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Origin of Neutrino mass

ÅFrom neutrino oscillation experiments we 
know that neutrino has a non-zero mass. We 
have measured relative mass-squared 
differences of different states
ÅBut what about absolute mass values?
ÅHow do masses of the different states align 

(normal, invertedhierarchy)?
ÅWhat is the origin of the mass term (Dirac, 

Majorana)?

ÅOne of the most promising ways to answer 
these questions is to study a peculiar type of 
radioactive decay, forbidden in the SM!
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From Wikipedia



Double beta decay

ÅTwo-neutrino modeis a Standard 
model process observed for several 
isotopes, but is extremely rare

ÅNeutrinolessmode violates lepton 
number conservation
Åcan only happen if neutrinos are 

massive Majoranaparticles
Åprovides information about absolute 

massscale
Åhas never been observed*

ÅMain goal of EXO-200 is to search 
for the neutrinoless mode

* a controversial discovery claim exists by a sub-group of Heidelberg-Moscow 

collaboration [H.V. Klapdor-Kleingrothausand I.V. KrivosheinaMod. Phys. Lett., 
A21 (2006) 1547]
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Detecting double-beta decay

ÅIn the two-neutrino mode 
electrons have to share energy 
with undetectable neutrinos
ÅA calculable, but broad and 

featureless spectrum

ÅIn the neutrinoless mode, a mono-
energetic peak is expected at Q-
value
ÅGood energy resolution is essential 

ÅLarge Q-value is preferred
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Illustration from P.Vogel, arXiv:hep-ph/0611243,
Assumes 2% resolution and 1e2 (1e6 in insert) ratio of 2nu/0nu  



EXO-200

Å~200 kg of Xeenriched to 80.6% in 136Xe
Å~175 kg in liquid phase inside a cylindrical Time Projection Chamber

Å~100 kg current fiducial mass 

ÅLocated at 1585 m.w.e. in the Waste Isolation Plant near Carlsbad, NM
ÅMuon rate reduced to the order of 10-7 Hz /cm2 /sr

ÅSalt has inherently lower levels of U/Th(<100 ppb), compared to rock

ÅLow levels of Rn (~20 Bq/m3 )

ÅCarefully selected radioactively clean materials, rigorous cleaning 
procedures, detector installation inside class 1000 clean room
ÅGoal of 40 counts/2 yrs in 2s0nu energy window (assuming 140 kg LXe, 1.6% resolution)
ÅM. Auger et al., JINST 7 (2012)P05010 and D.S. Leonard et al., NIM A 591 (2008) 490
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EXO-200 time projection chamber (TPC)
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Single- vs. Multi-site events

Very useful in identifying gamma backgrounds!
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Two-neutrino result

Discovery [PRL 107, 212501 (2011)]

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

T
1/2 

= (2.165 ± 0.016stat ± 0.059sys)·1021 yr

[PRC 89, 015502 (2014)] 
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EXO-200 discoveredthe 2 m˄ode in 136Xe and provided the most accurate 
measurement of a 2 h˄alf-life among all isotopes



Measurement of two-neutrino mode half-life

Å2 m˄easurement is not limited by 
statistics, so we used a strict fiducial 
cut to leave only the best-modeled 
core volume ς66.2 kg of 136Xe
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Component Error (%)

Normalization 2.6

SS fraction 0.77

Backgrounds 1.3

Statistical 0.76

Total 2.83
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Component Error (%)

Normalization 2.6

SS fraction 0.77

Backgrounds 1.3

Statistical 0.76

Total 2.83
Rate of 2˄ decay vs. apothem 



Dataset for neutrinoless analysis

Å477.60±0.01 live days collected 
between 10/2011 and 09/2013

ÅLarger fiducial volume to 
maximize exposure

Å100.0±3.4 kgÖyr 136Xe
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Systematics budget
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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

Å Signal detection efficiency:

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

Å Region-of-interest (ROI) backgrounds:

Å Deviation ōŜǘǿŜŜƴ ʲ ŀƴŘ ʴ ŜƴŜǊƎȅ scale (E̡ = B·Eɹ): B= 0.999 ±0.002
Å Single-site fraction error*: (Data ςMC)/Data = 9.6%



Final fit

Igor Ostrovskiy, Stanford Chicago, 01/2016 14

Projections on energy axes (fit also includes position information)
information)



Single-site zoom-in

Igor Ostrovskiy, Stanford Chicago, 01/2016 15

Events BI, 1e-3 /kg/yr/keV*

Th-232 16.0

U-238 8.1

Xe-137 7.0

Total 31.1°1.89(stat)°3.3(syst) 1.7°0.2

2sROI breakdown for major backgrounds

*normalized to total exposure 
(124 kg*yr). 
136Xe exposure is 100  kgÖyr

Compare to p.5



90% C.L. Limit 

ÅThe event excess is compatible with 
background fluctuation at ~1.2s

ÅMedian 90% C.L. U.L. limit assuming 
ŀŘŜǉǳŀǘŜ άōŀŎƪƎǊƻǳƴŘ-ƻƴƭȅέ ƳƻŘŜƭΥ
>1.9e25 yrs

ÅLimit from the fit to the actual data: 
>1.1e25 yrs
Å~1.5 άsέ ŀǿŀȅ ŦǊƻƳ ǘƘŜ ƳŜŘƛŀƴ 
Å14% of signal-free toys have limits worse 

than this

Igor Ostrovskiy, Stanford Chicago, 01/2016 16



Context 
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EXO-200:

Nature 510 (2014) 229



Other BSM physics: 0˄ Majoron-mediated 
decays
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ÅOriginally described as Goldstone boson of lepton 
number symmetry breaking

ÅPossible dark matter candidates; speculated to be 
involved in other astrophysical processes

ÅCharacteristic spectral shape that can be searched 
for in EXO-200

ÅNo stat. significant evidence was found. Limits on  
coupling constants among strongest to date

ÅPRD 90, 092004 (2014)



Other SM physics: 2˄decay to excited states

ÅThe two-neutrino mode of double 
beta decay is allowed in the SM

ÅThe decay may also proceed to the 
first excited state (01

+), if energetically 
accessible 

ÅIt is interesting to try and measure this 
process, because it may provide 
additional constraints on NME
ÅSome NME uncertainties are common for 

both decays, so cancelations are possible, 
potentially leading to more accurate 
extraction of Majoranamass from 
neutrinoless decay

ÅIt may also test exotic alternative 
mechanisms for double beta decays
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Other SM physics: 2˄decay to excited states

ÅDecay to 21
+ state from the ground state 

of 136Xe has larger Q-value, but is highly 
suppressed  due to angular momentum

ÅThe primary interest for us is thus decay 
to 01

+ state, which results in subsequent 
emission of 760.5 keVand 818.5 keV
gammas

ÅThe expected rate is calculated to be 
smaller than to the ground state by a 
factor of  3915 due to PSF, and by 
additional factor of 2.9 due to NME
ÅExpected half-life is thus 2.5e25 yrs, higher 

than expected sensitivity of EXO-200
ÅBut NME uncertainties could lead to over-

estimation, as was the case of 100Mo and 
150Nd
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Final discriminator. Validating agreement of 
training and real events

Igor Ostrovskiy, Stanford Chicago, 01/2016 21

Data and MC event distribution of discriminator 
variable for 228Th calibration source 

Data and MC event distribution of discriminator 
variable for 2˄ʲd̡ecays to ground state



Sensitivity improvement 

ÅUsing the BDT-based 
discriminator variable increases 
median sensitivity by a factor of 
3-4, compared to the usual EXO 
analysis approach

ÅExpected median sensitivity:  
T1/2 > 1.7e24 yr @90% C.L.
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Final fit

Å2-D ML fit in Energy and 
Discriminator observables

ÅSame dataset as in the last 
neutrinoless analysis (100 
kgÖyr 136Xe exposure)

ÅSame background 
components, plus excited 
decay signal component
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Final fit results. Projection on Discriminator variable



Result

ÅBest-fit value of 43 events

ÅStatistically insignificant 
ÅConsistent with NULL at 1.6s

ÅCorresponding half-life limit:  
T1/2 > 6.9e23 yr @90% C.L.

ÅRoughly a factor of two weaker 
than median sensitivity 
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arXiv:1511.04770



Other recent EXO-200 papers

ÅWΦ.Φ !ƭōŜǊǘ Ŝǘ ŀƭΦ άaŜŀǎǳǊŜƳŜƴǘǎ ƻŦ ǘƘŜ ƛƻƴ ŦǊŀŎǘƛƻƴ ŀƴŘ Ƴƻōƛƭƛǘȅ ƻŦ ŀƭǇƘŀ ŀƴŘ ōŜǘŀ ŘŜŎŀȅ 
products in liquid xenon using EXO-200έ
ÅarXiv:1506.00317 (Jun 2015), submitted to Phys. Rev. C.

ÅJ.B. Albert et al. "Investigation of radioactivity-induced backgrounds in EXO-200" 
ÅPhys. Rev. C 92 (2015) 015503
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EXO-200: Plans for Phase II

ÅFollowing the WIPP accidents on Feb 2014, access to the 
underground was discontinued and EXO-200 has stopped collecting 
data

ÅThe access is largely restored by now and EXO-200 is making 
preparations to restart data-taking 

ÅIn May 2015, a panel of experts reviewed the case for continuation of 
EXO-200. Following the review, DOE has approved the restart and 
collection of 3 more years of data in June 2015

ÅCurrent plan is to restart by the end of the year
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Expected improvements in Phase-II

Analysis

ÅReduce 137Xe background with a 
new veto cut for events consistent 
with 136Xe neutron capture gs. Up 
to ~40% expected reduction

ÅUsing pulse rise time and U-wire 
induction signals to improve SS/MS 
discrimination.  Simple 1D cut 
already moves 40% of gs, while 
only 15% of signal, from SS to MS. 
More could be possible with 
continuous variable 

Hardware

ÅElectronics upgrade to reduce 
noise in the light channel. 
Expected to decrease the energy 
resolution at Q-value from 
~1.5% to ~1%

ÅάDeradonatorέ ǎȅǎǘŜƳ ǘƻ ŦƭǳǎƘ 
the air gap between cryostat and 
lead shield with Rn-suppressed 
air. Expected to remove or 
ǊŜŘǳŎŜ άǊŜƳƻǘŜέ ¦ ōŀŎƪƎǊƻǳƴŘ
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EXO-200 Phase-II Estimated sensitivity
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From EXO-200 to nEXO

ÅEXO-200 demonstrated principle of a 
homogenous TPC capable of controlling 
backgrounds by a combinationof energy 
resolution, event topology, and event 
location

ÅnEXOwill take better advantage of all three 
(pending certain R&D):
ÅBigger detector w/o central cathode ςbetter 

discrimination of external bkgswith position 
dependent fit 
ÅBetter photodetectionand new charge collection 

scheme with cold electronics ςbetter energy 
resolution and multiplicity metrics 
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150kg

5000kg

Att. Length of 2.4 MeV ɹ



From EXO-200 to nEXO: bigger, with cleaner core volume
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46 
cm

130 
cm

Å Based on EXO-200 experience, we 
plan to do standoff distance fit in 
(almost) whole volume

Å No central cathode means no source 
of Bi-214 gammas in the core 
volume


