)

A

Phase space

Elements upper

Nuclear matrix row of MNS-matrix

element

<mBB>:Hm1" Uezzl + ‘m2‘~ U§2 .e%1 P -img‘. U§3 @21 P
—h—

_ _ Assumes decay Is
Physical neutrino

masses CP-phases drlver_1 by light
neutrino exchange.
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‘ Focus on light neutrino exchange mode

Decay rate depends on an effective Majorana mass. Its
calculation requires knowledge of nuclear physics quantities.

(1) = 6™ M -(my,)

(. Because of the imaginary
Phase space phases cancellations may
Nuclear matrix Occur.
element

<mBB>:Hm1" Ugl + ‘m2‘~ U§2 et P ‘mB‘. U§3 @21 P

Assumes decay Is
driven by light
neutrino exchange.
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Measurement of B0v

IS the only practical

O S e A e B way to test the
e 55 possible particle anti-
Qﬁ“z’/_‘ particle identity. <mgg>
S / determines the yet
L nverse hierarchy ] unknown mass scale.

6Ge: (1.4-7.7)-10%8 yr
130Te: (0.22-1.3)-10%8 yr
136Xe: (0.32-2.2)-1028 yr

This neutrino mass

goal defines the scale

S of new experimental
searches.

90% CL 3-flavor fit errors
provided by M. Tortola.
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How to attack this problem experimentally?

e Find a candidate nuclide with reasonably high decay energy
and isotopic abundance to maximize decay rate.

* Most popular approach: pick a substance that decays and
serves as the detector. But there are exceptions.

 Build the largest high resolution detector you can afford.
To gain rate and reduce background, enrich the decaying
Isotope, removing non-decaying but sensitive ‘ballast’.

 Build this detector such that its background is few events
per year at 2-3 MeV! This is THE technological challenge.
Requires use of exotic low activity materials with sometimes
undesirable mechanical properties.

 Employ active background suppression.
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Because of the long half lives (now ~10%° yr — ~102%7 to ~1028
yr inverse hierarchy) current and future searches require:

1) Large amounts of decaying substance to see any events.
2) Extremely low background to “see” few decays per year.

For background limited null result the experiment sensitivity
has the following general form (for small detectors):

M-t

a-a-g,]—— G- M”

() <
J
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Because of the long half lives (now ~10%° yr — ~102%7 to ~1028
yr inverse hierarchy) current and future searches require:

1) Large amounts of decaying substance to see any events.
2) Extremely low background to “see” few decays per year.

For background limited null result the experiment sensitivity
has the following general form (for small detectors):

Constant depending on CL, integration of peak, mol mass

Detector mass

1
(Mg ) <
3 M-t ¢ Counting time
\/a-a-s- —.GY . (M
b;m\ Energy resolution
Isotope abundance Efficiency Background rate per
unit mass and energy
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Because of the long half lives (now ~10%° yr — ~102%7 to ~1028
yr inverse hierarchy) current and future searches require:

1) Large amounts of decaying substance to see any events.
2) Extremely low background to “see” few decays per year.

For background limited null result the experiment sensitivity
has the following general form (for small detectors):

The different
experimental
<mBB> < \/ searches try to

M-t ov optimize their
.GY .M _ o
physics sensitivity
via different
parameters.
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For a background free experiment the sensitivity Is:

<mBB>< L
\/oc'-a-.e-l\/l-t-GOV-‘MOV

Detector mass and time enter in via the square instead of
the fourth root.
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The EXO-200 detector
at the Waste Isolation Pilot Plant near
Carlsbad New Mexico, USA
(1585 mw.e.)
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HV FILTER AND
FEEDTHROUGH

VETO PANELS

DOUBLE-WALLED
L™
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EXO detection strategy

detect the 2 electrons
(lonization + scintillation in xenon
detector)

135Xe — + (+ 2ve)
|

positively identify daughter via
optical spectroscopy of Ba*

[M. Moe, Phys. Rev. C 44 (1991) R931]

other Ba™ identification strategies are also being *

iInvestigated within the EXO collaboration

observe
single ion
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Background control
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Natural, cosmogenic and anthropogenic radioactivity content
of all construction materials quantified using various
techniques. In the course of EXO materials testing program
more than 500 material measurements over an 8 year period.

Techniques:

 y-counting (Th/U): 1 ppb (AG), 7/16 ppt (UG).

o ICPMS and GDMS (Th/U): 10 ppt (GDMS), 1 ppt (ICPMS).

* NAA utilizing MIT reactor (Th/U): 0.3 ppt (counting), 0.02 ppt
(pre-concentration).

 a-counting for 21°Pb for shielding Pb (via 1°Po): 5 Bg/kg.

e Rn counting sensitivity: 5 222Rn atoms/day outgassing.

Part of data published: D.S. Leonard et al., NIM A 591 (2008) 490.
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Measurement of radioactivity
at ultra trace concentration:

1 ppt Th: 4 uBg/kg or 2.8 days/(decay-kqg)

1 ppt U: 12 uBg/kg or 0.9 days/(decay-kg)
BPB2v-decay of 80% enriched 136Xe:

for T,, = 2:10%! y specific activity 40 uBg/kg
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Charge and light read-out on either end, HV cathode in
the middle.

Charge collection and
X-y position
reconstruction by
crossed wires.

Scintillation light
readout via 468
Avalanche Photo
Diodes.

Time difference of the
two signal gives the
3'd spatial coordinate.

vS: multiple Compton scattering (MS) — background

Bs: point-like interaction (SS) — signal
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= * 29 plastic scintillator veto
| panels (50 mm thick).
Left from KARMEN

| experiment.

" ° Surrounds TPC on four

" sides.

- 25 ms off-line cut after
each hit, 0.58% dead
= time.

o * 60 s off-line cut after

8 each reconstructed p-
track in Xenon, 5.0%
dead time.
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How does EXO-200 perform?
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To calibrate detector response and tune Monte Carlo
simulation use miniature 13’Cs, 90Co, 2?5Ra and 2%%Th
calibration sources.

150 - a

150 -100 -50 0 50 100 150
X (mm)
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‘ Combine 1onization & scintillation

scintillation (keV)

3500

228Th source

3000
2500

20005 -

1500

500
500

-o’s, events - A
Cowitho /“' ‘
ﬂWﬁ%dJ P
- charge™ |

lcollectlo

1000 ;

o
"l-l'lIIIIII|IIII|IIII|IIIT

0

1000 1500 2000 2500

ionization (keV)

3000 3500

lonization and scintillation
energies are anti-correlated.

*Energy measured along a
rotated axis offers improved
energy resolution.

eRotation angle chosen to
optimize resolution at 2615
keV.
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scintillation
ionization
rotated

Scintillation: 6.8%
lonization: 3.4%
Rotated: 1.6%
(at 2615 keV gamma line)

counts / 20 keV
h
=
=
=

3000

2000

1000

%20 1100 1500 1900 2300 2700 3100 3500
energy (keV)
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From radioactive sources (13°Cs, %9Co, 2?°Ra, 2?8Th)
determine energy resolution, tune Monte Carlo det. model.

Marm. counts (2.u.)

Morm. counts (@.u.)

9/18/2013

1000 1500 2000 2530

Enargy [ka)

Loo 1000 1200 1400 1600
Enargy [ka)

Morm. counts (a.0.)

Morm. counts (g.u.)

k3 100 1B0 200

Ztandoff (mm)

Erice

&0

100 180 200
Ztandoff (mm)

SS events
blue: MC
black: data

MS events
blue: MC
black: data



From radioactive sources (13°Cs, %9Co, 2?°Ra, 2?8Th)
determine energy resolution, tune Monte Carlo det. model.

Monte Carlo model gives accurate description of the
detector response to ionizing radiation:

-SS event fraction agrees to within 8.5% with data. S
*Known source activities are reproduced within 9.4%. C
5 L\d\-‘\ﬂL ~ 1 5 uiack. data
: ' MS events
B B blue: MC
i i black: data

1000 1500 2000 2500 SO0 1000 1200 1400 1600 o B0 100 180 200 A0 100 180 200
Enargy [ka) Enargy [ka) Ztandoff (mm) Ztandoff (mm)
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From radioactive sources (13°Cs, %9Co, 2?°Ra, 2?8Th)
determine energy resolution, tune Monte Carlo det. model.

Monte Carlo model gives accurate description of the

detector response to ionizing radiation:
SS event fraction agrees to within 8.5% with data. nts

-Known source act|V|t|es are reproduced within 9.4%. C

\\L“ ILL ‘ viack. data

For the Ov[3f3- flduc:|al volume cut the energy resolution o/Q
Is found to be 1.67%. It appears to be dominated by
electronics noise in the photo diode chain.

nr ooVl } | Dblack: data

‘IIIIIIIIII 15IIIIII EIIII:IIII 2R00 SO0 1000 1200 1400 1600 o B0 100 180 200 A0 100 180 200
Enargy [ka) Enargy [ka) Ztandoff (mm) Ztandoff (mm)
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Residual (%) Residual (%)

-0.5F

Energy Resolution (keV)

Energy calibration

ook $s Using quadratic model for
O e o €NEIQY Calibration, single-
0.5F and multi-site residuals are:
It 137Cs: 0.36%
0.5F . MS , | ©°C0:0.17%
I [ S 228Th: 0.17%
TR U R ST RS RS S B 40 . 0 .
_%OO 1000 1500 2000 2500 K O 21 /0 (phySICS data)
Energy (keV)
Energy resolution model:
54;_ %SSEVGMS Gz(E):Gglec_l_b'E'i'C°E2
_ il Yy Resolution dominated by
ol constant (noise) term o,
) At Qg (2458 keV):
o o/E = 1.67 % (SS)
F = | o/E=1.84% (MS)

Energy (keV)



| TPG 1 e’ Lifetimes

—
0
—

Xe pushed through hot
Zr getter by ultra clean
pump to remove
electro-negative
Impurities.

10*

F"I'IIIIII|

10°

b -t —e—  El@Ctron life time 1,
measured by source
full absorption peak

| TPG 2 e’ Lifetimes

¢ ok centroid as function
- of drift time.
1, ~3 ms with maximal
drift time of ~110 ps.
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The Data
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|s taking data since May 2011.

Run 1 (5/2011-7/2011, 31.36 d, 63 kg (of 110 kg active) Xe,
charge read-out only): first observation of 2vpp—decay of 136Xe

Run 2a (9/2011-4/2012, 120.69 d, 82.1 and 98.5 kg Xe):
most accurate measurement of any 2vpp—decay rate, one of
most stringent limits on Ovpp—decay (32.6 kg-yr) and Majorana
neutrino mass, challenge of °Ge evidence.

Run 2 (9/2011-6/2013, 439.6 d, 97.7 kg Xe): 3.6 times
exposure compared to 2012 data set. Ovpp—analysis not
finalized yet.

Run 3 (6/2013...): taking data
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2D low background data

» Cut events outside the charge collection area. This efficiently
removes surface evens.

« Remove events at or near the anodes and cathode. Mostly
due to o’s.

 Remove alpha-like events with high scintillation to ionization
ratio and events with low charge.

« Remove seguential events within 1 s of each other (3.3%
dead time). Removes 21“Bi-?'“Po delayed beta-alpha
coincidences (Radon daughters).

e SS event reconstruction efficiency: 71%.
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EXO-200 2vBB-data (82.1 kg Xe, 127.6 d, 28.69 kg yr)

Utilize tracking capability: MS  1e0
data contains mostly y events, 1o
has good diagnostic power for
identifying the background 100
components.

0 50 100 150 200
Standoff Distance (mm)

e Purple: 13°Xe and Rn in Xe

 Red: Rn in Pb shield

e Blue: 49K, >4Mn, 99Co, °Zn,
232Th, 2384 in TPC materials.

Norm. Residuals

2 ndf = 104.5/77.0

1000 15600 2000 2500 3000 3500
Energy (keV)
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2/ ndf = 82.5/74.5

700

SS event set ~Dda a
cjommated by point- £ e <=1
like p—events. gl  Veseo B9 | £
Perform coupled ©_Overflow |

U
ce (mm)

MS and SS data fit
to obtain:

Counts / 14 keV

Norm. Residuals
2 N O N OB

1000 1500 2000 2500 3000 3500
Energy (keV)
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2/ ndf = 82.5/74.5

SS event set son i
dominated by point- "
like B—events.
Perform coupled

Counts / 14 keV

—— Data
— Best Fit
PR2v
— Rn Bgds
---. Vessel Bgds
— |.Xe Bagds
= Qverflow

MS and SS data fit
to obtain:

wnts / 14 keV

T2 = (217120, 0175‘“ £0.060™* ) 0” P ————

Counts / 10 mm

3000

2000

1000

g of
The longest and § 2
mOSt preCisely 1000 2000 2500 3000 Energy (kga?[l
measured 2vpp— Smallest and best known 2vB—matrix

decay half life.
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—

counts /2

counts /20keV

Low background data: around Qg

35¢
305 MS
25 /
15 # ) ' ,'
10E | +
5;_”-_'-“ - ,."'j f‘\ \ + ++
OE Ly g F e - : ]
8E T
;_\ | 20 | SS
6 N : :
= \\ | O
45— - F Y - ; i
25 | H}t E "
00 2200 400 2600 2800 3000 3200
energy (keV)
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No peak observed at Q.

Bp2v
—— PBpOv (90% CL Limit)
""""""""" 4 LXe Vessel
""""""""" 54Mn LXe Vessel
“““““““““ 80Co LXe Vessel
“““““““““ 8Zn LXe Vessel
""""""""" 22Th LXe Vessel
""""""""" 238 LXe Vessel
———— 13%e Active LXe
———— 22pn Active LXe
""""""""" 22281 Inactive LXe
214 cathode Surface
22Rn Air Gap
Data
Total

Use background model
to construct a limit for
peak at Qgsvia a
likelihood ratio
hypothesis test.



8¢ \
ﬁE— 3
> "E N
2 B N\ :
] E i\
E 45— - - E -
2E ;
B0 2200 2300 2600 38003000 3300
energy (keV)

222Rn in cryostat air-gap 1.9 +0.2 2.9 +0.3
238 in LXe Vessel 0.9 +0.2 1.3 +0.3
232Th in LXe Vessel 0.9 0.1 2.9 +0.3
214Bj on Cathode 0.2 +0.01 0.3 +0.02
All Others ~0.2 ~0.2
Total 4.1 +0.3 7.5 +0.5
Observed 1 5
Background index MC (kgtyrtkeV?) 1.5103+£0.1 1.4103%%0.1
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Background
design goal:
20 cnts/yr in
2'c and
140 kg Xe.

Measured
background:
15 cnts/yr in

26 and 110
kg Xe.



Cosmic-ray veto impact: system 1s essential

Single-site events Events within fiducial volume

1000 = — 1 I Culled by data cleaning
900 210 1| [_] <25ms from veto
800 ?4 | [ Final dataset

> 512

2 700 f10

-

&~ 600

D 500
3

Q_' L

Y400 a

£ ho o oals an

g 2200 2400 2600 2800 3000 32097””347070

m

ROI: o:4 of 5 vetoed, 1 remaining
ROl 2.0: 6 of 13 vetoed, 5 remaining

|
1000 1500 2000 2500 3000 3500

Energy [keV]
Tracking gain in 2.c ROI:

MS data 2-c ROI: 116 events ~
SS data 2.6 ROI: 5 events } (116+5) /5 =24.2
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Profile likelihood analysis takes into account the peak
shape of Ovpp signal. More sensitive than window analysis.

We get at 90% CL: Tl‘;‘fﬂ >16-10% yr

The longest 13°Xe OvBB-decay limit comes from the
KamLAND-Zen experiment: >1.9:102° yr.

EXO-200 result translates into a Majorana v mass limit range:

M>gg < 140 — 380 meV/| [Auger et al., PRL 109 (2012) 032505]

130Te (Cuoricino): < 270 — 660 MeV [amaboldi et al. PRC 78 (2008) 035502]
6Ge (GERDA): < 255 — 606 mMeV [M. Agostini et al., arxiv:1307.4720]
100Mo (NEMO-3): < 450 — 1070 meV |[a. Barabash et al., PAN 74 (2011) 312]
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Current Majorana
v—mass limits
published by
EXO-200 and
KamLAND-Zen.

The degenerate
mass space Is
being covered.

9/18/2013

3-flavor analysis D.V. Forero et al. arXiv:1205.4018v4



Current Majorana

1 B / v—mass limits
published by

e EXO-200 and

oE KamLAND-Zen.

Inverse hierarchy

The degenerate
mass space Is
being covered.

9/18/2013

3-flavor analysis D.V. Forero et al. arXiv:1205.4018v4



Run 2

Cumulative Livetime vs day for Physics-Data by data quality

>

B Suspect
Good
B Golden

B Bad

600
= 450 Run 2a
> «
]
E 300
2
~ 150

0

Oct 2011 Jan 2012 Apr2012

All data collection: 92%
Physics Data: 83.1%
Calibrations/testing: 9%

Oct 2012 Jan 2013 Apr 2013

B Charge injection calibration-Int. [l Data-Source

B Data-Noise calibration-Th-228:weak
Data-Physics M No Data Taking
B Data-Source calibration-Co-60: Other

B Cata-Source calibration-Co-60:
Data-Source calibration-Cs-137...

B Cata-Source callbration-Ra-22...
Data-Source calibration-Th-228...



As this is a school: how to relate a 13°Xe limit into one for
6Ge decay, or in other words what does have EXO-200

to say about the "°Ge evidence?

Assume the decay is mediated by exchange of light
Majorana neutrinos. Both have <mgg> in common.

2 2 2
Ov Ov Ov . O Ov Ov
Gy | My ’T1/2,Xe —<m[3[3> =Gg, ' (Mg, ’T1/2,Ge

G .IM% 2

Ov Ov Ge Ge
In (T1/2,Xe) =In (T1/2,Ge )"‘ In 2

GY . IMY

Xe " ["Vxe

2

=0.15...0.83

;=
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Using different
nuclear matrix
elements the
absence of a Ovpp-
peak in EXO-200 is
compared to the
evidence published
for 7°Ge.

For most matrix
element calculations
there Is tension
between these new

EX0O-200

KamLAND-Zen
I

1024 1 1 I N N I ' 1 l I T N I I
10% 107 10° experiments and the
Tip X&) Ovpp-evidence.
9/18/2013 Erice H.V. Klapdor-Kleingrothaus and I.V. Krivosheina, Mod.

Phys. Lett., A21 (2006) 1547.



The future
e Funded to run until the end of 2014.

e Considering an electronic upgrade to improve the energy
resolution and to install a Rn removal device to reduce
the background by perhaps a factor 2. Run till end of
2016.

* Improve (90% CL) Ovpp-half life sensitivity to (3-5.5) 102° yr.
Discover the decay should it be there.

* Corresponding Majorana neutrino mass range: <mg;> < 75-
270 meV, cover degenerate neutrino mass range.

 Demonstrate the technology for a next generation
experiment. — nEXO

9/18/2013 Erice



EXO-200 the collaboration started to study the case for a
5 ton (~4.5 ton fiducial) Xe experiment, initially without
Ba- tagging. Tagging should remain an option, you could
consider it a (background) risk mitigation tool.

Assume:
- 4.5 tons of active ¢ Xe (80% or higher).
- 1.5% (o) energy resolution.

- Background from Monte Carlo using normalizations
derived from EXO-200 data and materials assay.

- 3 times finer wire pitch than EXO-200, lower energy
threshold — 2 times better e-y discrimination than
EXO-200.

We call this nEXO.

9/18/2013 Erice



At the end: how such a detector, installed In
SNOLab’s cryopit may look like.
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‘ Conclusion
EXO-200 is taking low background data since 2011.
Couples extremely low background with good scalabillity.

No evidence for neutrinoless double beta decay of 13°Xe.
One of the most restrictive bounds on Majorana neutrino
mass, tension with the Ge evidence.

3.6 times the data under analysis.

The EXO collaboration is an experienced team. We are
exploring the reach of a scaled up/improved device initially
based on EXO-200 technology. This could cover the inverse
hierarchy.

9/18/2013 Erice
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