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OutlineOutline

■ neutrino propertiesneutrino properties

□ open questionsopen questions

□ anomaliesanomalies

□ unobserved phenomenologiesunobserved phenomenologies

■  experimental tools for the challengeexperimental tools for the challenge

□ role of low temperature detectors (LTD)role of low temperature detectors (LTD)

■  neutrinoless double beta decay searchesneutrinoless double beta decay searches

■  direct neutrino mass measurementsdirect neutrino mass measurements

■  coherent scattering experimentscoherent scattering experiments
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Neutrino propertiesNeutrino properties

◼ neutrinos are massive fermions
◼ there are 3 active neutrino flavors
◼ neutrinos flavor states are mixture of mass states  

neutrino mixing matrixneutrino mixing matrix

neutrino flavor weak eigenstate

neutrino mass eigenstate

∣ν l 〉 =∑k
Ulk∣νk 〉

→ → neutrino oscillation experiments neutrino oscillation experiments 
measuremeasure
mmikik

22= = ∣∣mmii
22-m-mkk

22∣∣

sinsin2222ikik= = ff((∣∣UUlklk∣∣
22))
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Neutrino open questionsNeutrino open questions

◼ mass scale: i.e. mass of the lightest ν
◼ degenerate (mm11≈≈mm22≈≈mm33) or hierarchical masses

▶  mass hierarchy: mm11<<mm22≪≪mm33  or  mm33≪≪mm11≈≈mm22?

◼ ν = ν = νν ? i.e. Dirac or Majorana particle? 
◼ CP violation in the lepton sector

mass scalemass scale

normalnormal
hierarchyhierarchy

invertedinverted
hierarchyhierarchy
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Anomalies and unobserved phenomenologiesAnomalies and unobserved phenomenologies

◼ there are anomalies in data from
▶  past reactor oscillation experiments (reanalyzed)
▶  short baseline accelerator oscillation experiments (LSND, MiniBOONE)
▶  solar experiment calibration with neutrino sources (GALLEX)

◼ call for 4th neutrino mass state νν44 → sterile neutrino → sterile neutrino

ΔΔmm22  ≈≈1 eV   1 eV   and   sin   sin2222θθ  ≳ 0.≳ 0.11
◼  Sterile (Right Handed) neutrinos are a natural extension to the

Standard Model to include the mass of active neutrinos (νMSM)
▶  sterile neutrino in the keV mass rangekeV mass range are perfect candidate as 

Warm Dark MatterWarm Dark Matter (WDM) particles
◼ Standard Model also predicts: 
▶  coeherent neutrino scattering on nucleicoeherent neutrino scattering on nuclei → never observed!
▶  cosmic neutrino background (Ccosmic neutrino background (CννB)B) → never observed!

→ → neutrinos probe physics beyond Standard Modelneutrinos probe physics beyond Standard Model
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tool CosmologyCosmology
CMB+LSS+...CMB+LSS+...

NeutrinolessNeutrinoless
Double Beta Double Beta 

decaydecay

Beta decayBeta decay
end-pointend-point

observable m∑=∑kmνk
mββ=∣∑kmνk

Uek
2∣ mβ=(∑kmνk

2∣Uek∣
2)1/2

present sensitivity ≈0.1 eV ≈0.1 eV 2 eV

future sensitivityfuture sensitivity 0.01 eV0.01 eV 0.01 eV0.01 eV 0.2 eV0.2 eV

model dependency yes  yes  no 

systematics large  yes  large 

Experimental tools / 1Experimental tools / 1

three complementary tools available
→ low temperature detectors play key role
(E. Fiorini and T. Niinikoski, Nucl. Instrum. and Meth. 224, p.83 (1984)) 
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The Challenge: mass hierarchyThe Challenge: mass hierarchy

expected in the next ≈5 years

claim for ββ-0ν observation in 76Ge
HV. Klapdor-Kleingrothaus et al.
Mod. Phys. Lett. A, 21 (2006) 1547
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The Challenge: mass hierarchyThe Challenge: mass hierarchy

goal for the next 10-20 years
→ will LTD contribute?
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 --00  and neutrino properties and neutrino properties

light Majorana light Majorana   mediatedmediated   --00   decay ratedecay rate
1

τ1/2
0ν

=
〈mν〉

2

me
2 ⋅FN

phase space nuclear matrix element CP phases neutrino mixing matrix

FN≡G0ν
(Qββ , Z)∣M0 ν

∣
2

nuclear structure factornuclear structure factor effective neutrino Majorana masseffective neutrino Majorana mass

〈mν〉 ≡ ∣∑k
mνk

ηk∣Uek∣
2∣≡ mββ

-0-0  ⇔⇔
mm  ≠≠ 0 0
  ≡≡  

■ a virtual neutrino is exchanged
▶ neutrino must have massmass to allow

helicity non conservation ⇒HH==22
▶ neutrino must be a Majorana particleMajorana particle to allow 

lepton number violationlepton number violation ⇒LL==22

▲  these conditions hold even if other mechanismsother mechanisms 
are possible and may dominate
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 --00  and neutrino properties / 2 and neutrino properties / 2

◼ Model dependencies
▶  ββ-0ν always needs Majorana neutrinos to happen
▶  ββ-0ν lifetime τ½

0ν measures mββ only for the light Majorana 
neutrino exchange mechanism  

◼ Systematics
▶  uncertainties in |M0ν|

◼ Cure
▶  study as many isotopes as possible
▶  analyze topology and energy spectrum of emitted electrons
▶  … hope for Majorana neutrinos

1
τ1 /2

0ν
=

mββ
2

me
2 ⋅FN FN≡G0ν

(Qββ , Z )∣M0 ν
∣
2
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 --22

 --00

Source Source   detector (calorimetry) detector (calorimetry)
■ detector measures sum energy E = E

1
+ E

2

▶ -0 signature: a peak at  transition energy Q


■  scintillators, bolometersbolometers, semiconductor diodes, 
gas chambers
▲ large masseslarge masses
▲ high efficiencyhigh efficiency
▲ many isotopes possiblemany isotopes possible

■ depending on technique
● high energy resolutionhigh energy resolution (bolometers, 

semiconductors)
● moderate topology recognition (Xe TPC, 

semiconductors)

Source Source ≠≠  detector ... detector ...

11

22

detectordetector

Experimental approaches for Experimental approaches for  --00

sourcesource

detectordetector

detectordetector
11

22
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Experimental sensitivity for Experimental sensitivity for  --00

detector mass [kg]

measuring time [y]

detector efficiency

specific background [c/keV/kg/y]

energy resolution [keV]

number of active nuclei Nnuclei= i.a. N AM /A

τ1 /2
0ν

= ln2
ϵNnuclei tmeas

Nββ

∑ ( τ1 /2
0ν ) ∝

ϵ i.a.
A

Mtmeas

isotopic abundance
atomic number

∑ ( τ1 /2
0ν ) ∝ ϵ⋅

i.a.
A √ Mtmeas

Δ E⋅bkg

Experimental Experimental  --00  raterate
■ with NN


 decays observed 

Experimental sensitivity to Experimental sensitivity to ½½
00  

■ with nono decay observed (Gaussian regime) 
▶ N


(bkg⋅E⋅ M ⋅tmeas)

½  at 1

▶ for bkgbkg=0=0  ⇒  N

1.13 at 68%

〈mν 〉∝√1 / τ1 /2
0ν
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Experiments: running, commissioning, R&D, ...Experiments: running, commissioning, R&D, ...

L. Canonica, talk, Fri 10:15
E. Ferri, poster, Fri 300
L. Taffarello, poster, Fri 210

L. Cardani, talk, Fri 11:15
G.B. Kim, talk, Fri 11:30
M. Loidl, poster, Mon 210
M. Mancuso, poster, Tue 107
S. Di Domizio, poster, Fri 211

all calorimetersall calorimeters
except
NEMO3NEMO3

SuperNEMOSuperNEMO
MOONMOON
DCBADCBA

adapted from J. Wilkerson @NUMASS2013 
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Sensitivity reachSensitivity reach

running and under construction experiments

EXO200 GERDA1 CUORE 0 KamLAND Zen SNO GERDA2 CUORE NEXT SuperNemo D. Majorana D.
10
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Thermal detectors for Thermal detectors for  --00  searches  searches 
▲ true calorimeters
▲ high energy resolution
▲ large masses
▲ material choice

▶ high Q above environmental γ (>2615 keV) or β (>3270 keV)
▶ high natural abundance (or low enrichment cost)
▶ good for particle identification by PSD and/or simultaneous light detection

▼ slow → ββ-2ν pile-up background
Nucleus A.I. Q-value Good materials

[%] [keV]
76Ge 7.8 2039 Ge
130Te 33.8 2527 TeO2
116Cd 7.5 2802 CdWO4 CdMoO4
82Se 9.2 2995 ZnSe

100Mo 9.6 3034 PbMoO4 CaMoO4 SrMoO4 CdMoO4 ZnMoO4 Li2MoO4 MgMoO4
96Zr 2.8 3350 ZrO2

150Nd 5.6 3367 NONE
48Ca 0.187 4270 CaF2 CaMoO4
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CUORICINO final resultsCUORICINO final results

■ duty cycle ~45% (RUN II 05/2004-06/2008)

■ total exposure 19.75 kg (19.75 kg (130130Te) Te) × × yearsyears
■ energy resolution FWHM E = 8 keV at Q


 (E=1.3)

■ anti-coincidence applied to reduce surface U/Th background and external s
■ background mainly from U/Th on Cu and TeO2 surfaces ( and )

▶ b≈0.169 c/keV/kg/y at Q


 
anti-coincidence sum spectrum 

19.75 kg (130Te) × y
1/2  2.8×1024 years at 90% C.L.

〈〈mm

〉〉   0.3  0.3 ÷÷ 0.7 eV * 0.7 eV *

QQ


2527.52 keV2527.52 keV

60Co  sum

* Nuclear Matrix Elements* Nuclear Matrix Elements from
1 Šimkovic et al., PRC 77 (2008) 045503
2 Civitarese et al., JoP:Conference series

173 (2009) 012012
3 Menéndez et al., NPA 818 (2009) 139
4 Barea and Iachello, PRC 79 (2009) 044301

A. Arnaboldi et al., Phys. Rev C, 78 (2008) 035502
E. Andreotti et al.. Astropart. Phys. 34 (2011) 822
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How to improve CUORICINO sensitivity on How to improve CUORICINO sensitivity on  --00

detector mass [kg]

measuring time [y]

specific background [c/keV/kg/y]energy resolution [keV]

∑ 1 /2
0
 ∝ i.a. M tmeas

E⋅bkg

Material selection
Surface cleaning
Passive shielding

Higher Q (above 2.615 keV)

System reliability
Duty cycle

isotopic abundance

 Isotopic enrichment

Detector segmentation
Active rejection

Higher Q (above 2.615 MeV)

Isotope and material composition
Detector design and optimization
System design and optimization

Single crystal size
Number of crystals

〈m

〉
2
=

1
F N

⋅
me

2

1/2
0

System stability
Vibration control

New crystal materialNew crystal material

nuclear matrix element  Isotope choice
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■ CUORECUORE: Cryogenic Underground Observatory for Rare Events
■ improve 1010 the Cuoricino sensitivity on  〈〈mm


〉〉

■ i.e. improve 100100 the Cuoricino sensitivity on ½½

▶ increase total detector mass MM 18
■ 988 crystal natural TeOTeO22 750 g crystals ⇒ total mass 740 kg TeO740 kg TeO22  ⇒ 206 kg of 206 kg of 130130TeTe

▶ increase measuring time ttmeasmeas 5 
■ improve duty cycle

▶ reduce background bkgbkg 100
■ improve shielding and material selection 
■ better surface cleaning
■ improve detector design
■ use coincidence cuts

CUORECUORE detector
19 towers – 52 detectors each

C
u

o
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o
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o
ric in

o
: : ≈≈

1
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∑ 1 /2
0
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CUORE (vs. Cuoricino)CUORE (vs. Cuoricino)



A. Nucciotti, LTD-15, June 23-28 2013, Pasadena, USAA. Nucciotti, LTD-15, June 23-28 2013, Pasadena, USA 1919//5151

CUORE sensitivity potentialCUORE sensitivity potential

●sensitivity depends strongly
on background level
●NME uncertainties broaden 
the sensitivity expectations *

GeGe7676 90% CL 90% CL

CUORE 90% CLCUORE 90% CL

Cuoricino 90% CLCuoricino 90% CL

CUORE 90% CLCUORE 90% CL

90% CL sensitivity in 5 years5 years

[y]
0.01 5

0.001 5

bkg DE t1/2
0ν ❬mν❭

[c/keV/kg/y] [keV] [meV]
1.0×1026 50 ÷ 129
2.8×1026 30 ÷ 77

* NME uncertainties can be reduced by 
observing -0 in many different isotopes

Nuclear Matrix ElementsNuclear Matrix Elements from:
Poves et al., NPA 818 (2009) 139; Faessler et al., 
JoP G: Nucl. Part. Phys. 39 (2012) 124006; Fang et 
al. , PRC 83 (2011) 034320; Suhonen et al., JoP G: 
Nucl. Part. Phys. 39 (2012) 124005; Iachello et al., 
PRC 87 (2013) 014315; P.K. Rath et al., Phys. Rev. 
C82 064310 (2010); T. R. Rodriguez et al., Phys. 
Rev. Lett 105 252503 (2010) 

F. Alessandria et al., Sensitivity and Discovery Potential of CUORE to Neutrinoless Double-Beta Decay, arXiv:1109.0494v3 [nucl-ex]
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Understanding CUORICINO (and LTDs...) backgroundUnderstanding CUORICINO (and LTDs...) background

; E 

recoiling daughter nucleus; Erecoil

parent nucleus

1

2

5

34

1 discarded by coincidence cut
2 peak at E with tail
3 broad distribution up to E

4 broad distribution up to Erecoil

5 broad peak around Erecoil

Erecoil ≈ 0.02E ≈ 100 keV

Cu frame

TeO2





-0-0
regionregion

total spectrumtotal spectrum
single hit spectrum (single hit spectrum ())
double hit spectrumdouble hit spectrum

30%
70%

bkg sourcesbkg sources at at QQbbbb

γγs from external Th s from external Th 
U/Th on Cu/TeOU/Th on Cu/TeO22 surfaces surfaces

C. Arnaboldi et al., PRC78(2008)035502
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Background in LTDsBackground in LTDs
◼  main background sources in LTDsmain background sources in LTDs
▶  α/γ/β in the detector
▶  γ/β from bulk of neighbor materials
▶  α from surfaces
▶  intrinsic internal backgrounds → ββ-2ν and ββ-2ν pile-up

◼  to reduce non-intrinsic backgroundsto reduce non-intrinsic backgrounds
▶ material selection and cleaning
▶ choose high Q → only α 
▶ use α/β discrimination techniques

AA00 = = A A22 /100 /100

E=0.1% E=6%

-2 -0

pile-up
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Background reduction techniques with LTDsBackground reduction techniques with LTDs

◼ AMoREAMoRE → CaMoO4

◼ LUCIFERLUCIFER → ZnSe

◼ LUMINEULUMINEU → ZnMoO4

◼ CalderaCaldera

▿ α calibration
○ γ calibration

Cherenkov light detection

TeOTeO
22

Pulse shape discrimination

CaMoOCaMoO
44

Scintillation light detection

ZnMoOZnMoO
44

and more...
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Exploring the Inverted Hierarchy with LTDsExploring the Inverted Hierarchy with LTDs
bckg

[c/ton/y] [y] [meV] [meV]
ZnSe 82 1.0E-01 6.5E+27 6 19

CdWO4 116 1.0E-01 3.0E+27 10 18
ZnMoO4 100 1.5E+00 1.4E+27 9 25

TeO2 130 1.0E-01 6.6E+27 6 16

[c/ton/y] [y] [meV] [meV]
ZnSe 82 2.7E-02 1.0E+28 5 15

CdWO4 116 7.0E-02 3.4E+27 9 17
ZnMoO4 100 1.5E+00 1.4E+27 9 25

TeO2 130 5.0E-04 2.7E+28 3 8

τ 0ν mββ min mββ max

bckg 2ν (1ms) τ 0ν mββ min mββ max

Z
n

S
e

Z
n

S
e

Z
n

M
o

Z
n

M
o

44

C
d

W
O

C
d

W
O

44

T
e
O

T
e
O

22

inverted hierarchyinverted hierarchy

Detector:Detector:
M =1 ton
5x5x5 cm3 detectors
tM = 10 y
ΔE = 5 keV
I.A. = 90%
τrise = 1 ms (time resolution)
α discrimination power = 99.9%

backgroundbackground: 2 hypothesis
● maximum between 0.1 c/ton/y 
and ββ-2ν pile-up

● only ββ-2ν pile-up
(ββ-2ν background is negligible
with ΔE = 5 keV)

→ 90% C.L. limits90% C.L. limits using Poisson 
statistics

m
ββ

 [
m

eV
]
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Direct neutrino mass measurementsDirect neutrino mass measurements

◼ kinematics of weak decays 
▶  nuclear beta decays
▶  use only energy and momentum conservation
▶  no further assumptions 

◼ time of flight measurements
▶  ν from supernovae

▶  use E2=p2c2+mν
2c4 and hypothesis on emission time distribution

▶  sensitivity limited to ≈1 eV (SN1987 → mν ≲ 6 eV)
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Experimental approachesExperimental approaches

e−33H sourceH source   countercounter

  analyzeranalyzer
differential or integral spectrometerdifferential or integral spectrometer: : s  from 
the 3H spectrum E are magnetically and/or 
electrostatically selected and transported to 
the counter

e

e−
  sourcesource

  calorimetercalorimeter
ideally measures all the 
energy E released in the 
decay except for the e 
energy: E=E0−E

excitation excitation 
energiesenergies

Calorimeters: source Calorimeters: source ⊆⊆  detector detector

Spectrometers: source Spectrometers: source ≠≠  detector detector

▴ high statistics
▴ high energy resolution 
▾ large systematics
▸ source effects
▸ decays to excited states

▾ background

  
▴ no backscattering
▴ no energy losses in the 

source
▴ no atomic/molecular final 

state effects
▴ no solid state excitation 
▾ limited statistics
▾ pile-up background
▾ spectrum related systematics 
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Spectrometers future: KATRINSpectrometers future: KATRIN
largelarge electrostatic spectrometer
with gaseous gaseous 33H source (H source (EE00=18.6keV)=18.6keV)

▶expected statistical sensitivity 
mm

ee
 < 0.2 eV 90% CL < 0.2 eV 90% CL

▶start data taking in 2014/20152014/2015 
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Calorimeter statistical sensitivityCalorimeter statistical sensitivity

E

ffpile-uppile-upNN((EE,0),0)⊗⊗NN((EE,0),0)

NN((EE,,mm=15 eV)=15 eV)

NN((EE,,mm=0)=0)

NN((EE,,mm))

signal = |signal = |NN((EE,0) – ,0) – NN((EE,15 eV)|,15 eV)|

F E 0≈A N det

E 3

E 0
3F E m =A N det ∫

E 0−E

E 0

N E ,mdE

resolving time RR  analysis interval  EE
source activity AA number of detectors NNdetdet  

pile-up fraction ffpile-uppile-up==RRAA

experimental exposure  ttMM==TT××NNdetdet  

pile-uppile-up

Nβ(E,mν)≈
3
E0

3(E0−E)2√1−
mν

2

(E0−E)2

f pile−up=τRA β≪
ΔE 2

E 0
2

negligible
pile-up

∑90
(mν)≈0.89

4√ E0
3Δ E

Aβ tM

experimental challenges
► energy resolution EFWHM

► time resolution R

► exposure tM = Ndet × T

► single channel activity A


→ → 187187Re Re EE00=2.5keV=2.5keV
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187187Re experiment statistical sensitivity / 1Re experiment statistical sensitivity / 1

Montecarlo
analytic

∝
4√1/N ev

187Re past mesurements
▶  total statistics Nev107 events

A.Nucciotti et al., Astropart. Phys., 34 (2010) 80 (arXiv:0912.4638v1)

http://xxx.lanl.gov/abs/0912.4638v1
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187187Re experiment statistical sensitivity / 2Re experiment statistical sensitivity / 2

exposure

[Hz] [counts]

1 1 1

10 1 1

10 3 3

10 5 5

10 10 10

exposure required for 0.2 eV exposure required for 0.2 eV mm

 sensitivity  sensitivity 

A
β

R ΔE Nev

[s] [eV] [det×year]

0.2×1014 7.6×105

0.7×1014 2.1×105

1.3×1014 4.1×105

1.9×1014 6.1×105

3.3×1014 10.5×105

exposure

[Hz] [counts]

1 0.1 0.1

10 0.1 0.1

10 1 1

10 3 3

10 5 5

exposure required for 0.1 eV exposure required for 0.1 eV mm

 sensitivity  sensitivity 

A
β

R ΔE Nev

[s] [eV] [det×year]

1.7×1014 5.4×106

5.3×1014 1.7×106

10.3×1014 3.3×106

21.4×1014 6.8×106

43.6×1014 13.9×106

bkg bkg = 0= 0

5000 pixels/array
8 arrays8 arrays
10 years10 years
400 g natRe

20000 pixels/array
16 arrays16 arrays
10 years10 years
3.2 kg natRe
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Mn Mn KK11 + K + K22  4444Ti - Re Ti - Re KK11 esc esc

K1=2.5eV
E =36eV

K1=47eV
E =75eV

ta
il
?

ta
il
?

Rhenium experiment status and futureRhenium experiment status and future
◼ Re detector development → to date no satisfactory results with Si or 

Ge thermistors, TES, MMCs... in about 20 years20 years of testing
▶  no clear understanding of Re absorber physics
▶  purity and superconductivity? 
▶  extra C due to nuclear quadrupole moment?

◼ low specific activity → “large” masses → fabrication issues
◼ possible large systematics
▶  Beta Environmental Fine Structure (BEFS)
▶  spectral shape
▶  detector response function

◼  future of Re experiments is not very bright...future of Re experiments is not very bright...

BEFS in BEFS in 187187ReRe
NNev ev = 10= 101010

EE = 5 eV = 5 eV
ffpppp= 10= 10-5-5

AgReO4AgReO4 detectors cannot
provide the perfomances 

needed for sub-eV sensitivitysub-eV sensitivity
E.Ferri, talk Fri 11:15
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Electron capture end-point experiment / 1Electron capture end-point experiment / 1

163163Ho + eHo + e––  → → 163163Dy* + Dy* + ee

QQECEC = 2.555  = 2.555 
keVkeV

mm = 5 eV = 5 eV

mm = 10 eV = 10 eV

mm = 0 eV = 0 eV

pile-up

●  calorimetric measurement of Dy atomic de-excitations calorimetric measurement of Dy atomic de-excitations (mostly non-radiative)
● rate at end-point and ν mass sensitivity depend on Q
►  Measured: QQEC EC = 2.2= 2.22.8 keV2.8 keV. Recommended: QQ = 2.555 keV = 2.555 keV   

●  ½½  ≈≈4570 years4570 years: few active nuclei are needed 

M1

M2

N1

N2

O QQECEC  ==  2.20 keV2.20 keV

QQECEC  ==  2.55 keV2.55 keV

electron capture from shell electron capture from shell  M1 M1
A. De Rujula and M. Lusignoli, Phys. Lett. B 118 (1982) 429

NNevev=10=101414;;  ffpppp=10=10-6-6;;  EEFWHMFWHM=2eV=2eV
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Electron capture end-point experiment / 2Electron capture end-point experiment / 2

● no direct calorimetriccalorimetric measurement of QQ so far 

● Q and atomic de-excitation spectrum poorly known
● complex pile-up spectrum

NNevev=10=101414;;  ffpppp=10=10-6-6;;  EEFWHMFWHM=2eV=2eV
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Statistical sensitivity: Montecarlo simulations Statistical sensitivity: Montecarlo simulations 

ΔE = 1 eV
fpp= 10-5

M. Galeazzi et al., submitted to PRD, arXiv:1202.4763v2 
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163163Ho experiment statistical sensitivity / 1Ho experiment statistical sensitivity / 1

exposure

[Hz] [counts]

1 1 1

1 0.1 1

100 0.1 1

10 0.1 1

10 1 1

exposure required for 0.2 eV exposure required for 0.2 eV mm

 sensitivity  sensitivity 

A
β

R ΔE Nev

[s] [eV] [det×year]

2.8×1013 9.0×105

1.3×1013 4.3×105

4.6×1013 1.5×104

2.8×1013 9.0×104

4.6×1013 1.5×105

exposure

[Hz] [counts]

1 0.1 0.3

100 0.1 0.3

100 0.1 1

10 0.1 1

10 1 1

exposure required for 0.1 eV exposure required for 0.1 eV mm

 sensitivity  sensitivity 

A
β

R ΔE Nev

[s] [eV] [det×year]

1.2×1014 3.9×106

6.4×1014 2.0×105

7.4×1014 2.4×105

4.5×1014 1.5×106

7.4×1014 2.4×106

5000 pixels/array
4 arrays4 arrays
10 years10 years
31017 163Ho nuclei

5000 pixels/array
3 arrays3 arrays
1 year1 year
21017 163Ho nuclei

QQECEC  ==  2200 eV2200 eV
bkg bkg = 0= 0
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163163Ho experiment statistical sensitivity / 2Ho experiment statistical sensitivity / 2

60000 pixels/array
100 arrays100 arrays
10 years10 years
81019 163Ho nuclei

60000 pixels/array
5 arrays5 arrays
5 year5 year
41018 163Ho nuclei

QQECEC  ==  2800 eV2800 eV
bkg bkg = 0= 0

exposure

[Hz] [counts]

1 1 1

1 0.1 1

100 0.1 1

10 0.1 1

10 1 1

exposure required for 0.2 eV exposure required for 0.2 eV mm

 sensitivity  sensitivity 

A
β

R ΔE Nev

[s] [eV] [det×year]

3.8×1015 1.2×108

1.6×1015 5.3×107

9.8×1015 3.1×106

3.8×1015 1.2×107

9.8×1015 3.1×107

exposure

[Hz] [counts]

1 0.1 0.3

100 0.1 0.3

100 0.1 1

10 0.1 1

10 1 1

exposure required for 0.1 eV exposure required for 0.1 eV mm

 sensitivity  sensitivity 

A
β

R ΔE Nev

[s] [eV] [det×year]

2.6×1016 8.2×108

1.9×1017 5.9×107

1.6×1017 5.0×107

6.1×1016 1.9×108

1.6×1017 5.0×108
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Small scale mid term Small scale mid term 163163Ho experimentsHo experiments

fpp = 3x10-4

ΔE =1 eV
τ = 1 μs

16 channels
tM=1 month 
A=300Hz/ch 
→ 1010 decays

1000 channels
tM=3 years 
A=300Hz/ch 
→ 3x1013 decays
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◼  163163Ho seems to be better than Ho seems to be better than 187187ReRe
▶  higher specific activity → don't need an Holmium detector
▶  self calibrating → better systematics control
▶  but

● higher Q → maybe less sensitive
● pile-up spectrum
● chemical effects on Q 

◼ (at least) two LTD projects 
▶  ECHO ECHO (L.Gastaldo, talk Fri 11:45; P. Ranitzsch, port Fri 305)

▶   MARE MARE (E.Ferri, talk Fri 11:15; M. Galeazzi, post Fri 109; G. Pizzigoni, post Fri 208; M. Ribeiro post Fri 306)

◼ common technical challenges
▶  clean 163Ho production
▶  163Ho incorporation
▶  large channel number → high speed MUX
▶  data handling (processing, storage, ...)

Holmium experiment statusHolmium experiment status
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163163Ho production and incorporationHo production and incorporation
◼ 163Ho production by nuclear reaction 

▶ high yield
▶ low by-products contaminations (in particular 166mHo, β τ½=1200y)
▶ not all cross sections are well known 

→ neutron activation of enriched 162Er (nuclear reactor)
→ spallation with p on W/Ta (ISOLDE@CERN)
→ 163Dy(p,n)163Ho Ep=10 MeV (direct, low yield) 

→ natDy(α,xn)163Er and 159Tb(7Li, 3n)163Er
◼ 163Ho Separation from Dy, Er and more ...

▶ radiochemistry
▶ magnetic mass separation 
▶ resonance ionization laser ion source

◼ 163Ho incorporation in detector absorber 
▶ implantation (+magnetic separation)
▶ film deposition
▶ liquid drop drying

GJ Kunde post. Fri 209
M Ribeiro post. Fri 306
G Pizzigoni post. Fri 208

D Schmidt talk Tue
M Croce talk Fri 14:15
M Galeazzi post Fri 109

particle p n 1014 n/cm2/s p 16 MeV p 24 MeV α 40 MeV α 40 MeV

target W/Ta 162Er natDy natDy natDy 161Dy
163Ho prod rate [nuclei/h] 1014 1013-15/ mg 162Er 1014 1015 1013 1010

U. Koester @NuMass 2013

GJ Kunde post. Fri 209
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Sterile neutrinosSterile neutrinos

◼ keV mass sterile neutrinos as Warm Dark Matter 
◼ why WDM?why WDM?
▶ fixes some problems with ΛCDM at small scales

● cusped halo profiles
● overabundant sub-galactic structures (satellites)

◼ limits from astrophysics observations
x-ray from sterile neutrino decay

C. Destri, H. J. de Vega, N. G. Sanchez, New Astronomy 22, 39 (2013)

C. Destri, H. J. de Vega, N. G. Sanchez, arXiv:1301.1864.

◼ two mass ranges of interest for LTDs
▶  low mass (1eV) → coherent scattering
▶  keV mass → beta decay kink searches

A. Kusenko, hep-ph/0703116v1
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Searches for sterile neutrinos in Searches for sterile neutrinos in ββ decay decay

Q - mH Q

mL = 0
mH = 1 keV

― sin2θ = 0
― sin2θ = 0.2
― sin2θ = 0.5

heavy neutrino emission in 187Re β decay

N β(E ,mL,mH ,θ)=cos2θN β(E ,mL )+ sin2θN β(E ,mH )

νe=νLcosθ+ νHsinθ

0 < mH < Q - Eth 
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Sterile neutrino emission in Sterile neutrino emission in 187187Re decayRe decay

MANUMANU  (M. Galeazzi et al., Phys. Rev. Lett. 86, 1978 (2001))

MIBETAMIBETA (preliminary, unpublished)
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ΔE = 1 eV
fpp= 10‒5

Nev = 1014

― QEC = 2200 eV

― QEC = 2800 eV

Sterile neutrino search with MARE or ECHOSterile neutrino search with MARE or ECHO

light ν sensitivities:
mm

νν
 < 1 eV < 1 eV

mm
νν
 < 0.35 eV < 0.35 eV

mm
νν
 < 0.1 eV < 0.1 eV

∑90
(sin2(θ)) ≈ 1/√N ev

← ← 187187ReRe

163163Ho → Ho → 
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Sterile neutrino emission in other Sterile neutrino emission in other ββ decays decays

 5/2 1/2− unique first forbidden 
 end point EE0 0 = 35 keV= 35 keV
  half-life time:  1/21/2 = 6.5  = 6.5 ×× 10 1066 y y
  Production:  106106Pd(n,Pd(n,γγ))

Pd107
→ Ag107

+ e−
+ ν̄e

■ Why thermal microcalorimetersthermal microcalorimeters?
● Not for energy resolution, not for speed
● Full energy detection against systematics

■ Need a good compoundgood compound to make 
thermal microcalorimeters
■ Possible issues:

● Detector size for full β containment
● Background

MC sensitivity estimateMC sensitivity estimate

1000 pixels/array
300 dec/s per pixel
4 arrays4 arrays
3 years3 years
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Cosmic neutrino background detectionCosmic neutrino background detection

Q
Q - m

ν Q + m
ν
 (or Q + mH)

mm
νν
= 0= 0

mm
νν
= 2 eV= 2 eV

ΔΔEEFWHMFWHM = 1 eV = 1 eV

187Re β
spectrum relic νs

Interaction rates in 
KATRINKATRIN and MAREMARE

relic νe (CνB) isotope 
mass

rate
sterile νH

mH = 1 keV 

ν + 3H → 3He + e– 0.1 y-1 g-1   (1) 100 μg 10–5 y-1 100 sin2θ y-1 g-1   (4)

ν + 187Re → 187Os + e– 10–10 y-1 g-1   (2) 1000 g 10–7 y-1 10–7 sin2θ y-1 g-1         

ν + e– + 163Ho → 163Dy* 10–5 y-1 g-1  (3) 100 μg 10–9 y-1 10–3 sin2θ y-1 g-1    (5)

(1) R.Lazauskas et al., J. Phys. G: Part. Phys. 35, 025001 (2008)
(2) A.G.Cocco et al., J. Cosmol. Astropart. Phys. 06, 15 (2007) 
     R.Hodak et al., Progr. in Part. and Nucl. Phys. 66, 452 (2011)
(3) M.Lusignoli, M.Vignati, Phys. Lett., B697, 11 (2011) (arXiv:1012.0760 [hep-ph])
(4) W.Liao, Phys. Rev., D82, 73001 (2010)
     Y.F.Li, Z.Z.Xing, Phys. Lett. B695, 205 (2011)  
(5) Y.F.Li, Z.Z.Xing, arXiv:1104-4000 [astro-ph] 

ν densities
CνB: n

ν
≈55 νe /cm3 *

WDM: n
ν
≈3×105 νH/cm3

QEC = 2.5 keV
* without clustering (→ 102-106 increase)
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Coherent scatteringCoherent scattering

◼predicted by Standard Model but never observed
◼cross section coherent enhancement (≈N2)
◼low energy nuclear recoil → use LTDs!low energy nuclear recoil → use LTDs!
▶ test for physics beyond SM at low momentum transfer
▶ ν detection

→ short distance low energy oscillations → sterile νs
→ supernovae ν detection
→ ν magnetic moment measurement

blind to ν
flavor
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Coherent scattering LTD experimentsCoherent scattering LTD experiments

◼Ricochet program
◼test SM model and search for sterile ν with oscillations
◼few option under study
▶SuperCDMS low threshold (100 eV) optimized Si and Ge detectors 

at nuclear reactor (M. Pyle, talk Fri 8:30)

▶ very low threshold (10 eV) 104 pixel array of ≈10 g Si or Ge  with 
Electron Capture source
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Ricochet at a nuclear reactorRicochet at a nuclear reactor

at ATR (reactor)

→ coherent scattering detection
→ search for non standard interactions
→ search for sterile neutrinos by moving the detector
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Ricochet with an electron capture sourceRicochet with an electron capture source

oscillation pattern
ΔΔmm22==1.5 eV   sin1.5 eV   sin2222θ=0.15θ=0.15

detector: 104 pixel
→ 500kg Si (or 200kg Ge)
deep underground site and bkg=1 c/kg/day
37Ar source 5MCi → 800 keV ν 
300 days exposure

distance from source [cm]
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ConclusionsConclusions

■ Low temperature detectors do play a key role in neutrino physics

■ For next generation experiments the technical challenge is 
becoming daunting (as for other techniques...)

■ The effort requires always larger collaborations 
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Backups...Backups...
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Checking Heidelberg claimChecking Heidelberg claim

T1/2 sensitivity = 5.9 x 1024 y (90% CL)

<mee> < (204 ÷ 533) meV

b = 0.05 c/keV/kg/y, T = 2 y

Significance level at which CUORE-0 can 
observe a DBD signal consistent with the 
claim in 76Ge (KK-HK), assuming 0.05 
c/keV/kg/y background

• The inner band corresponds to the 
best-fit value of the claim; the range 
arises from the “1σ” range of QRPA NME 
calculations in A. Faessler et al., Phys. 
Rev. D79 (2009) 053001

• The outer band also includes the 1σ 
error on the 76Ge claim
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