


Four fundamental requirements
for modern experiments:

1) Isotopic enrichment of the source material
(that is generally also the detector)

3 - i =
o c— e Y O " -

‘—ce

100kg — class experiment running or
completed.

Ton — class experiments under planning.

2) Underground location to shield
cosmic-ray induced background

Several underground labs
around the world,

next round of experiments
1-2 km deep.
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Four fundamental requirements
for modern experiments:

3) Ultra-low radioactive contamination for
detector construction components

Materials used =<101°>in U, Th
(U, Th in the earth crust ~ppm)

4) New techniques to discriminate signal
from background

Non trivial for E~1MeV

150

[ e
[— |
o o

But this gets easier in
larger detectors.

100

Wire Channel

30

50

Time
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The last point deserves more discussion,
particularly as the size of detectors grows...

The signal/background discrimination can/should based on
four parameters/measurements:

1. Energy measurement (for small detectors this is ~all there is).
2. Event multiplicity (y’s Compton scatter depositing energy in
more than one site in large detectors).
3. Depthin the detector (or distance from the walls) is
(for large monolithic detectors) a powerful parameter
for discriminating between signal and (external) backgrounds.
4. adiscrimination (from e /y), possible in many detectors.

It is a real triumph of recent experiments that we now have
discrimination tools in this challenging few MeV regime!

Powerful detectors use most of (possibly all) these parameters in
combination, providing the best possible background rejection
and simultaneously fitting for signal and background.
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The EXO program

- Use 13%Xe in liquid phase

- Initial R&D on energy resolution using
scintillation-ionization correlation

- Build EXO-200, first 100kg-class experiment to
produce results. Run Il in progress.

- Build aton-scale detector (nEXQO) able to cover the
Inverted hierarchy (for the standard mechanism)

- Explore the possibility of tagging the final state Ba
atom to extend the sensitivity of a second
phase nEXO detector
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The EXO-200 liquid 13%Xe Time Projection Chamber

175nm scintillation

~100kg . .
Lig-136Xe = | light detlng APDs

-

S . collection
e grids
Cathode | X888
-HV SO
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Scintillation energy [keV]

Combining lonization and Scintillation

3500

228Th source SS
3000 S '

2500[ % T

20008

1500

1000}

S

3

3

50900 :-1000 1500 2000 2500
lonization energy [keV]

Rotation angle chosen to

3000 3500 >

2

1

Counts/(10 keV}

1

optimize energy resolution

at 2615 keV
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Anticorrelation between

cintillation and ionization in LXe

known since early EXO R&D

E.Conti et al.

Phys Rev B 68 (2003) 054201

By now this is

a common technique in LXe

500 | | |
—— Scintillation: 5.0%
000 — lonization: 3.0% Q -
— Rotated: 1.2% | 8
500} _ 2
(o/E resolution) o
~
i )
000 <
<
500 =
@
000} .
500 .

900 1000 1500 2000 2500 3000

Energy [keV]
Gratta 8



Low Background 2D SS Spectrum
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| . / .
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1000 ¥ &°
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o
=
=
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ionization (keV)

* a (larger ionization density = more recombination = more scintillation light)
* events near detector edge = not all charge is collected
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Using event multiplicity to recognize backgrounds
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3000 T i T T T T T T T
2500} ]
{
= 2000} + .i. :
Q
£
L 1500} ; 1
= i —> Good
= Physics
§ 1000f Data 1
L
500 1
O L E L L L L L L L
0 5 10 15 20 25 30 35 40
1 Time since pump restart [days]
31 Jan ‘16

EXO-200 Phase-Il Operation

« EXO-200 Phase-Il operation begins on 31 Jan 2016, after

enriched liquid xenon fill.

 Data shows that the detector reached excellent xenon purity
and ultra-low internal Rn level shortly after restart.
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Sgueezing more discriminating power out of SS events

= Use a boosted decision tree (BDT) fed more information about the

diffuse nature of the SS event
~35% y-rejection

_ ~90% signal efficiency 4
Data (dot) vs MC (line)
DIB_ T T 1 15. . . T T I. ] DIZS_ T T _I___
8 d i ] [
5 ] 0-15p 0.20}
§ 0.6f . . 1 oy, 1
................ . . o,
B I 0.1 P Ii,r"q,,.r-'—‘—_ 0.15} o
£o4 1 [ - 2
® . *ie, 0.10F .4
E 0.2 o.01 0.05¢ T : "
Che 226Ra TR 0.051
2vBB Z 5 ' OV *e;
Du 1 1 1 1 1 ] . D ] L 1 . D L 1 -
1 2 65 70 7.5 8.0 0.0 0 50 100 150 0.0 -0.5 0.0 0.5
Number of channels Rise time [us] Standoff [mm] 0w discriminator

s . . . SS-fraction
Fitting OvBB discriminators SS events m

- Energy 2y
- SS/MS / T

L ) Qps Energy Energy
« BDT -2 ~15% sensitivity improvement
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Counts/bin Resid. Counts/bin

Resid.

Most Recent Results

« Background model + data - maximum likelihood fit
« Combine Phase | + Phase Il profiles

5
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2 [ - iy
10 Froem =T i
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L S e
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e e R
Phase Il. SS ComponentI Counts
C 232 1.8
| BDT discri 238 | 42
BQ;3x20 Bya| 36
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=}~ Data 8
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Energy [keV]

« No statistically significant excess: combined p-value ~1.50
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Combined analysis:

Total exposure = 177.6 kg-yr 2%2Th 15.8
238U 94
137Xe 44
Total 30.7+6.0
Data 43

Sensitivity of 3.7x102° yr (90% CL)
T,,08 > 1.8 x 10%° yr
(mgg) < 147 — 398 meV
(90% C.L.)

arXiv: 1707.08707

4.8

4.2

3.6
13.2+1.4
8

The sensitivity Is really the correct way to estimate
the worth of a measurement/experiment, because
It contains all the information that can be/is used.

If one wants to use the incomplete picture of a single parameter

notion then the “background index” is ~ (1.5%£0.2)x10-3/ (kg-yr-keV)
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A brief history of EXO-200 (results)
sensitivity  limit
PRL 109, 032505 (2012) 0.7x1025  1.6x10%

Nature 510, 229 (2014) 1.9x102° 1.1x102°
arXiv: 1707.08707 (2017) 3.8x10% 1.8x102%°
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LONG RANGE PLAN
for NUCLEAR SCIENCE

“RECOMMENDATION I

The excess of matter over antimatter in the universe is one of the most compelling mysteries in all of
science. The observation of neutrinoless double beta decay in nuclei would immediately demonstrate
that neutrinos are their own antiparticles and would have profound implications for our understanding
of the matter-antimatter mystery.

We recommend the timely development and deployment of a U.S.-led ton-scale neutrinoless double
beta decay experiment.”

Initiative B

“We recommend vigorous detector and accelerator R&D in support of the neutrinoless double beta
decay program and the EIC.”
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Shielding a detector from gammas is difficult!

N\ o

k! 8%, (b) Lead (Z = 82)
; ?3 e o — experimental G¢q¢
1 Mb — X _.__

Op.e.

T GRayleigh

Typical BROV

Cross section (barns/atom)

LEb ) values
- Kl]llC -
1bH— =
> GCOmpton o Ke
i N ) ]
10 mb R I e |
10 eV 1 keV 1 MeV 1 GeV

Photon Energy

100 GeV

. Gammainteraction cross section

Example:
v interaction length
in Ge is 4.6 cm,
comparable to the size
of a germanium detector.

Shielding BB decay detectors is much harder

than shielding Dark Matter ones

We are entering the “golden era” of B8 decay
experiments as detector sizes exceed int lengths
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LXe mass (kg) Diameter or length
(cm)

5000 130
150 40
5 13
2.5MeV y
attenuation length
8.5cm= —
5kg 150kg

5000kg

This works best for a monolithic detector
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The most conservative (and wrong) design for nEXO




The nEXO detector a0 ez

NEXO B
KNIGHTS

A 5000 kg enriched LXe TPC,
directly extrapolated from EXO-200

=3

o

y -
>

130
cm

S, 4

\
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The nEXO baseline TPC

Charge readout
strips (anode)

In LXe

electronics
(charge and SiPMs)

SiPM “staves’
plastering
barrel behind
field-shaping
rings

Cathode

24
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At least one type of 1cm? VUV devices now match our

desired properties, with a bias requirement ~30V
(as opposed to the 1500V of EXO-200 APDSs)

30 7 T

Preliminary
25 7

20 .

IS ST L L |

photon detection efficiency [%]
o
— I._{
— —
——
—e—A
——
——
—_—
——

5 : 2016 FBK VUV-HD LF Wg 18-3 —e— |
2016 FBK VUV-HD LF W8 1-13 —e—
2016 FBK VUV-HD STD W11 18-4 —%—
2016 FBK VUV-HD STD W1 5-4 —a8—
0 I | | | |
0 20 40 60 80 100 120

relative contribution of correlated avalanches within 1us [%)]
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Charge will be collected
on arrays of strips e
fabricated onto low

i ; Array of
background dielectric Charge Tiles
wafers

. . ape SiPM
(baseline is silica) Support
Field Shaping
SiPMs Rings
= - Self-supporting/no tension
S - Built-on electronics (on back)
7 - Far fewer cables

- Ultimately more reliable,
lower noise, lower activity

v

CNNP2017, Catania, Oct 2017 EXO-200 and nEXO - Gratta 27



Test of prototypes in LXe ongoing

M.Jewell et al., “Characterization of an
lonization Readout Tile for nEXO”,
arXiv:1710.05109, 16 Oct 2017.
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207Bj, 570 keV, charge only
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Soon we will have LXe data with tiles (charge) and
SiPMs (scintillation) readout simultaneously
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NEXO sensitivity and discovery potential

J.B. Albert et al.,
“Sensitivity and Discovery Potential of nEXO to Neutrinoless Double Beta Decay”,
arXiv:1710.05075, 16 Oct 2017.

NEXO Is unique among future experiments in that it
does not require assuming new or better materials*
In order to reach the design sensitivity

What goes in the model is
 the geometry,
« the radioactivity measured on existing materials
(some from EXO-200 some “freshly” measured)
 physics well known to GEANT (like Compton scattering)

* Except for the assumption that the electron lifetime will increase from ~3ms (EXO-200)
to 10ms. This appears comfortable, having removed much of the plastics from the TPC.
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While our material screening techniques have improved

since EXO-200 construction days, for some materials

we still have only upper limits

TPC Vessel
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Particularly in the larger nEXO, background identification
and rejection fully use a fit that considers
simultaneously energy, multiplicity and event position.

=» The power of the homogeneous detector,
this is not just a calorimetric measurement!

2vG3 W Other Bgds. e 0w [ Sum

Fid. Vol. Inner 3 t Inner 2 t Inner1t

108

10°
104
103
102
10!
10°

SS

SS Events
[cts/(0.02 MeV)]

et
o
L

10°
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104
103
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101!
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MS Events
[cts/(0.02 MeV)]

=t
o
L

MS

OvBp corresponding to TY2=5.7x102%7 yr

10 yr data,

1.0 20 3010 20 3010 20 3.0 1.0 20 3.0_:
Energy [MeV] Energy [MeV] Energy [MeV] Energy [MeV]
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So, a simple “background index” is not the entire story.

- The innermost LXe mostly measures signal

- The outermost LXe mostly measures background

- The overall fit know all this (and more) very well and uses all the information
available to obtain the best sensitivity

Nevertheless, for the aficionados of “background index”, here it is, as a function
of depth in the TPC. For the inner 3000 kg this is better than 103 (FWHM kg yr)*

10—3 4

Bgd. Index [cts/(FWHM-kg-y)]

0.0 0j5 1;0 1.I5 2:0 2;5 3j0 3:5 4.0
Liquid Xe Mass [x10° kg]
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Sensitivity as a function of time for the baseline design
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How does the sensitivity scale with background assumptions?
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CCD Counts

Background-free detection of a few Ba atoms has

beed demonstrated

< 58-atom 8000? .
- > 7000F
£ 50000
200) 1 3 40005 -
0 3000~
2000 e
L] = A N B
| D 20 40 60 80 100
1507
- | < 4-atom O-atom
50|
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L5 25 50 5025 7 25 50 %025 T o5 50
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The Batagging technique, that is not yet demonstrated, may provide
an upgrade path, with ultimate sensitivity ~4x1028 yr
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<mgg > [eV]

Back to the baseline design:

10°

10—1_
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10 10 10 10 10 10 10 10 10
Mmin [eV] Mmin [eV]
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Majorana mass sensitivity

NME used

IBM-2 J. Barea et al,

Phys. Rev. C91, 034304 (2015)

M.T. Mustonen & J. Engel,
Phys. Rev. C87, 064302 (2013)

Skyrme-QRPA

QRPA F. Simkovic et al,

Phys. Rev. C87, 045501 (2013)
RQRPA-UCOM  A.Faessler et al,

J. Phys. G39, 124006 (2012)
NREDF N. Lopez-Vaquero et al.

Phys.Rev.Lett. 111, 142501 (2013)
REDF J. M. Yao et al,

Phys. Rev. C91, 024316 (2015)
ISM J. Menéndez et al,

Nucl. Phys. A818, 139 (2009)

Assume g, = 1.27
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Conclusions

EXO-200 was the first 100kg-class experiment to run
and demonstrated the power of a large and
homogeneous LXe TPC

Run Il is in progress, new results just reported

This is clearly the way to go, as the power of the
technique will further improve going to the ton scale

Substantial R&D is in progress to fine-tune the design
of nEXQO, a 5-ton detector that will drastically
advance the field, entirely covering the inverted
hierarchy and with substantial sensitivity to
the normal one

There is also an upgrade path, using Ba tagging, that
promises a background-free measurement all the
way to ~4x1028 yr
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