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CoGeNT: !
neutrino & !
astroparticle physics!
using large-mass,!
ultra-low noise !
germanium detectors!
(CANBERRA, PNNL, ORNL, UC, UNC, UW) 

Conventional !
HPGe coaxial !
detector!

PPC HPGe !
~400 eV threshold,!
working on !
further reduction !

PRL 101 (2008) 251301 !
Extensive constraints on DAMA’s claim: !
•  Light WIMPs!
•  Dark scalars !
•  Dark pseudoscalars!

PPC HPGe !

JCAP 09(2007)009 !

Applications:!
• Light Dark Matter !
• Coherent ! detection!
• "" decay (MAJORANA) !



What we know about neutrino masses

0νββ decay

Experimental approaches 

Status: The EXO-200 experiment

First observation of 136Xe 2νββ decay!

Plans: EXO & Barium tagging
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Lets get things started with EXO



What we know about 
neutrinos
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(L0=180 km) 

ν’s oscillate (they have mass!)
mixing angles: relate mass and flavor eigenstates
~ 3 ν’s from Z linewidth
3 ν flavors were active in Big Bang Nucleosynthesis
ν’s emitted from the Sun & Supernovae
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υ Mass Scale & Hierarchy

<1.7 or 
<0.68 eV 

Cosmology 
WMAP + SN + 

Galaxy clustering 

<2.3 eV 

<0.3 eV 
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υ Mass Scale & Hierarchy
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Cosmology 
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Galaxy clustering 
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 Mass Scale & Hierarchy
What we don’t know:
-Majorana nature 
-absolute mass scale
-mass hierarchy
-mixing angle θ13

-CP violating phases

Woohoo! Daya Bay: arXiv:1203.1669



ββ decay: 2nd order process detectable if 1st

order process is energetically forbidden

Nature May Provide 
a Convenient Test
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Neutrinoless 
Double Beta Decay

7

2νββ: Standard Model 
Process

0νββ: Hypothetical

Mν �= 0

ν̄ = ν

|∆L| = 2

|∆(B − L)| = 2ν̄ = ν

Majorana nature



The difference is in 
the peak
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summed electron energy in units of kinematic endpoint (Q)

normalized
 to 10-6

0νββ peak
 (5% FWHM)

normalized 
to 10-2

2νββ  spectrum
normalized to 1

Most experimental approaches use enriched isotopes as 
both source and detector



Effective Majorana Mass
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matrix element calculations 
have some model dependence

Klapdor et al. 0.24 – 0.58 eV

�mν�2 =
�
T 0νββ

1/2 G0νββ(E0, Z) |M0νββ |2
�−1

measured half-life

phase space factor

�mν� =

�����
�

i

U2
eimiεi

�����
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F. Simkovic, Neutrino 2010



Calculations for different 
isotopes
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F. Simkovic, Neutrino 2010

recent input from nuclear structure measurements for 76Ge:
Phys. Rev. C 79, 021301(R) (2009), Phys. Rev. Lett. 100, 112501 (2008)

http://dx.doi.org/10.1103/PhysRevC.79.021301
http://dx.doi.org/10.1103/PhysRevC.79.021301
http://dx.doi.org/10.1103/PhysRevLett.100.112501
http://dx.doi.org/10.1103/PhysRevLett.100.112501


Controversial 0νββ
discovery claim
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214Bi 214Bi
Q-value

[H.V.Klapdor-Kleingrothaus and I.Krivosheina, Mod.Phys.Lett. A21 (2006) 1547]

76Ge HPGe 
semiconductor 

detectors



The game: increase signal 
& reduce background
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COURE
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Backgrounds and mitigation 

•Detailed MC simulations to 
understand background contributions 
•Intensive assay campaign to identify 
clean materials 
•Clean handling 
•Special processes (electroforming) 
•Analysis cuts (“PSA”, “granularity”) 

• Natural radioactivity: 
– in components (U, Th) 
– surface contaminants (

) 

• Cosmogenic: 
– Activation (68Ge, 60Co) 
– Muons, fast neutrons 

• Irreducible: 
– 2  decay 
– Neutrino scattering 

(reactor, solar, atm., geo, 
SN…) 

 
� �� � � � � � � � � 	 � � � � � � � � � 
  � � � � � � � �  � � � � � �  � �

Detector mount and Geant4 geometry: 

 

True single site 
events (similar to 
ββ events)

Multiple site 
events (gamma 
backgrounds)

MAJORANA

Jesse Wodin Intensity Frontier workshop 2011 6

T1/20ν(130Te) > 1.6e26 y (68% CL)
mββ < 41-95 meV

T1/20ν(130Te) > 9.5e25 y (90% CL)
mββ < 52-120  meV

CUORE goals
5 keV FWHM resolution
0.01 c/keV/kg/yr bkgnd

5 yr livetime

Cuoricino → CUORE-0 → CUORE

〈mββ〉< 300-710 meV *

19.75 kg-yr exposure
� � � 	 � � � � � � 	 � 
 � � � 
 �  � � � � � �

Background: 

Lower limit, half-life: 

Upper limit, Majorana ! mass: 

0.169 ± 0.006 counts/keV/kg/y 

         (130Te) !  2.8 " 1024 y (90% C.L.) 

m""  < 300 – 710 meV 

19.75 kg-yr 130Te exposure (2003—2008)  

Q=2527.5 keV 

E. Andreotti et al. (CUORICINO Collaboration), Astropart. Phys. 34: 822–831 (2011) [arXiv:nucl-ex/1012.3266]. 22 

* E. Andreotti et al. (CUORICINO collaboration), 
Astropart. Phys. 34: 822-831 (2011)

19.75 kg-yr 19.75 kg-yr 130Te exposure (2003—2008)  Te exposure (2003—2008)  

Q=2527.5 keV 

* E. Andreotti et al. (CUORICINO collaboration), * E. Andreotti et al. (CUORICINO collaboration), * E. Andreotti et al. (CUORICINO collaboration), 
Astropart. Phys. 34: 822-831 (2011)

Bolometers

SNO+
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Detector mount and Geant4 geometry: 

 

True single site 
events (similar to 
ββ events)

Multiple site 
events (gamma 
backgrounds)

Jesse Wodin Intensity Frontier workshop 2011 9

Readout chain performance – 
Pulse shape analysis 

� � � � � � � � � 	 � � � � � � � � � 
  � � � � � � � �  � � � � � �  � � � � �

232Th calibration data from prototype shows that with pulse shape analysis 
cut: 
•Remove 93% of multi-site events (full energy peaks), background-like 
•Retain 90% of single-site events (208Tl double escape peak), 0 -like 
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True single site 
events (similar to 
ββ events)
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events (gamma 
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P-Type Point Contact HPGe detectors 

MAJORANA

P. S. Barbeau, J. I. Collar, and O. Tench., JCAP, 2007(09):009, 2007.

SNO+

MAJORANA & GERDA using CoGeNT 
detectors
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Detector mount and Geant4 geometry: 

 

True single site 
events (similar to 
ββ events)

Multiple site 
events (gamma 
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massive & well shielded scintillator

M. C. Chen, Nuclear Physics B (Proc. Suppl.) 145 (2005) 65–68

MAJORANA

SNO+



Xenon is an excellent candidate for 0νββ
search

Poorer energy resolution than crystalline detectors

Xenon isotopic enrichment is easier: Xe already a gas.  136Xe heaviest isotope.

Xenon is “reusable”: continuously purify-able & recyclable (no crystal growth).

Monolithic detector:  LXe is self shielding. 

Minimal Cosmogenic activation:  No long lived radioactive isotopes of Xe.

admits a novel coincidence technique: Background reduction by Ba daughter tagging.

16

EXO

EXO-200



The EXO-200 
Detector

17

Jesse Wodin Intensity Frontier workshop 2011 12

Cryostats

HFE 
(liquid 
shielding) TPC

1.5 m

CryostatsCryostats

HFE 
(liquid (liquid 
shielding)shielding) TPC

1.5 m1.5 m

TPC

25 cm enclosure of 
low activity Pb

46 cm



EXO-200 Time Projection 
Chamber (TPC) Basics 
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Common cathode for 2 TPCs

APDs see prompt scintillation 
(t0 for drift time)

V: induction on shielding grid

U & ionization: charge on 
collection grid



EXO-200 Internals
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charge detection wires

APDscathode

field shaping rings

Teflon Reflector



EXO-200 installation 
site: WIPP

20
Jesse Wodin - DBD11November 15, 2011 14

Completed EXO-200 facility 
at WIPP (2150’ underground)

6 modular 
cleanrooms

20

Completed EXO-200 facility 
at WIPP (2150’ underground)

6 modular 
cleanrooms

Waste Isolation Pilot Plant Carlsbad, NM
U.S. DOE Salt mine for radioactive waste storage

1600 mwe

Salt is low radioactivity 
compared to hard-rock 
mine



EXO-200 enriched low 
background run (2011)

Enriched Xe (~81% in 136Xe) data 
taking begun Spring 2011

Data used for immediate 
measurement of 136Xe 2νββ T1/2, 

& to begin energy resolution 
studies

No Rn trap on the system

Recent: Rn enclosure in operation

Recent: front Pb wall finished

21



222Rn content of Xenon

22

α-decay

β-decay

Scintillation

Ionization

214Bi-214Po coincidences

Using the Bi-Po (Rn daughter) coincidence technique, we can estimate the 
Rn content in our detector.  The 214Bi decay rate is consistent with 
measurements from alpha-spectroscopy and the expectation before the Rn 
trap is commissioned

α: strong light signal; weak charge signal
β: weak light signal; strong charge signal



222Rn content of Xenon
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214Bi-214Po coincidencesα: strong light signal; weak charge signal
β: weak light signal; strong charge signal

Using the Bi-Po (Rn daughter) coincidence technique, we can estimate the 
Rn content in our detector.  The 214Bi decay rate is consistent with 
measurements from alpha-spectroscopy and the expectation before the Rn 
trap is commissioned

� � � �  � 
 � � � � � �

� � � 	 � � � � � � � � � �
� � � � � � � � � � � � �

214 214: strong light signal; weak charge signal

� � � �  � 
 � � � � � �

� � � 	 � � � � � � � � � �
� � � �� � � �� � � � � � � � �



Calibration
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Sources:
137Cs, 60Co, 228Th

Guide tube brings various 
sources to several positions 
outside detector

x-y distribution shows excess 
near source location



Pinpoint source location using a 
Compton Telescope technique

25

500 events

 Detector measures E, x, y, z for each site 
 Use scattering formula

From each site a cone is drawn and adding 
up these cones produces the image to the 
right



Xenon purity
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� �  � � � � � � � � � � 
 � � � � � � � � � � 	 �� �  � � � � � � � � � � 
 � � � � � � � � � � 	

Use calibration sources to 
measure electro-negative 
purity

Extraordinarily rapid 
achievement of ~ms 
electron lifetimes due to 
recirculation!

This is great for energy 
resolution



228Th Calibration
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 � �

720720

Calibration runs compared to simulation
-GEANT4 based simulation
-charge & scintillation propagation
-signal generation
-energy resolution parameter is added from after the fact

Rate is not a free parameter
poorest agreement is +8%
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many forward scatters

few back-to-back

Identifying 3-site events from pair-production and 
annihilation provides 2 extra charge calibration 
peaks
-511 keV gammas are our lowest energy 

calibration sources 
-1592 keV pair production very similar topology 

to ββ decays

228Th Calibration
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Energy Calibrations

After purity correction, calibrated single and multiple cluster peaks across energy 
region of interest (511 to 2615 keV)

-uncertainty bands are systematic
Point-like depositions have large reconstructed energies due to induction effects

- observed for pair-production site (similar to β and ββ decays )
 reproduced in simulation

Peak widths also recorded and their dependence on energy is parameterized.



Low-background spectra
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720720

720720� � � � �

 31 live-days of data
 63 kg active mass 
 Signal / Background ratio 10:1

-as good as 40:1 for some 
extreme fiducial volume cuts

T1/2 = 2.11·1021 yr (± 0.04 stat) yr (± 0.21 sys) 
[PRL 107 (2011) 212501]
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Low-background spectra

2νββ signal is clearly in the LXe bulk, while other gamma background 
contributions decrease with increasing distance from the walls. 

Also constant in time
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Table of 2! halflives and matrix elements with references 

                  T1/2 (y)                       M2!(MeV-1) 
48Ca       (4.3 +2.4

-1.1 ±1.4)E19          0.05±0.02       Balysh, PRL77,5186(1996) 

76Ge       (1.74 ± 0.01+0.18
-016)E21    0.13±0.01       Doerr,NIMA513,596(2003) 

82Se       (9.6 ± 0.3 ± 1.0)E19         0.10±0.01       Arnold,PRL95,182302(2005) 

96Zr       (2.35 ± 0.14 ± 0.16)E19    0.12±0.01       Argyriades,NPA847,168(2010) 

100Mo     (7.11 ±0.02 ± 0.54)E18     0.23±0.01      Arnold,PRL95,182302(2005) 

116Cd      (2.9+0.4
-0.3)E19                 0.13±0.01       Danevich,PRC68,035501(2003) 

128Te*     (1.9 ± 0.1 ± 0.3)E24         0.05±0.005    Lin,NPA481,477(1988) 

130Te      (7.0 ± 0.9 ±1.1)E20          0.033±0.003  Arnold,PRL107,062504(2011) 

136Xe      (2.1 ± 0.04 ± 0.21)E21     0.019±0.001   Ackerman,arxiv:1108.4193(2011) 

150Nd     (9.11+0.25
-0.22±0.63)E18     0.06±0.003    Argyriades,PRC80,032501R(2009) 

238U**     (2.2 ± 0.6)E21                 0.05±0.01      Turkevich,PRL67,3211(1991) 

*from geochemical ratio 128Te/130Te; **radiochemical result         

Table of 2! halflives and matrix elements with references 

                  T1/2 (y)                       M2!(MeV-1) 
48Ca       (4.3 +2.4

-1.1 ±1.4)E19          0.05±0.02       Balysh, PRL77,5186(1996) 

76Ge       (1.74 ± 0.01+0.18
-016)E21    0.13±0.01       Doerr,NIMA513,596(2003) 

82Se       (9.6 ± 0.3 ± 1.0)E19         0.10±0.01       Arnold,PRL95,182302(2005) 

96Zr       (2.35 ± 0.14 ± 0.16)E19    0.12±0.01       Argyriades,NPA847,168(2010) 

100Mo     (7.11 ±0.02 ± 0.54)E18     0.23±0.01      Arnold,PRL95,182302(2005) 

116Cd      (2.9+0.4
-0.3)E19                 0.13±0.01       Danevich,PRC68,035501(2003) 

128Te*     (1.9 ± 0.1 ± 0.3)E24         0.05±0.005    Lin,NPA481,477(1988) 

130Te      (7.0 ± 0.9 ±1.1)E20          0.033±0.003  Arnold,PRL107,062504(2011) 

150Nd     (9.11+0.25
-0.22±0.63)E18     0.06±0.003    Argyriades,PRC80,032501R(2009) 

238U**     (2.2 ± 0.6)E21                 0.05±0.01      Turkevich,PRL67,3211(1991) 

*from geochemical ratio 128Te/130Te; **radiochemical result        

136Xe      (2.1 ± 0.04 ± 0.21)E21     0.019±0.001   Ackerman,arxiv:1108.4193(2011) 

150Nd     (9.11+0.25 ±0.63)E18     0.06±0.003    Argyriades,PRC80,032501R(2009) 

Significantly shorter than previous limits reported:  
T1/2 > 1.0·1022 yr (90% C.L.)   (R. Bernabei et al. Phys. Lett. B 546 (2002) 23) 

and T1/2 > 8.5·1021 yr (90% C.L.)   (Yu. M. Gavriljuk et al., Phys. Atom. Nucl. 69 (2006) 2129)

This work



What’s next: 0νββ with anti-
correlation

33

When ionizing radiation enters liquid 
xenon, it creates many Xe+ and e- pairs and 
Xe*, some of the Xe+ and Xe* undergo 
recombination and give off 175nm VUV 
photons or heat. 

Ionization alone: 3.8% @ 570 keV or 1.8 % @ 
Q(ββ)

Ionization & Scintillation: 3.0% @ 570 keV or 
1.4 % @ Q(ββ)

E.Conti et al., Phys. Rev. B 68 054201 (2003)
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New EXO-200 results

0νββ

More precise 2νββ

Plus some extra-curricular physics

Search for Majoron

Nucleon decay into invisible 
channels

Pauli Exclusion Principle Violation

Charge Non-conservation

Cute light WIMP search with spare 
EXO APDs

What’s next: 0νββ with anti-
correlation

What’s next: 0νββ with anti-
correlation

What’s next: 0νββ with anti-
correlation

Ionization alone: 3.8% @ 570 keV or 1.8 % @ 
Q(ββ)

Ionization & Scintillation: 3.0% @ 570 keV or 
1.4 % @ Q(ββ)

E.Conti et al., Phys. Rev. B 68 054201 (2003)
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New EXO-200 results
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What’s next: 0νββ with anti-
correlation

What’s next: 0νββ with anti-
correlation

Ionization alone: 3.8% @ 570 keV or 1.8 % @ 
Q(ββ)

Ionization & Scintillation: 3.0% @ 570 keV or 
1.4 % @ Q(ββ)

E.Conti et al., Phys. Rev. B 68 054201 (2003)

Charge Non-conservation

Cute light WIMP search with spare 
EXO APDs



And after that?
Full scale EXO

363636

Berkeley Mar 19, 2009 Giorgio Gratta, EXO 20
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example: Gas-EXO Barium transfer and 
tagging

3737

� � � �

� � �

Transfer to RF Paul Trap:
single ion detection

Ba+



EXO (2-10 ton)

Simulating different 
shielding configurations 
from this baseline

Next: include gas phase 
concepts

Goal: only backgrounds 
from 2νββ

38
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3x 3-ton modules
50 cm x 150 cm x 160 cm

15.5 m

3x 3-ton modules
50 cm x 150 cm x 160 cm

15.5 m15.5 m15.5 m

Ba tagging area

H2O

LXe

HFE



EXO sensitivity
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EXO Summary

All important EXO-200 subsystems working

Low background running with enriched xenon already 
producing physics results

T1/2 = 2.11·1021 yr (± 0.04 stat) yr (± 0.21 sys) [PRL 107 
(2011) 212501]

Stay tuned: improved energy resolution & upgraded pattern 
recognition
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A CoGeNT transition:
an example of the role of detector 

development in low background physics

4141



4242

CoGeNT: (Coherent Germanium Neutrino 
Technology) !?  Originally a reactor neutrino 
experiment

We already know that... the CoGeNT detectors 
adopted by Majorana, GERDA, Texono, Malbek...

Used to search for Axions / Dark Pseudoscalars / 
Bosonic SuperWIMPS

Also: neutrino magnetic moments, electron decay...

As it turns out, the PPC happens to be a great Dark 
Matter detector

A CoGeNT transition:
an example of the role of detector 

development in low background physics
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CoGeNT (DM) sees hints 
of an annual modulation

We have a “light WIMP crisis”: 
3 potential experimental 
signatures all over the place.  
(DAMA, CoGeNT, CRESST)

Plus: lots of detector response, 
astrophysical & WIMP 
interaction uncertainties.  
Reconciliation is a mess.

44
C. Kelso, U. Chicago

Everything was going well until March 17th (Soudan fire)…!

•  No fancy estimators tried (several 
available). Two basic unoptimized methods 
point at ~2.8! preference of a modulated 
rate over the null hypothesis.!

•  Compatible with WIMP hypothesis 
expectations (amplitude, phase, period).!

•  Spectral and temporal analysis are prima 
facie congruent with a light-WIMP 
hypothesis.!

•  Modulation absent for surface events 
and also at higher energies. !

•  Lots of independent interpretations via 
data-sharing, but a few are forgetting 
some basics. Hint: there must be reasons 
for the experimentalists to always include 
an exponential background in their 
models...!

Physical Review Letters 107 (2011) 14130



Solution: revert to old 
CoGeNT concept ca. 2003

Gas detectors (years of 
experience in HEP)

CoGeNT-like threshold 
(sub keV)

CoGeNT-like mass (~ kg)

Build with EXO-like 
Purity and Backgrounds

45

MAGνeT



MAGνeT (WIMPS)

46

Cross-section cancelations 
can occur if we have isospin-
violating WIMP interactions.

non-thermal DM halo’s/
streams-> larger Emax



MAGνeT

Aim is to resolve the “light WIMP crisis”

Low background gas detector technology 
synergistic with EXO-Gas.

also: coherent neutrino-nucleus scattering

also: neutrino magnetic moment search

also: non-standard neutrino interactions 
(NSI)

47



Summary
EXO-200 producing great data.  Stay 
tuned for more results!

Full scale EXO moving forward: gas and 
liquid versions with Ba tagging

CoGeNT continuing to take data

MAGνeT concept.  Synergistic work with 
both CoGeNT and EXO calibration 
facilities, low background techniques, low 
threshold experience, low Rn & 
electronegative techniques...

48
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PMNS neutrino 
mixing matrix
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Enriched Xe

52

RGA mass scan of xenon samplesCentrifuge facility in Russia



Xenon System

53

What does it take to 
maintain purity, control 

differential pressure, 
minimize Rn level, keep 
200 kg enriched Xe safe,  

etc.

System probably looks very 
familiar



Xenon System
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System probably looks very 
familiar

System probably looks very 

What does it take to 
maintain purity, control 

differential pressure, 
minimize Rn level, keep 
200 kg enriched Xe safe,  

etc.



Xenon System

55

Essentials:
Feed/Bleed 
High pressure/low Pressure
recirculation/purification loop
condenser/heater
HV purge line



Front Pb Wall

56

Jesse Wodin - DBD11November 15, 2011 31

CURRENT CONFIGURATION (NOVEMBER 2011)

Rn tent

Front Pb wall

56

CURRENT CONFIGURATION (NOVEMBER 2011)

Rn tent

Front Pb wall
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Muon track signals

5858

induction

collection

Muon traverses 
both TPCs



222Rn decay chain

5959



Constraints from alpha-spectroscopy

60

238U search

-Investigate alpha spectrum for scintillation signals from 238U
-Calibrate spectrum with alphas in Rn chain
-Can constrain contamination of 238U in bulk LXe by searching for 4.5 MeV alphas 

(< 0.3 counts per day in our fiducial volume)
-The same limit applies to its daughter 234mPa which β decays with a Q-value of 
2195 keV, which cannot then explain our LXe bulk signal



3D reconstruction threshold

Events >100 keV well above 
charge detection threshold

3D reconstruction still requires t0

from scintillation signal

Compare ratio of fully 
reconstructed events to triggered 
events to determine 
reconstruction efficiency

Early software threshold ~700 
keV

Recent dramatic increase with 
change in APD bias voltages 
~300 keV

61



Systematic uncertainties

Fiducial volume: 9.3%

Multiplicity assignment: 3%

62
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Energy calibration: 1.8%

Background models: 0.6%



Fiducial volume uncertainty

63

Red: True position in sim 

Black: Data 

� � 	 � � � � � � � � � � � �

Red: True position in sim

Black: Data 

� � 	 � � � � � � � � � � � � Calibration Source at +X 

Half spread: 9.3% 

Calibration Source at +X 

Half spread: 9.3% 

Calibration Source at +Y 

Half spread: 7.1% 

Calibration Source at +Y 

Half spread: 7.1% Uncertainty determined from the 
fidelity with which calibration events 
are reconstructed within a chosen 
volume as compared to simulation



EXO-200 Sensitivity 

Expect 20 events/yr in +- 2σ window around 2.458 
MeV

2υββ background negligible (T1/2 = 2.2· 1021)

Expected energy resolution σ(E)/E = 1.6%

64

1 F.Simkovic et al., Phys. Rev. C79, 055501 (2009)
2 Menendez et al., Nucl. Phys. A818, 139 (2009) 



EXO Sensitivity 

65

* σ(E)/E = 1.4% obtained in EXO R&D, Conti et al Phys Rev B 68 (2003) 054201
† σ(E)/E = 1.0% considered as an aggressive but realistic guess with large light collection area

‡ F. Simkovic et al., Phys. Rev. C79, 055501 (2009)
# Menendez et al., Nucl. Phys. A818, 139 (2009) 

80% 136Xe enrichment

Intrinsic low radioactivity + Ba tagging to eliminate backgrounds

Energy resolution only needed to separate 2υ and 0υ modes
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Table 2
Decay chains for various isotopes produce by nucleon decay of 136Xe. Note that
these are all β− decays with the exception of 133mTe −→133 Te. Note that for the
ppp decay there are three possible decay chains, their branching ratios are listed.
All decays formatted as Parent

Q−value−−−−−−→
half−life

Daughter.

Decaying Decay

Nucleon(s) Chain

n 135Xe
1.165MeV−−−−−−→

9.14h

135Cs(2× 106year half-life)

p 135Xe
2.6276MeV−−−−−−−→

6.57h

135Xe
1.165MeV−−−−−−→

9.14h

135Cs

nn 134Xe(Stable)

np 134I
4.175MeV−−−−−−→

52.5m

134Xe

pp 134Te
1.513MeV−−−−−−→

41.8m

134I
4.175MeV−−−−−−→

52.5m

134Xe

nnn 133Xe
427keV−−−−→
5.24d

134Cs

nnp 133I
1.1771MeV−−−−−−−→

20.8h

133Xe
427keV−−−−→
5.24d

134Cs(Stable)

npp 133Te
2.92MeV−−−−−−→

12.5m

133I
1.1771MeV−−−−−−−→

20.8h

133Xe
427keV−−−−→
5.24d

134Cs

ppp (82.4%)133Sb
4MeV−−−−→
2.5m

133Te
2.92MeV−−−−−−→

12.5m

133I
1.1771MeV−−−−−−−→

20.8h

133Xe
427keV−−−−→
5.24d

134Cs

ppp (14.5%)133Sb
4MeV−−−−→
2.5m

133mTe
3.254MeV−−−−−−→

55.4m

133I
1.1771MeV−−−−−−−→

20.8h

133Xe
427keV−−−−→
5.24d

134Cs

ppp (3.1%)133Sb
4MeV−−−−→
2.5m

133mTe
334keV−−−−→
55.4m

133Te
2.92MeV−−−−−−→

12.5m

133I
1.1771MeV−−−−−−−→

20.8h

133Xe
427keV−−−−→
5.24d

134Cs

nucleon, some part of the nucleus may be emitted in the de-

excitation and thus a different daughter isotope, which at the

very least would undergo a different decay, and might even be

stable, would be produced. However, as long as the excitation

energy is less than that of the least bound nucleon, de-excitation

must occur by emission of a photon, preserving the expected iso-

tope’s nucleus [23,12]. This limits the exposure of a search by

virtue of eliminating all the nucleons not on the outer shell and

is the conservative methodology. If one could consider all the nu-

cleons in every nucleus in the sensitive volume, the experiment’s

exposure would be greatly increased.

Note that the calculation of the detection efficiency, this includes

both the efficiency of stopping the emitted radiation in the fidu-

cial volume and the efficiency associated with the fact that one

7

Nucleon Decay



Charge non-
conservation

67

Table 7

EXO-200 Sensitivities to various CNC processes as compared to previous work.

Decay τ Limit Ref Experiment EXO-200 1 year

e→ ν̄e + γ 4.6× 1026yr [11] Borexino CTF 7.7× 1025-1.3× 1027 yr

e→ νe + ν̄e + νe 1.5× 1023yr [15] DAMA NaI 9.8× 1023-3.8× 1024 yr �

(A, Z) + e→ (A, Z)∗ + νe 1023yr [16] DAMA NaI not sensitive

136Xe→136 Cs + X 1.3× 1023yr [30] DAMA LXe 6.4× 1022-2.5× 1023

DAMA LXe [17]. Assuming EXO-200 gains some advantage in

this case with better energy resolution, it has the potential to be

the most sensitive search to date. EXO-200 would have the best

sensitivity to 136Xe →136 Cs + X in the aggressive case but not

the conservative case.

6 Nuclear Transitions to Superdense States

Almost all nuclei have roughly the same density, ρ0, which would

seem to imply that there is a minimum in the energy of a nucleus,

E(ρ), at ρ0. It has been proposed that there is some ρs for which

E(ρs) < E(ρ0), then the nucleus could transition to that state

via a tunneling process. Midgal and others, as early as 1971,

considered the possibility of a contribution to E(ρ) from a pion

condensate which only turns on for ρ > ρc, which would allow a

second minimum at some higher density, and this has been more

recently considered by Akmal and Pandharipande [42,3]. Figure

2 (taken from [25]) shows an example of E(ρ) with minima at ρ0

and ρs, which can be approximated by

E = E(ρ0)+
k

2
(
ρ− ρ0

ρ0

)
2
+

q

6
(
ρ− ρ0

ρ0

)
3− a

2
(
ρ− ρ0

ρ0

)
2θ(ρ−ρ0) (4)

Where k is a known quantity which is taken to be 32 MeV, q
and a are free parameters, and θ is the heavy side step function;

� signal is likely to be below threshold

18



Barium tagging (RIS)

68

Jesse Wodin Intensity Frontier workshop 2011

“Ba tagging” in Full EXO

14

Si target

Ba+ source

CEMTOF spectrometer

Desorption + ionization 
pulse (RIS)

Δt

Δt

Jesse Wodin Intensity Frontier workshop 2011 14

Si target

Ba+ source

6s2 1S0

553.5nm

389.7nm

Ba+ 6s

Ba+ 5d

6s6p 1P1

5d8d 1P1
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Identify ββ via final state nucleus 
(M. Moe, PRC44, 1991, 931)

136Xe→136Ba + 2e-

2% efficiency with this setup



Tagging effort
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High capacity Xe 
cryopump
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Initial CoGeNT Motivation: 
coherent neutrino-nucleus 

scattering

Largest σ in SN dynamics: measurements 
validates models. J.R. Wilson, PRL 32 (74) 849

Large detector can measure total E and T 
of nearby SN, νµ ντ measurement allows 
determination of oscillation pattern. (J.F. 
Beacom, W.M. Far & P. Vogel, PRD 66 (02) 033011)

Search for sterile neutrinos (A. Drukier & L. 
Stodolsky, PRD 30 (84) 2295)

Sensitive probe of weak nuclear charge 
(L.M. Krauss, PLB 269, 407)

NSI and effective ν charge radius tests (J. 
Barranco et. al, hep-ph/0508299, hep-ph/0512029)

σ critically dependent on µν (A.C. Dodd et. al, 
PLB 266 (91) 434)

Neutrino Technology: Reactor Monitoring

Also: light WIMP searches

Solar Bound WIMPS

non-controversial SM process

σ ~ N2 for neutral currents, Eν < few MeV

need sub-keV threshold

and low backgrounds (~ c keV-1 kg-1 day-1)

and large mass (~ kg)

Has been tried before, without success: 
Cabrera, Krauss & Wilczek, PRL 55 (1985), 25-28
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M. Moszy �nski et al. / Nuclear Instruments and Methods in Physics Research A 485 (2002) 504–521� � 

M. Moszylnski et al., NIM A, 485 (2002) 504–521

~468 APDs in the EXO detector.
(~180 spares left over)

~0.5 g/APD, though active mass with amplification is 
less.

The internal gain (100-400 at LXe temps) amplifies 
very tiny signals.

Low background materials.

Well shielded from gammas, neutrons and cosmogenic 
activation.

Potential to use the LXe as an active veto for Compton 
scattered photons.

The tagline:
There is a unique opportunity to perform a dark 
matter search with a large ensemble of ultra-low 
threshold, low background detectors.
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Optimized EXO APDs 

(77K)
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simulation with gain=4000

background estimate U. L.: <100 ckkd

reasonable expectation of lower backgrounds: several 
other low threshold semiconductors <10 ckkd

 C. E. Aalseth et al. Phys. Rev. Lett., 101:251301, 2008.
 S.-T. Lin, H. T. Wong, and f. t. T. Collaboration. 2008.
 A. Morales et al. Phys. Lett., B489:268–272, 2000. 
Z. Ahmed et al. arXiv:0902.4693 [hep-ex], 2009.

EXO: Light WIMP & low energy neutrinos
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Coherent neutrino scattering

Neutrino magnetic moment search (< 10-11 µB?)

EXO: Light WIMP & low energy neutrinos
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where T is the recoil energy of the electron, θW is the weak mixing angle, and Eν is the

energy of the incoming neutrino. For the electromagnetic interaction:

dσEM

dT
=

πα2
emµ2

ν

m2
e

�
1

T
− 1

Eν

�
(7.8)

where µν is the neutrino magnetic moment. The advantage of using low threshold detectors

comes from the characteristic 1/T energy dependence of the recoil spectrum. The increase

at lower energies with respect to the Standard Model cross-section is due to the absence of

an interference term that is a result of the change in the handedness of the neutrino. Folding

in the energy spectrum of the reactor neutrinos, and assuming a neutron flux of ∼ 1013 νe

cm−2 s−1, the recoil energies expected by reactor anti-neutrinos in a germanium detector

are depicted in figure 7.3 (obtained from [Wong, 2005]).

For low-energy recoils, the 1
Eν

terms can be approximated to be zero and the details of the

energy spectrum of reactor neutrinos are unimportant [Beda et al., 2007]. The differential

cross-section, using the notation of [Beda et al., 2007], is then described in terms of the total

neutrino flux at the detector. The cross-section approximates to:

dσW

dT
= 1.06× 10−46 cm2 MeV −1 (7.9)

and
dσEM

dT
= χ

2.495× 10−45

T
cm2 MeV −1 (7.10)

where χ ≡
�

µν

10−10µB

�2
and µB is the Bohr magneton. The expected signal in a given

detector, as a function of the recoil energy, is given by the equation

S(T ) =
dσ

dT
NeΦνR (7.11)
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