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Origin of Neutrino mass

AFrom neutrino oscillation experiments we
know that neutrino has aon-zero massWe
have measured relative massgjuared
differences of different states

A But what aboutabsolute mass values

A How domasses of the differertates align
(normal, invertedhierarchy)?

A What is the origin ofhe masgerm (Dirac,
Majorana)?

AOne of the most promising ways to answet
these questions Is to study a peculiar type
radioactive decayprbidden in the SM

Composition Elementary particle
Statistics Fermionic
Genera tion First, second and third
Interactions VWeak interaction and gravitation
Symbol

e Tt Ve Y Yy
Antiparticle Antineutrinos are possibly identical

to the neutrino (see Majorana

fermion).

The d
vg (Electron neutrino): Wolfgang
Pauli (1930}
Vi (Muon neutrino): Late 1940s
v, (Tau neutrino): Mid 1970s
Discovered vg: Clyde Cowan, Frederick Reines

(1956)

L Leon Lederman, Mebvin
Schwartz and Jack Steinberger
(1962)

vy: DONUT collaboration (2000)

Types 3 — electron neutrino, muon
neutring and tau neutring

Mass Small, but nen-zere. See the mass
section.
Electric charge De
Spin 1
“

Weak hypercharge -1
B-L —1
X -3

From Wikipedia



Double beta decay

ATwo-neutrino modeis a Standard
modelprocess observetbr several
Isotopes, but Is extremely rare

ANeutrinolessmode violates lepton
number conservation

A can only happen if neutrinos are
massiveMajorana particles

A provides information abou&bsolute
massscale

A has never been observed*
AMal N goal Of EX.QOO |S to Search * a controversial discovery claim exists by a-gutup of Heidelbergloscow

collaboration [H.\KlapdorKleingrothausnd |.VKrivosheinaMod. Phys. Lett.,

for the neutrinolesamode A21 (2006) 1547]




Detecting doubldeta decay
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lllustration from P.Vogel, arXiv:hep-ph/0611243,
Assumes 2% resolution and 1e2 (1e6 in insert) ratio of 2nu/Onu

Aln the two-neutrino mode
electrons have to share energy
with undetectable neutrinos

A A calculable, but broad and
featureless spectrum

Aln the neutrinoless mode, a mono
energetic peak is expected at Q
value

A Good energy resolution is essential
A Large Qualue is preferred



EXG200

A~200 kg oXeenriched to 80.6%n 136Xe

A ~175 kg in liquid phase inside a cylindrical Time Projection Chamber
A ~100 kg current fiducial mass

ALocated at 158m.w.e. in the Waste Isolation Plant near Carlsbad, NM

A Muon rate reduced to the order of 10Hz /cn? /sr
A Salt has inherently lower levels of TH(<100 ppb), compared to rock
A Low levels of Rn (~Zym?3)

ACarefully selected radioactivetyean materialstigorous cleaning
proceduresdetectorinstallationinsideclass 1000 clean room
A Goal of40 counts/2 yrsin 2s Onu energy window (assuming 1401kge 1.6%resolution)



EXG200 time projection chamber (TPC)
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Single

vs. Multisite events
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Very useful in identifying gamma backgrounds!
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Two-neutrino result

EXO-200 (2011) -

KamLAND-Zen (2012)

Discovery [PRL 107, 212501 (2011)]

Confirmation by KamLAND-Zen
[PRC 45, 045504 (2012)]

EX0-200 (this work) —.— T,,=(2.165 = 0.016°* + 0.059%%)-10* yr
[PRC 89, 015502 (2014)]
1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 |
1 15 2 25 3
2vBB T, (107" yr)

1/2

EXG200discoveredthe 2Amode int*%Xeand provided themost accurate
measurement of @A half-life among allsotopes

Igor Ostrovskiy, Stanford

Chicago, 01/2016



Measurement ofwo-neutrino mode halife

A2Ameasurement is not limited by
statistics, so we used a strict fiducig
cut to leave only the besnhodeled
core volumec 66.2 kg of3%Xe

e

SS fraction

Statistical 0.76

Igor Ostrovskiy, Stanford Chicago, 01/2016

= Z out

of page

153 mm (fiducial Xe) |

171 mm (active Xe) |

10



Measurement ofwo-neutrino mode halife

A2Ameasurement is not limited by
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Dataset for neutrinoless analysis

o 7 B cotcen i A477.6G:0.01live days collected
3 ™ [rr— between 10/2011 and 09/2013
"F  reattme ALarger fiducial volume to

400+

maximize exposure
A100.0:3.4 ko@r 136Xe
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Systematics budget

A Signal detection efficiency

Source: Signal efficiency [%]: | Relative error [%)]:
Summary from 2-nu 93.1 0.9
Partial reconstruction 90.9 7.8
Fiducial volume 3.4
Total: 84.6 8.6

A Regionof-interest (ROI) backgrounds:

Source: Relative error [%]:

Background shape distortion 9.2
Choice of background model components 5.7
Variation of energy resolution over time 1.5
Total: 10.9

A Deviationd St 6SSyYy |  beyldeg =B -ESB=DNIDE.002
A Singlesite fractionerror*: (Datac MC)/Data = 9.6%

Igor Ostrovskiy, Stanford Chicago, 01/2016



Final fit

log,,(Counts/14 keV)

log,,(Counts/14 keV)

Energy (keV)

Projections on energy axes (fit also includes position information)

Igor Ostrovskiy, Stanford

Chicago, 01/2016
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Singlesite zoomin
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2s ROlbreakdown for majorbackgrounds

A VSRR INEISESCURGAHIEEN normaiizedto total exposure
—_— (124 kgyn).
13"Xeexposure i100 kgQr

‘U238

Total 31.1°1.89(stat)° 3.3(syst) 1.7°0.2
Compare to p.5/v
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00% C.L. Limit

0 5 10 15
Ovg33 counts

ATheevent excess is compatible with
backgroundluctuation at~1.2s

AMedian90% C.L. U.L. limit assuming

F RSIjdzl §S 6DV {08 63 NRUR/RE
| >1.9e25yrs
ALimitfrom the fit to the actual data:
| >1.1e25yrs
A~156¢ | gl & FNRY (GKS Y
A 14% of signafree toys have limits worse
than this



Context

1026
I . e ]
[ . 9] EXO-200:
i }(/ #l | Nature 510 (2014) 229
' GERDA Sensitivity mbm |
B / GERDA Phase 1:
o g PRL 111 (2013) 122503
& 107 ]
= FamLAND=Zen Limit .': )
f L EX =200 Limit i Kaﬁ ILAN D-ZGF‘ :
o I > PRL 110 (2013) 062502
z :é KK&K Claim:
E 2 Mod. Phys. Lett., A21
](}214[}114 - Illl}r’ N Illﬂzﬁ (2006) 1547
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Other BSM physicsr®ajoronmediated
decays

n =1 Majoron Best Fit (with all 90% CL limits)

(A. Z) = (A. Z+2)+2e + ), Massless or light > 10
(A, Z) > (A, Z+2)+2e 427, boson (“Majoron”) =
= 100
A Originallydescribed as Goldstori®osonof lepton § W e, |
number symmetrypreaking
A Possibledark matter candidatesspeculatedo be | SIEGCETeetTEetTats, Sasii, YILENEL, 7]
Involved in otherastrophysical processes Single-site energy (keV)
A Characteristispectral shape that can be searched
for in EXG200 : o
A No stat.significant evidence wasund. Limits on E
couplingconstants amongtrongestto date 2"
A PRD90, 092004 (2014) 1 :

i P A -
1000 1200 1400 1600 1800 2000 2200 2400 2600 2800
Multi-site energy (keV)
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OtherSMphysics: 2decay to excited states

AThe twoeneutrino mode of double
beta decay is allowed in the SM 4

AThedecay may also proceed to the ﬁ>< 136Cs

first excited state (), if energetically o /
accessible W
135}{'& \"\

Alt is interesting to try and measure thi: Ve oY
process, because it may erowde NPE T
additional constraints on NME Q=2457.83keV 11 760.493 kev

A Some NME uncertainties are common fo 3 2+ |
both decays, so cancelations are possibl 1
potentially leading to more accurate \ -
extraction ofMajoranamass from oot | 818.497 keV
neutrinoless decay o )

Alt may also test exotic alternative 136B3
mechanisms for double beta decays

i
[ ]
¥




OtherSMphysics: 2decay to excited states

A Decay to 2*state from the ground state
of 136Xe has larger @Qalue, but is highly
suppressed due to angular momentum 1

AThe primary interest for us is thus decay . P
to 0," state, which results in subsequen ‘.
emission of760.5keVand818.5keV W Boye e
\1. "-1_*“ D+
PP a2

gammas

AThe ”exptehctec% retlﬁe is calcgla%etd tg be N :
smalier than 16 the ground state by a Q=2457.83keV ™\ | 1 760.493 keV
factor of 3915 due to PSF, and b 2 ©
additional factor of 2.9 due to NM ;
A Expected haHife is thus 2.5e25rs, higher \ .
than expected sensitivity of E)%))O J | N0 | 818.497 keV

A But NME uncertainties could lead to over
(195%It\|lrgat|on, as was the case¥fMo and 136g 3




Final discriminator. Validating agreement of
training and real events
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Sensitivity Improvement

Number of Toy MCs

—— E + Discriminator
— E + Standoff

.

S .

P | IR | B A | PR T T WA T N T SN
100 200 300 400 500
Excited State Events 90% Upper Limit

AUsingthe BDThased
discriminatorvariableincreases
median sensitivity by a factor of
3-4, compared to the usual EXO
analysis approach

AExpected median sensitivity:
Ty, >1.7€24yr @90% C.L.



Final fit
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Result

ABestfit value of 43 events

AStatistically insignificant
A Consistent with NULL at 1s6

ACorresponding hatife limit:
Ty > 6.223yr @90% C.L.

ARoughly a factor of two weaker
than median sensitivity

Negative Log Likelihood

1 I i T
60 80 100 120

Excited State Events
arxiv:1511.04770




Other recent EXQOO papers

AWD. & I t oSN SO Iftd aaSladaNBYSyda 2F OUKS A2y
productsin liquid xenon using EXQO0CE
A arXiv:1506.00317Jun 2015), submitted to Phys. Rev. C.

A J.B. Albert et al. "Investigation of radioactivitinduced backgrounds in EXZD0"
A Phys Rev. C 92 (2015) 015503



EXG200: Plans for Phase Il

AFollowing the WIPP accidents on Feb 2014, access to the
underground was discontinued and EX@D has stopped collecting
data

AThe access is largely restored by now and-EZ0@is making
preparations to restart dataaking

Aln May 2015, a panel of experts reviewed the case for continuation of
EXG200. Following the review, DOE has approved the restart and
collection of 3 more years of data in June 2015

ACurrent plan is to restart by the end of the year




Expected improvements in Phase

Analysis Hardware

AReduce®’Xe background witha  AElectronics upgrade to reduce
new veto cut for events consistent noise in the light channel.

with 136Xe neutron captures. Up Expected to decrease tlenergy

to ~40% expected reduction resolution at Qvalue from

AUsing pulse rise time and\ire ~1.5% to ~1%
induction signals to improve SS/IMSg sharadonatoe 328 4GS Y {2
discrimination. Simple 1D cut the air gap between cryostat and

alreadymoves 40% os, while : :
only 1%/% of signal, frgsm sStoMs l€ad shield with Risuppressed

More could be possible with air, Expected teemove or
continuous variable NBERdAzOS aNBY2USE



EXG200 Phasél Estimated sensitivity

Igor Ostrovskiy, Stanford
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Combined Phase | + Phase Il sensitivity vs. data taking period:

Phase| : Phase I

Median after 3 yr:
Tz > 5.7x10%° yr

Median with no - Median sensitivity
analysis

: 68% conf. int.
improvemenis ;
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Phase |l data taking period [yr]

Chicago, 01/2016
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From EX00 tonEXO

AEXG200 demonstrated principle of a
homogenous TPC capable of controlling
backgrounds by aombinationof energy
resolution, event topology, andevent
location

AnEXQwill take better advantage of all three
(pending certain R&D):

A Bigger detectomw/o central cathodeg better
discriminationof externalbkgswith position
dependent fit

A Better photodetectionand new charge collection
scheme with cold electronigsbetter energy
resolution and multiplicity metrics

— Att. Length of 2.4 MeV

Igor Ostrovskiy, Stanford Chicago, 01/2016 29



From EXQO0O0 tonEXObigger, with cleaner core volume

Igor Ostrovskiy, Stanford

\

A Based on EX@00 experience, we
plan to do standoff distance fit in
(almost) whole volume
“fF— A No central cathode mearn® source
of BF214 gammas in the core
volume

130
cm

v

Chicago, 01/2016 30



