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Present status of v Physics

What we know:
* neutrinos are massive fermions

* there are 3 active neutrino flavors (vq)

* neutrino flavor states are mixtures of mass

Vo) = Z Uak|Vk)

states (vk)

l/'r= O

B

Atmospheric /

Precision measurements of neutrino parameters:

available and ongoing
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Open Questions in v Physics

What is the absolute neutrino mass scale?

Is the lightest v massless? Hierarchical or degenerate?

What is the neutrino mass ordering?

Normal (m,<m, <« m;) or inverted (m; <« m,<m,)?

Are neutrinos Dirac or Majorana particles?
Lepton number violation, neutrinoless double beta decays

7

Neutrinos could be the only
“chargeless” fermions for which
Majorana nature and mass
terms would be possible

What is the origin of neutrino masses and flavor mixing?

See saw mechanisms, flavor symmetries, ...

Is there CP violation in the lepton sector?
What is the value of the Dirac CP-violating phase 6?

» Neutrinos are important probes of the Standard Model limits
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Neutrino mass questions

Two main questions are directly related to neutrino masses:
1. absolute mass scale: i.e. mass of the lightest v
2. degenerate (m1= mz= ms3) or hierarchical masses (m+1< mz « m3 or mz <« mq <my)

mass hierarchies
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* Neutrino oscillation experiments are blind to the first but can solve the second:
Daya Bay |l, Reno Il, T2K, Nova, LBNO, LBNE, PINGU, ORCA, ...
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Anomalies and sterile neutrinos

Anomalies are observed in data from
e 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 v4
—s sterile neutrino: Am? =1 eV and sin420 = 0.1

o Sterile (Right Handed) neutrinos are a natural extension to the Standard Model
(VMSM)

e Sterile neutrino in the keV mass range are perfect candidate as Warm Dark Matter
(WDM) particles

e Sterile neutrinos are also obvious candidates for extra energy density (J.Hamann et
al., PRL 105 (2010) 181301).

Assuming N additional (~ degenerate) sterile states, 2 new hierarchical schemes are
possible:

Vs

Vs

34N N + 3 Favored ms: ~1 eV
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Experimental methods

Three complementary tools available
 Different sensitivities
 Complementary pro and cons

Cosmology Neutrinoless Double Beta decay
(CMB+LSS+...) Beta decay end-point

observable Mz=2xMvk mpp=IZxmMyvkUek? mp=(EZxkmvk2 Uekl2)"2

present sensitivity =0.1eV =0.1eV 2¢eV
future sensitivity 0.01 eV 0.01 eV

model dependency | yes l yes

systematics | large yes
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Mass hierarchies
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Combining/Comparing results

G.L Fogli, et al, PRD 78 033010 (2008), arXiv:hep-ph/0805.2517v3

(eV)

(eV)

O. Cremonesi - 23/07/2013EPSHEP 2013 Stockholm, Sweden

10

10

10

10

10

10

20 bounds
Inverted Hierarchy
Normal Hierarchy

10

10

10

M g (eV)




Direct measurements of neutrino mass

Kinematics of weak decays 100 _
o | beta d  Electron + nuclear recoil
nuciear bela decays * The observable is the square of the
- single beta (3H, 187Re, ... 80 effective electron neutrino mass
- EC ("63Ho) _
* use only energy and momentum 60
conservation
* no further assumptions 40 F
20 F
O
[ | 1 1 1
-3 =2 — 1 0

Time of flight measurements
* supernovae neutrinos
e use E2=p2c2+m,2c*
e and hypothesis on emission time distribution
e sensitivity limited to =1 eV (SN1987 — my < 6 eV)
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Experimental approaches

Spectrometers: passive source

* B Source: 3H T high statistics

* B analyzer: differential or integral T high energy resolution
spectrometer: B’s from a fraction OE of 1 large systematics
the 3H spectrum are magnetically and/or e source effects
electrostatically selected and » decays to excited states
transported to the counter 1 background

* B counter: solid state

Calorimeters: active source

* B Source: low Q beta emitters T no backscattering

* B calorimeter: ideally all the energy T no energy losses in the source

E released in the decay, except for T no atomic/molecular final state
the ve energy, can be measured: effects

. th'Q_II'EdV . T no solid state excitation
B counter: solid state 1 limited statistics

1 pile-up background
1l spectrum related systematics
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KATRIN P &

e Large electrostatic spectrometer with gaseous 3H source |
(Q=18.6keV)

e Expected statistical sensitivity: myv.< 0.2 eV 90% CL

e Start data taking in 2014/2015

* Presently under commissioning

Tritium source Transport section

~70 m
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KATRIN sensitivity

| Sen3|t|V|ty B Example of KATRIN simulation & fit
| mv < 0.2eV (90%CL) , (last 25eV below endpoint)
V |

| discovery potential:
= 0.3eV (30)
O 359V (50) ]

I

» Expectation for 3 full data taking
years: Osyst ~ Ostat

e Sensitivity is still statistically
limited,

* because with more statistics
would go closer to the
endpoint,

* where most systematics
nearly vanish

e Sensitivity still has to proven, but
there might be even some more
improvements

count rate [s™']

[s™']

(data—fit) /o

i T B S |
18.55 18.56 18.57 18.58
enerqgy [keVl]
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Spectrometers progress
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187Re Low Temperature Calorimeters

18’Re beta decays with very low Eo:
187Re — 1870s + e + Ve

* T12=4.16%x 100y

e First unique forbidden [3 decay

AE3
Eg
— 187Re Eo = 2.5keV
EgAE
Apglmea

FAap ~ AgNget

290 (my) ~ 089(

Experimental challenges:
» energy resolution AEFwHM
» time resolution Tr

> exposure tmea = Naet X T
» single channel activity Ag

)1/4

Re and AgReOq4
low T p-calorimeters
O(s1mgq)

counts [a.u.]

counts [a.u.]

-

Almost ideal calorimeter: AT=AE/C
* Very good energy resolution

e But slow response

— important pile-up contribution
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many unresolved experimental issues
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187Re experimental sensitivity (stat.)

statistical sensitivity 90% CL [eV]

A

O
—

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

Total statistics so far:
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Nev ~ 107 events

- 6 |
: 0 AEyw=16eV; fpile-up=10 d .
| 5 Perspectives:
B O AEFWHM=5 eV, fpile-up=1 0 1| *10-20 arrays
, -4 * 5000-10000 pixel/
AEFWF'{M:SO eV, fpile-up=1 0 array P

* 10 year

very challenging!

1

L il

10" i e 10"
total statistics NV, [events]

10"°

O. Cremonesi - 23/07/2013EPSHEP 2013 Stockholm, Sweden

10"

1015




Electron capture my measurements

15Ho + e~ — 193Dy* + ve

e Calorimetric measurement of Dy atomic de-excitations (mostly non-radiative)
e Rate at end-point and v mass sensitivity depend on Q

v')

(1)\/.7( T I
— = E. E.)? —m? Ih B ..
5. = (Q )V (Q — m2 x Z n;C; 27_ .- G214

- Measured: Qgc = 2.2-2.8 keV.
- Recommended: Qgc = 2.555 keV

_ ~ . . : * A. De Rujula and M. Lusignoli, Phys. Lett. B 118 (1982) 429
T12 = 4570 years: few active nuclei needed ;. -~ S a0 4857y

12

10 Y 11 v T v T v T v T3
E‘ | -

I\ ~ |

& Qec = 2.20 keV | -

Qec = 2.55 keV l [

10 Ej|

* No direct calorimetric measurement of Q
so far

e Q and atomic de-excitation spectrum
poorly known

counts/ 0.3 eV
o

10 :
. \ =
e Complex pile-up spectrum | X 3
10" E E
6 : | : | 1 ! : T \
100 0.5 1 1.5 2 2.5

energy [keV]
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EC sensitivity

EC advantages e i B . B T i
e higher specific activity — don't need an % gf iy
Holmium detector o ¢ AAQ=24keV| -

e self calibrating — better systematics & L s~ 2 |V vQ=22keV| -
control = L ke .
but > ; :
* higher Q — maybe less sensitive 3 f \
e pile-up spectrum 2 | i
e chemical effects on Q 8 v » &

@

Two (LTD) projects so far g % E
ECHO ”. | M. Galeazzi et al., submitted to PRD, arXiv:1202.4763v2 ]
MARE S R R B R BT B I

Common technical challenges
e clean '%3Ho production
e 163H0 incorporation

10'° 10" 10" 10" 10" 10" 10

total statistics Nev

16

e large channel number — high speed MUX
e data handling (processing, storage, ...)

Number of arrays Pixels/Array |OE (eV) Q (eV) Time scale (y)

5000 2200
0.1 4 5000 0.3 2200 10
0.3 5 60000 1 2800 5
0.1 100 60000 0.3 2800 10
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Double Beta Decay

Very rare nuclear decay

(A,Z) — (A,Z+2) + 2e- (+?) OvBB decay (neutrinoless DBD):
— violates lepton number by 2 units
which can occurr according — experimentally not observed
in different modes — Towee,, (70Ge) > ~102%y
— Current bounds limit neutrino mass scale to

mv =< O(0.1 - 0.5) eV
Observation implies Physics beyond the
2vBB decay: standard model of particle physics

 allowed within Standard model,
- 2nd order process in Fermi theory
e observed for 12 isotopes:
. 48Ca, 76Ge, 82Se, 967Zr, 100Mo,116Cd,
128,130Tg 136X e, 150Nd and 238U
 First double beta plus decay: '*°Ba — for example e

2 19-25
o T2vBB,/, ~ 10! ).y | — experimentally observed (and no rumours!)
* Important constraint for nuclear matrix — Best limit from:

element calculation

i

decays:

YS
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OvBf: mass mechanism

Exchange of a light Majorana neutrino

RH antineutrino (L=1) is emitted at one vertex
LH neutrino (L=-1) is absorbed at the other vertex

QQc

e Majorana particle

e Helicity flip (neutrino mass dependence)

Fn: Nuclear
Half lifetime can be expressed as Factor of merit
d
d 1 2
: 1 m
12 (Mee)
Ao = — = G"(Q, Z)|M™| ’
'Oy / me
i \
PHASE SPACE NME EFFECTIVE
FACTOR MAJORANA MASS
_ 2
< Mee >= ) UckMh —{amatess

NEUTRINO
MIXING MATRIX

N.B.: Majorana phases make mee 5 9 5 o o
cancellation possible (mee could = C19Ci3M1 + 512clgew‘m2 —+ slgewmg
be smaller than any of the m).
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Nuclear Matrix Elements

Nuclear matrix elements (NME) are calculated according to various models:
QRPA (RQRPA, SQRPA, ....... ), Shell model, IBM2 ...
Calculation discrepancies are one of the laraest sources of uncertainties

NSM nuclear shell model, Nucl. Phys. A 818 (2009) | = ® NSM ® SRQRPA B pHFB
139.Phys. Rev. C80 (2009) 048501(1) 2 | GCM A 1BM k- pnlRPA
SRQRPA self-consistent renormalized quasiparticle
random phase approx.(2), Phys Rev D83 (2011)
113015, Phys Rev C79 (2009) 055501(1), Phys Rev
C83 (2011) 034320

pnNQRPA proton-neutron QRPA, Nucl Phys A847
(2010) 207 6
GCM generating coordinate method Phys. Rev. Lett.
105 (2010) 252503. .,

IBM interacting boson model(3), Phys Rev C79 5 o |
(2009) 044301 a |
pPHFB projected Hartree-Fock-Bogoliubov om ! X »
Phys Rev C82 (2010) 064310

* more groups calculate NME W|th different methods

dlfferentA ‘ =
o difference between QRPA calculations small

C* no "super” element from NME point-of-@ >

48 T 76 82 ~ 100 130
ay & o L_\ . ) rvl :j
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Experimental signature

(A,2) — (A,Z+2)** + 2 e-

* Anew (ionised) isotope
* Two electrons

Minimal information:
* fwo e” energy sum spectrum

Ov3B exhibits a peak at Q over 2v[3p tail
(and background contributions)

Additional signatures:
e Single electron energy spectrum
e Angular correlation between the two electrons
e Daughter nuclear species

Track and event topology
Time Of Flight

Moreover, to cure NME systematics:
e study as many as possible different isotopes
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Experimental sensitivity

A 199 Nnucteitmeas N, et number of active nuclei in the experiment
1/2 Nﬁ@ toae Measuring time [y]
s : . M detector mass [kg]
Lifetime corresponding to the minimum - detector efficiency
detectable number of events over background at l.a. isotopic abundance
a given confidence level A atomic number
AE energy resolution [keV]
NBB < \/bkg AE - M - tieas bkg background [c/keV/y/kg]

Ns=bkg-AE-T-M
number of background events expected along the experiment lifetime

o |sotopical abundance
NB>>1 o Mass

1.0, 4m - Energy resolution
Ov
51/2 XX 67 @ i Performance o Background level

Ns < O(1) = “zero background”

5 1.4.
SV/y o €= - tmeas)

> lsotope choice
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Experimental approaches

Two main approaches:
* homogeneous (calorimetric or active source) detector
* inhomogeneous (external-source or passive source)

Calorimeters
Solid-state devices, bolometers, scintillators, gas detectors [51
+ Very large M possible (demonstrated ~50kg, proposed ~1t)
+ High efficiency (e~1)
+ Very high energy resolution (AE~0.015% with Ge-diodes, bolometers) \ B,
+ Event topology (in gas/liquid Xe detectors or pixellization)
+ Good background levels
- Constraints on detector choice (except for bolometers)
- No or partial particle id

External-source detectors
Scintillators, gas TPC, gas DC, magnetic field and TOF
+ Event topology allowing clean bkg ™ (except 2v{3[3)
+ Several 3 candidates can be studied with same detector
- Difficult to get large source M
- Difficult to get high efficiency
- Difficult to get good resolution
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Present BR(0v) results
-___

48Ca 5 (stat) + 0.4 (syst) > 0.058 3515-14133
°Ge 22.3*44.34*

°Ge 150 £ 10 > 21 (30 comb.) 201-638
82Se 9.6 £ 0.1 (stat) £ 1.0 (syst) >(0.32 884-2631
%Zr 2.35 £ 0.14 (stat) £ 0.16 (syst) > 0.0092 4207-15139
100Mo 0.716 = 0.001 (stat) £ 0.054(syst)) >1.0 334-946
116Cd 2.88+0.04(stat)+0.16(syst) >0.17 1300-2440
130Te 70+9(stat)x11(syst) >2.8 296-773
136X e 217.2 £ 1.7 (stat) £ 6(syst) > 16 161-385

150Nd 0.911+0.025(stat)+0.063(syst) >0.018 2622-5678
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Expermentsotope[Techmiaue _____________[Vass bROv sotope_[Stats

DBD experiments summary

CANDLES 48Ca 305 kg of CaF2 crystals - lig. scint 0.3 kg Construction
CARVEL 48Ca 48CaWO0O4 crystal scint. ~ tonne R&D

GERDA | 76Ge Ge diodes in LAr 18 kg Operating
GERDA I 76Ge Point contact Ge in LAr 18+21 kg Construction
Majorana D 76Ge Point contact Ge 30 kg Construction
1-{/3)6 e 76Ge Best technology from GERDA and MAJORANA ~ tonne R&D

NEMO3 1 gggl;/ Foils with tracking 6.9/0.9 kg Complete
SuperNEMO D 82Se Foils with tracking 7 kg Construction
SuperNEMO 82Se Foils with tracking 100 kg R&D
LUCIFER 82Se ZnSe scint. bolometer 18 kg R&D

AMoRE 100Mo CaMoO4 scint. bolometer 50 kg R&D

MOON 100Mo Mo sheets 200 kg R&D

COBRA 116Cd  CdZnTe detectors 10 kg/183 kg R&D
CUORICINO 130Te  TeOZ2 Bolometer 10 kg Complete
CUORE-0 130Te | TeOZ2 Bolometer 11 kg Operating
CUORE 130Te | TeO2 Bolometer 206 kg Construction
SNO+ 130Te  |0.1% natNd suspended in Scint 55 kg Construction
KamLAND-ZEN 136Xe | 2.7% in liquid scint. 380 kg Operating
NEXT-100 136Xe | High pressure Xe TPC 80 kg Construction
EXO200 136Xe | Xe liquid TPC 160 kg Operating
nEXO 136Xe  Xe liquid TPC ~ tonne R&D

DCBA 150Nd  Nd foils & tracking chambers 20 kg R&D

O. Cremonesi - 23/07/2013EPSHEP 2013 Stockholm, Sweden




DBD future

) e A CUORE (— T.Banks)

—

™ )

GERDA (— C.Cattadori)

SuperNEMO
(— P.Guzowski)

KAMLAND-Zen
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GERDA-I BB(0v) results and "°Ge claim

GERDA Coll., arXiv:1307.4720
GERDA : T12% > 2.1 x 1025 yr @ 90% CL oll., arXiv

GERDA combined w. IGEX & HdM: T1,2%¥ > 3.0 x 1025 yr @ 90% CL

GERDA 13-07

= ] T 26
D
$ 1077 T ' T T T T "GERDA 13-07
£, [
o)
(&]

N i i 5

©

05605 2030 2035 2040 2045 2050 2055 2060 .
< B D B background interpolation- - - », go@ __(_a_e__C_O_rp_Ql_n_Qg ______
> 81— > > > || > ~
x | '8 2l - e e ~
- A s |z | -~ | GERDA Phase|
8oL ' & RN o -
S : v : =
g I aH

2 claim (200

0

1900 1950 2000 2050 2100 2150 2200

energy [keV]

Best fit: NOV = 0, N% < 3.5 cts @ 90% C.L.

For T12% =1.19 x 1025 yr: :

e Expected Signal (after PSD): 5.9 + 1.4 cts in £20 c

e Expected Bckgd (after PSD): 2.0 + 0.3 ctsin 20 } 2 ' 5

« Observed: 3.0 (0in+10) A il

SR

Comparing H1(Claimed signal) to HO(Background CC\I)_EI S
only): x| g X

e P(H1)/P(H0)=2-10"* 1024 e e X g

e Assuming H1: P (N%=0 | H1)=1% 1024 102° ov 436 1026
— Claim poorly credible T2 (7 Xe) [yr]
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Sensitivity revisited

By generalizing:

e nN=M-z T = tmeas

Ne>> 1 e B'=B/z B = bkg
A= AE
and re-defining n = a.i.

1. X’=n’-T = S(cale)

No < O 2. y'=B’-A = [P(erformance)]’

we completely get rid of the “z” block and

SO/I/ ~ ‘w get an effective and objective comparison
1/2

The condition
Ne=(B’-AE) (0’ T)=x"-y=P-S
still holds

Meaning: >
n’ = number of “effective” moles of 33 isotope 1/2 X \/S P
B’ = background rate normalized to the

number of “effective” moles of B3 isotope Sl 72 x S
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Future BR(0v) experiments

IBM2 - Phys. Rev.} C 79 (2009) 044301

Scale Fov(1 o) 111
[n’- T] (10%6y) | (meV)

(Performance)-

Isotope Biso Aoidilo
P€1 (103 c/keVikgly) | (keV)

CUORE

SNO+

GERDA |
GERDA I

MJD

EXO

NEXT
KamLAND-Zen
SuperNEMO D
SuperNEMO

LUCIFER

130Te

130Te

76Ge

76Ge

SZSe

8289

1.4

21

71

1.2

1.9

0.8

9.4

0.6

0.6

1.05

240

4.8

3.2

97

13

243

120

130

10

[B’-A]

2.73E-02
2.78E-02
6.39E-03
2.75E-03/3.9E-04
4.91E-04
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3.11E-01
2.00E-02
2.00E-02

1.80E-03

1390

1252

146

170

244

463

165

1030

23

461

96

D

2.0 62

1.4 136

2.3/2.4* 105/103

3.5% 86
1.2 99
1.6 82
0.5 144
0.3 170
1.4 82
1.4* 102

O. Cremonesi - 23/07/2013EPSHEP 2013 Stockholm, Sweden



A further generalization

i n’ = number of “effective” isotope moles

e” ~ B’=counts/keV/n

104 5
B “Finite” Background region
: —
103 - i«. K'Zen .
i ® @®EX0-200
o SuperNemo
® GERDA |
i GERDA | .’
NEX ® running
2 Vil .
10% 34 Lucifer @ e construction
1= CUOREO @ e demonstrator
Al % (13 bh - ¢ R&D
- Zero” Background region
Background Sedb UK, |
I | I A 2 . | | | P N N N . | | | i o |
10-3 10-2 10-1 B’ -AE
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NME revisited

An alternative (stronger) view of the “no super element” statement:
MOV N FOv — GOV |M0v|2

4 l | L | llllll | | lJlllll 1 | 1!1111[

10

If this holds:

conclusions about T
sensitivity translate  «
directly (within a
non negligible 0
uncertainty range)
OoN Mee sensitivity

1 1 lllllll
I I lllllT]
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w

™
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1 1 lllllll
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For the sake of ... _talk A.Studenikin

 Neutrinoless DBD is not the only experimental probe for Majorana neutrinos
e Electromagnetic properties of neutrinos could work as well
* Neutrino magnetic moment and mass are strictly related:

3€GF —19 my
Ve — v ~ 3 ¢ 10 -
ILL \/587'('2,”/2/ e /’LB(lev)

i(pi) f(pr)
e Couplings: Y \?/ \?/

(a) (h) ((')

vy(py)

(a) Tree-level coupling of a charged fermion f with a photon y
(b) Effective coupling of a neutrino v with a photon
(c) Effective coupling of neutrinos with a photon including transitions between two different i vi and vs

(b) is forbidden for a Majorana (fo=fu=fe=0) neutrino so observation of p¥ would signal that neutrinos
are Dirac particles (fe=0).

Unfortunately, astrophysical or cosmological sensitivities are much worse!
Bounds:

« Astrophysics:  pre < 3-107 g

. Reactors (Beda et al. (GEMMA Coll.) 2012 e <29-107 g
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DBD perspectives

JJ Gomez-Cadenas, Riv. Nuovo. Cim. 35 (2012) 29

- a function of time
> 500 10°E
S N E @ "Ge
= ' R R E E 136
= | — em— s Vv i Xe
\S/ 200 'r i < cel- o 0. E
. ' : ~
] o 5 S
100 F — ".. :.
& = Q
E— ! e ° o
50 — ® © o
.g o.° s
Q)
'_GEJ 10'F  NME: RORPA, Phys.Rev.C 79, 055501 (2009)
o _I o =| 'O :lllllllllllllllllllllllll llllllll
20 o < L < Ll g 1960 1970 1980 1990 2000 2010 2020 2030
o a o + a e — 5
" © O 7 G O 2 = s k. ?
10 %.g 102,'_ ...... s
4 :
0} d
Sensitivity of next generation experiments to the neutrino effective 102y
mass mee under assuming optimistic experimental assumptions and r
: . : 10°)
five different frameworks for NME calculations. :
1018%
F
10‘6;?

What's next?
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Cosmological constraints talk S Hannestad

Concept:
* Neutrino number density ~ 112 neutrinos per cms3 per species.

o Em,(v) 2171,.(\/)

[ =—t=—o0=0.08~
Q. 9302 h'eV 1(eV)

m

* Neutrinos disturb the delicate balance between gravity and the Hubble expansion.

* eV neutrinos however stream: drs ~ 1 Gpc/mv(eV)

» Therefore they suppress structure formation for scales smaller than drs while leaving
unaffected larger scales.

* This can be detected in small alterations to the CMB, via gravitational lensing.

Model ingredients:

« General relativity holds at all length scales

* The universe is flat and consists of photons, three neutrinos, baryons, cold dark
matter, and dark energy.

e The initial conditions are those of the simplest single-field inflation model (adiabatic
perturbations described by a single spectral index).

— |n total: six free parameters + neutrino masses for the simplest model.
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Cosmological bounds

* Present bounds on neutrino masses depend on the used data set and model (allowed
parameters)

* Avariety of data sets and models are available and many analyses can be found in the
literature

PLANCK analysys of cosmological parameter (arXiv:1303.5076)

2my < 1.08 eV @ 95 C.L. (Planck only)
2my <0.32 eV @ 95 C.L. (Planck + BAO)
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P LAN C K Planck Coll., arXiv:1303.5080

2m(v) constraints

e Planck has identified 189 galaxy clusters
via the Sunyaev-Zeldovich effect on the

CMB.

* These clusters can be used to measure
2m(Vv) via its effect on galaxy structure T T T S e T
formation. i & : 3“.6.'3 E:::gt +SZ (1-b):

e CMB data + BAO indicates that more R S,
clusters should have been found, indicating @l (1-b):[0.7-1] Il

some tension in the data.
* One possible solution is to introduce a
neutrino mass of magnitude

Fm(v) = 0.58+0.20 eV

The same effect was seen last year by the
SPT (Zou, et al., arXiv:1212:6267)

1.2 14
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What’s next?

< Improved CMB polarization measurements
< Large scale surveys at higher redshifts and larger volumes
<+ Weak gravitational lensing on large scales

Pan-STARRS
A

Future surveys
with lensing capacity

2006 Dark Energy Survey Space-based

Ground-based

ouncl

Time

EUCLID

ESA M-CLASS MISSION
2019

from S.Hannestad talk

O. Cremonesi - 23/07/2013EPSHEP 2013 Stockholm, Sweden




Combining results

KATRIN

G.L Fogli, et al, PRD 78 033010 (2008), arXiv:hep-ph/0805.2517v3

Short term expectations: ~ 5 years

20 bounds
Inverted Hierarchy
Normal Hierarchy

Claim for BB-0v observation in 7Ge

EXO, KamLAND, GERDA A~

CUORE, MJD, others

CMB
(Planck +
WMAP+

high L
CMB 9nt)

(polarization)

HV. Klapdor-Kleingrothaus et al.Mod. Phys.
Lett. A, 21 (2006) 1547

/

100 1

> (eV)
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Combining results

G.L Fogli, et al, PRD 78 033010 (2008), arXiv:hep-ph/0805.2517v3

1 Long term expectations: 10-20 years

10

| 20 bounds
(eV) . / Inverted Hierarchy

Normal Hierarchy

10
T ] Claim for BB-0v observation in 7Ge

HV. Klapdor-Kleingrothaus et al.Mod. Phys.
/ Lett. A, 21 (2006) 1547

(Ev:) 4 .._‘_...-f'

10

10

> (eV) M g (eV)
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Conclusions

O. Cremo

Neutrino physics has still many urgent open questions
Neutrino masses can get rid of some of them
All available complementary approaches must be pursued

- BPOv is our only probe of the Majorana/Dirac nature of
neutrinos

- Tritium beta decay is our only model-independent probe

- Cosmological probes present a good chance to make a
observation

For next generation experiments the technical challenge is

becoming daunting
The effort will require always larger collaborations and

presumably few challenging experiments
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BBO0v and neutrino masses

—

o b i 1 n t it L P L T Thanks to the information from oscillations mee can be

expressed in terms of three unknown quantities:

* the mass scale, represented by the mass of the
lightest neutrin0 Mmin

* the two Majorana phases.

It is then common to distinguish three mass patterns:

* normal hierarchy (NH), where mi <m2 <ms

* inverted hierarchy (IH) where ms <mi <mo

* quasi-degenerate pattern (QD), where the
differences between the masses are small with
respect to their absolute values

disfavoured by 0v283

I T TTTTT

I TTTTI

I N -

|

|

I
|

1072

()..}5 3 . D GRd S0 | T T T T ¥ r Vv r T L NS B Mt |

Im,.|in eV
BRI
UL

|
|

T

0.30

|
|

10-3 0.25 I- Cosmo

+

RMHE]

me.(eV)

MR

" Klapdor

T

0.20

99% CL
(1 dof)

1074 |- :
K | | L L1 | L L | i | L i

16-4 10-3 10-2 10-1 1 0.10}

disfavoured by cosmology

T

0.15

lightest neutrino mass in eV 0.05f

1 || P

1 neutrinos must be Majorana particles 0,00 M ]
l uncertalntles |n MOV ~0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
M jightest (€V)
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Heidelberg-Moscow

counts / 2 keV

e 5 HP-Ge crystals, enriched to 87% in "°Ge
total active mass of 10.96 kg = 125.5 moles of °Ge

e run from 1990 to 2003 in Gran Sasso Underground Laboratory
e total statistics 71.7 kgxy
820 molesxy
® main background from U/Th in the set-up
b=0.11 c/keV/kgly at Qg

¢ lead box and nitrogen flushing ofthe detectors
e digital Pulse ShapeAnalysis(PSA)

measured spectrum
neutrons and muons
“* Th decay chain
“* U decay chain

anthropogenic isctopes
cosmogenic ISotopes

DECEE0

,11111lll|l

1990 - 2001 data
exposure = 35.5 kgxy SSD

T,V > 1.9%10% years

(m,)) <0.35eV (0.3 -1.24 eV)

2020 2040 2060 2080 2100
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H.V.Klapdor et al.: "°Ge 0vB[ evidence

First claim in January 2002 (Klapdor-Kleingrothaus HV et al. hep-ph/0201231) with a
statistics of 55 kg y and a 2.2-3.1 statistical significance — strong criticism

Claim confirmed in 2004 with the addition of a significant (~1/4) new statistics and improved
In the following years

| 214Bj > OvBB 2;4Bi ‘
/l\ ' \ 1990 — 2003 data, all 5 detectors
20} \ j : exposure = 71.7 kgxy
g T, = 1.2%10% years

{m) =0.44¢eV

H.V.Klapdor-Kleingrothaus et al., Phys. Lett. B 586 (2004) 198

2030
Energy, keV

1995-2003 data new re-analysis: i e ‘
SSE selection by MC & ANN |

6.40 signal
7.05 £ 1.11 events
2-23*0'“‘0‘31 1025 y&ars l 0.32*0.03 QV

2040 2050 2060

H

W
—_—

counts/keV
w r
g 92 99 39 1

—_
1

| | WL
H.V.Klapdor-Kleingrothaus et al., Phys. Scr. T127 (2006) 40-42 o LI [L[I_I[Lhﬂj [Uﬂ“hﬂm i
] ] ] ] ] 2000 2020 2040 2060 2080 2100
all future experiment will certainly have to cope with this result energy, keV
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Cuoricino

TeO, thermal calorimeters

Active isotope 39Te

natural abundance: a.i. = 33.9%
transition energy: Qgg = 2529 keV
encouraging predicted half life
r— N {mv) =0.3 eV & [¥],,%=10% years

Absorber material TeO,

low heat capacity
large crystals available
radiopure

intermediate size B3 experiment
important test for

radioactivity

performance of large LTD arrays

Cuoricino tower. 62 TeO, crystals
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Low Temperature detectors

— Heat sink

Detection Principle

Thermal coupling ANT=E/C
— Thermometer C: thermal capacity
low C

low T (i.e. T<1K)
dielectrics, superconductors

ultimate limit to E resolution:
statistical fluctuation of internal
energy U

(AU ?2) = kgT 2C

Crystal absorbel :

Thermal Detectors Properties
good energy resolution

wide choice of absorber materials
true calorimeters

slow t=C/G~1+10° ms
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Cuoricino Results

counts/1kev

e total statistics 19.75 kgxy
e average energy resolution FWHM AE = 7.5 keV at Qg

® anticoincidence applied to reduce surface U/Th background and external y's
e background level: b=0.18 + 0.01 c/keV/kgly @ Qg

30% £ 10%
20% £ 10%

208T] (cryostat contamination)
TeO, surfaces (a contaminations)

50% £ 10%

Cu surfaces (a contaminations)

60Co sum peak

stopped in June 2008
and disassembled

2505 keV
~ 3 FWHM from DBD Q-value
50 -
45 E_ w— Best Fit |
: ~enct \ TOTAL EXPOSURE
40 130 e 0%
: Te 19.75 [kg('3°Te) yr]
35— OvBp
30 @ 90% C.L.
E 24
20; o ' \ ’ ' [ _ H m_, <0.3:0.714 eV
i ¢.114 | ! ) o ‘. T 40
15_.' "{. ’ 1 -T M[h ded! T[ ~6l IEXE: -
1 3 Lt i : 1L 1t Liael TRV, I BIE : |14 | |44 X
: el L | { IEItE)s ] T ‘l g gk 1 Simkovic etal,  PRC 77 (2008) 045503
= ‘) { | L1 ! ' [J 2 Civitarese et al., JoP:Conference series 173 (2009) 012012
e ] } 3 Menéndez et al., NPA 818 (2009) 139
oL | TR o T =y L 4 Barea and lachello, PRC 79 (2009) 044301
2480 2560 2580

I 2500 2520 2540

Energy [keV]



NEMO-3

Tracking detector for 2vep and 0vpp
at Frejus (4800 m.w.e.)

® 10 kg of enriched material in foils
® 6180 geiger cells = drift wire chamber

® 1940 plastic scintillators + PMTs
® iron (y) + water with B (n) shielding + anti-Rn box
® ¢, e’, aand 3 identification — A
sources in foils ——

TLLLLLLTL

C LI L4 I 1IPLIL A\
pr LAY
| ‘AREAD AW,
o “ARRT_ 183 e\
| £ 2 R > | ' "l" —
i o3 1l L =
|lI~IA!LA_~L—A_‘—A_A_.A__ -

3m

16Cd (0.4 kg)
1 . ONd  (379)

< | . %Zr (949

By 0 48Ca (7.09)

ARG natTe (0.5 kqg)
4 m calorimeter (scintillators). Cu (0.6 kg)

LELLEELLLELLY S
/ e e s e e o s e S Ly Bk 110 i)

tracking volume (drit wire chamber)
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DAMA/LXe

@LNGS since 2000
Liquid Scintillator Detector with LXe - 68.8% enrichment 136Xe — 4.47 kg '3°Xe
Ngpg= 2 x 102> AE/E (FWHM) ~ 20 % Bkg ~ 0.1 c/keV/kg/

= z |
22140 A
S | 27
L, 2 |
120 ) C 105
D -
s | .
- 01
<100+ <]
- i X -10
80F I\
i ) -20 |
- )
B % 1 1.5 2 25 3 3.5
; | I E (MeV)
- T L]
40 - 11 P 1 _}
- 1 ‘§‘ : [ . s g ——
20 - { Q o.'a; { T OVBB 24 (1]
: 5 173 ¢ Ti%BF>1.2x10%y @ 90%CL
K $o5 “2282
01. paa d s s s s e sl e s a g sl e sl s aa el syl
1 1.5 2 2.5 3 3.5 and “conservative” 2vf3B limits

E (MeV) o T40v8 (0+) > 1 x 1022 y @ 90%CL
o T420vPB (2+)>9.4 x 102' y @ 90%CL
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Experimental groups

Homogeneous with high energy resolution
« CUORE "3Te
« GERDA - "5Ge
- MAJORANA - 75Ge
* LUCIFER - 82Se — 1"6Cd — %OMo

Homogeneous with high energy resolution and tracking
 NEXT - 36Xe
- COBRA - "%Cd

Homegeneous with low energy resolution
e KamLAND-ZEN '36Xe
« SNO+ — "ONd
- XMASS - "36Xe
« CANDLES - “8Ca

Inhomogeneous with low energy resolution
e SUPERNEMO -82Se or "°Nd
« MOON - "99Mo or 82Se or "™°Nd
- DCBA - ""Nd
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G E RDA —talk C.Cattadori

Ge diodes (86% enriched "°Ge) in LAr cryostat (active in phase Il) in water tank (active)
BEGe technology in phase-ll: better E resolution, Multi/Single interaction discrimination
@LNGS Phase-l ~ end 2011 Phase-ll ~ 2014

BB candidate: "°Ge — Q 2039 keV

Source Mass:
Phase-I: 17.7 kg "°Ge — Ngg 1.4 x102°

Phase-11:+20.8 kg 7°Ge — N5 3.0x1026 LEAMA

Projected Bkg:
Phase-l: 0.01 c/keV/kgly
Phase-Il: 0.001 c/keV/kgly

Sensitivity T, ,%":
Phase-l: 2.5x10®yin1y
Phase-Il: 1.9x10%°yin 5y

Sensitivity <mee>:
| Scrutinize KK claim (if true 7 bb cts over 0.5 cts of bkg) in <2y
Il: <m_><73+203meVindy >IH
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GERDA-I Background

GERDA is running and taking data

Statistics S O s enriched coaxials, 16.70 kg x yr cerOA1M6 T o
I I : ; .8 -3 3 100~ 4| coaxial detectors | ki —§ - ':n
* 19.2(coax) + 2.4 (BeGe) kg-y §103 M/g/ e B
Systematics: 10° N\E =
e blinding 2019 — 2059 keV N .. o =B
Po %
Full background model: 1 T I s = Rl
arxiv:1306.5084 s s > | enriched BEGGS, 1.80 kg X yr GERDA-1305§'C"_:;
Type Exposure Bl ( PSD) 2" 2 & g . = 1
. -3 8 T 10F 3.06:0.31 keV 5 2
LCRY) (10-° c/kg/keVly) - 2 o 8 .02
X X o =
18 £ 2 —
coax | 1670 | 44,.opPsD) | « AT/ Ty .p
4O+1 - HE 1515 1520 1525 1530 ener;§/3[5keV] E
-8 =
BeGe | 1.80 5+4.5 (PSD) ! (TR MY SOMNRT 1T TN N D A = £
S10° GTF 112, 3.13 kg x yr EERAS e
PSD: s . L
* very effective (mainly on " .
BEGe) 8103 105
e £~85-90% o °
10 e 1
0-1
T MHMMMMLMMMMW..“.H..uH
0 1000 2000 3000 4000 S000 6000

7000
energy (keV)
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—talk T.Banks

988 TeO, (33.8% ai *°Te) bolometers at ~ 10 mK in a granular structure (741 kg mass)

@LNGS  Phase-| (CUOREDOQ): starts ~ mid 2012  Phase-Ill: ~ 2014 Future: enr., scintillating bolom.?
BB candidate: '39Te — Q 2527.5 keV Cg(gle
Source Mass: CUORICINO

Phase-l: 10.8 kg "*°Te — Ngz 5.0 x10%°
Phase-Il: 206 kg 30Te — NBB 9.6 x10%6

Projected Bkg:
Phase-l : 0.05 c/keV/kgly
Phase-II: 0.01 c/keV/kgly

Resolution: ~ 5 keV @ROI

Sensitivity T,,,%:
Phase-l: 4.2x10%yin1y
Phase-ll: 1.6x10%°yin5y

Sensitivity Phase-ll <m__>:
<m_,> < 40 + 94 meV in Sy (IH)

F. Bellini et al., Astrop. Phys. 33 (2010) 169
F. Alessandria et al., nucl-ex:1109.0494v1
C. Arnaboldi et al., Phys. Rev. C 78 (2008) 035502
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CUORE-0

Goals:
e full test and debug of the new CUORE assembly line
e high statistics check of the improved uniformity of
bolometric response

Background measurement started
at the beginning of May 2013
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CUORE detector

* TeO2 crystals delivery complete

e Parts production almost complete

* Radon abatement system installed

e Assembly program started and well performing
* 6 CUORE towers built, 2 complete
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CUORE setup

e Cryostat construction complete (delivered @ LNGS)
e Dilution unit performance better than expected. Delivered and tested @ LNGS
e CUORE building and infrastructures, ready
e Commissioning of the cryostat started on July 2012
3 (of 6) cryostat chambers tested
e System cooled to 4K

?

Pon e Y
e T

'.v .’—,,
;RA T % (\
Ao Lo /
|




Kamland-Zen

~16 t (40 t in 2" phase) Liquid Scintillator 2.5wt% ¢""Xe loaded (91% enrichment of '3Xe ) in a
J3.4m Mini Baloon in Kamland detector (1000t LS+Buffer Oil+Water Cherenkov Outer Detector)

@Kamioka mine 15t Phase~ end 2011 2"d Phase >2013
- . 136 _ Main Bkg
BB candidate: '°°Xe — Q 2476 keV «2vBB 13Xe (slow: T,,~1022 y)
Source Mass: «10C,"Be (1/10 with tag)
15t Phase: 140 kg '**Xe — Ngg 1.6 x1 0% (fiducial) *°B solar v
27 Phase: 700 kg %Xe — Ny 4.0 1027 214Bj, 208T| from MB (vertex cut)
g o< — ‘;;- . Measured FWHM: ~ 10% @ROI Simulated Energy Spectrum at KamLAND
el . LY': 8000 photons/MeV s ot Toal  —'Be
;’/”ﬂ === - \)«10 f —Xe Ov C
’ % 10°%F *Xe 2 "C
=> expected S/Bkg ~ 2 X 10° - o
E 104 | o e PPV
2 102 Fo N sl
L 1100 ~" ""\,\v\"\\‘ -"iPo CNO v
10'2 T
10° “ \
4 .

109 ¥ @2 @8 —4—_'§
rl Visible Energy[MeV]

Target Sensitivity:
1t phase <m_> ~ 60 meV @1 y




Kamland-Zen 2v[3[3

10*

- 23 : 5
= —— Data e 291 Series | § wE R<1.2m, 2.4 <E<2.8MeV
e e ““Th Series | § |
2! sl ZIOBi 10 Rate @ OVBB - STABLE
3 [T : |
lO - 'SDKr 14 1f . ! * «
o 1: "‘4§0& e .o 5 2T T o
B E1 0. © * ! T .
oy —
O - 107 |
" .
2 102k | 77.6days
v R R S - L External BG 107 | | | ! 4
O. | . . Oct07 Oct21 Nov04 Nov 18 Dec 02 Dec 16 Dec 30
- E — - Spallation . S
E E arXiv:1205.6372 e e TS
= ' Total 0.25/ton *day
>
aa

I IIHHI

Events/0.05MeV
W i
Hi

I HHHl

1 : | 2 — —- 3 4 : - Visible Elfél;_\'t\lc\’) =
Visible Energy (MeV)

precise measurement of the 2vf33 half-life:

112288 (136Xe) = (2.30 £ 0.02 stat + 0.12 sys)-102! yr
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Kamland-Zen Ov(33

30 "

I o IT)ata | | 2days best fit (ev)
- Tg:al (OvBB upper limit) '1mAg 100
")S i msimEEm PpPer llllt g
LI 2o Ovpp 208B; |8
L §90 o C.L. Upper limit) 88
> [ = "Xc2vfB L ¥ 4
o 20— we=ee ;(S)SBI o @
2 f eelr
z i MR I [l OVZB 0
= 15 ILLLD Externz_\l BG
= == 1 Spallation 90%C.L. e KL-Zen: 112 days
g \ ov2B " TPAg +EEIH
(1) ].O_"I}* Oovi3pB (136
T1/2 ("°°Xe)
: > 6.2:-10%4 y

l\):]TVXI | | I l.-/

”“\'\\‘h- Faesas “.o ‘
2 2.4 2.6 2.8 3
Visible Energy (MeV)

Results and perspectives:
e validity of using the low radioacivity environment of neutrino detector for a rare phenomena study
e better understanding of background — effective purification is about to start (reduction factor 100)
 R&D for larger Xe concentration and better light yield
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EXO-200

—talk T.Tolba

~ 1 ton TPC of liquid ¢ Xe (80.6% of '36Xe ) at 167 K with double read-
out (ion+scint) allowing event 3D tracking and a/8 discrimination + Ba*

daughter tag for free bkg exp.

GOAL of EXO-200: 1st step with 175 kg LXe without Ba* tag for QD region

@WIPP

Exo-200: Started 2011 — 2vpp result: T, , ~ 2.1x102" y

Start nEXQO?

[ . I BN
W Y W
W ) 2 ) Y [\
ST [ i~ g ¥ B

-
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b ;C' )
BB candidate: '3%Xe — Q 2458 keV

Source Mass:
« Ex0-200: ~ 90 kg FMass "3°Xe —Ng, 4 x102%6

Bkg Strategy:

e low activity materials / LXe purity check

e conventional screening techniques+ FV cut

« 3D track (double grid (xy) + Avalanche Photo Diodes (t,->z))

 a/B discrimination through ion. vs. light
e Ba® tag with Resonant lonization Spectrosc.
Projected Bkg: ~ 10 c/keV/kgly

Projected FWHM: ~ 3.7% @ROI (maybe better if gas Xe)

Target Sensitivity:
¢ Ex0-200: T,, ~6.4x10®y @2y <m_> <87 + 224 meV in 2y
o« Exo-full: T,,~2.0x104"y @ 5y <m_,> < 16 + 40 meV in 5y
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T1/22VBP (136Xe) = (2.23 £ 0.017 stat £ 0.22 sys)-1021 yr
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e Trigger fully efficient above 700 keV
e Low background run livetime: 120.7

days

e Active mass: 98.5 kg LXe (79.4 kg

136LXe)
Exposure: 32.5 kg.yr
Total dead time from vetos: 8.6%

~22,000 2v[33 events !
Also populate MS spectrum,
partly due to bremsstrahlung

MC predicts that 82.5% of 2v[3[3
are SS

pp2v
BEOv (90% CL Limit)
K LXe Vessel
Mn LXe Vessel
%0Co LXe Vessel
5Zn LXe Vessel
232Th LXe Vessel
----------------- 238 LXe Vessel
135%e Active LXe
222pn Active LXe
222pn Inactive LXe
214Bj Cathode Surface
22pn Air Gap
Data
Total




Resolution: scintillation vs charge

40 cm

|
Scintillation
(D/ o S
e
Ground -75kV 259
per side
E. Conti et al. Phys. Rev. B 68 (2003) 054201
3500 -
© ¥ 4
/
f : . / : ..'
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Q
x
g SRR RORIRY S
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ionization (keV)

e Properties of xenon
cause increased
scintillation to be
associated with
decreased ionization
(and vice-versa).

e Use projection onto a
rotated axis to determine
event energy

> 7000

§ Scintillation: 6.8%
~ 6000 lonization:  3.4%
= Rotated: 1.6%
-

o

Q

(at 2615 keV gamma line)

[ ] scintillation

[::] lonization
rotated

1500 1900 “2300

2700

3100 350
energy (keV)




EXO 200 OVB B M. Auger et al., PRL 109 (2012) 032505; arXiv:hep-ex/1205.5608v2

EXO-200 is taking low background Zoomed around OVBP region of interest (ROI)

data. Detector works well: MS
e Energy resolution: 1.67% at QB 14

e Background: 1.5 x 103 (kg keV yr)" : ~
e 1(5) counts in 10 (20) OvBp ROI
* Background within expectation

* Improvements on resolution and b
In progress

e EXO-200 approved to run for 4
more years

1
-

counts /20keV

I;Il;

I

Bp2v

ROV (90% CL Limit)

%K LXe Vessel
................. **Mn LXe Vessel
................. *Co LXe Vessel
----------------- %*Zn LXe Vessel

22Th LXe Vessel
................. 238 LXe Vessel
———— '¥Xe Active LXe

#22nn Active LXe

2222n Inactive LXe

214gi Cathode Surface .
22200 Air Gap - - ' :
Data 2000 2200 2400 2600 2800 3000 3200
S energy (keV)

counts /20keV
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Majorana Demonstrator

BEGe detectors (20 kg "'Ge + 20 kg 86% enriched "°Ge) in 2 conventional cryostats made of electro-formed Cu +
Pb/Cu passive shields + m active veto
GOAL: demonstrate bkg and feasibility, test KK claim @Sanford UL Start ~ 2014

BB candidate: "°Ge — Q 2039 keV

Source Mass:
30 kg °Ge — N, 2.4 x10%

Projected Bkg:
0.001 c/keV/kgly (shields + BEGe techn.)

Sensitivity T, "
9x10®yin5y

Sensitivity <m_>:

Scrutinize KK clamin<2y
<m_> <106 + 295 meV in 5y >IH

Schedule: 2012: 2-3 "3Ge strings in prototype cryostat above ground (19 "2Ge diodes in hand)
2013: 3 strings "'Ge + 4 strings *"Ge below ground (15! cryostat)
2014: full experiment



MAjorana-GErda

Joint Cooperative Agreement:
Open exchange of knowledge and technologies
Select best technique developed and tested in GERDA and Majorana
Intention to merge for 1 ton exp. ( ~ 2020)
=> factor ~ 2.5 on <m__>:43 + 120 meV in 5 y ( enter IH region)
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AMORE

100 kg 4°Ca’®MoO, scintillating bolometers (96% Mo enriched, <0.001% “2Ca depletion) at
low T with double read-out (heat/light) or shape analysis for alpha bkg suppression

@YangYangUL R&D phase
T sensor alphas .\"mli : : mas 241 A @ KRISS
BB candidate: %Mo — Q 3034 keV - X, "'.f'\
| olitmator "l | ‘ ,‘
Source Mass: AuEr_| R |
50 kg 100Mo — Nbb 3.0 x1026 Oppe Capy 1x‘fi'&'6'9ﬁ13 A >QUID loop
, il [
PrOjeCted Bkg RN | Sample hnldr
0.001 c/keV/kgly . -
Superconducting
Projected FWHM: ~ 0.07% @ROI 4
Measured FWHM: ~ 0.2% @ 5 MeV T sensor 10
2 \
LY (RoomT): ~9300 phot/MeV July 2011 @KRISS ’ ,,’ \5 |
. — S | . ‘
egn e " ! f | .
Sensitivity T, . : {INAR '.f}
1/2 o Ml_l, [| vhj’[’ l”N luer

3x10%°yin5y

5300 5350 5400 5450 5500 5550 SHO0

| 2"Am ~60 keV v | |

Sensitivity <m_>:
<m,> < 27 + 63 meV in 3y (IH)




CANDLES-IIl: 96 CaF, scintillators (0.187% ai of ¥*Ca ) in a granular structure (~305 kg)
with 4p Liquid Scintillator active shield and H,O buffer passive shield + 62 PMTs
GOAL: 15t step towards a ~tons CaF, experiment for IH

@HKamioka mine

15t phase: commissioning started in June 2011

Start 2" phase?

BB candidate: 48Ca — Q 4270 keV !!

Source Mass:
1stphase: 350 g 8Ca — N, 4.4 x1024

2" phase: N, ~102°

Bkg Strategy:

- 2nbb negligible if DE 4% FWHM

- 4p LS shield for external g

- PSD + time/position (internal Bi-Po,Bi-TI)
=> ~ bkg free experiment

Measured FWHM: ~ 3.4% @ROI

Target Sensitivity:
18t phase: <m_.> ~ 500 meV @3 y
2"d phase: IH region
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MOON

Multi-layer detector modules: PL scint. planes (E+t) / PL-fibers (V,j) / 50mg/cm? source foils
@Oto U.L. MOON-1: prototype ~ 2006 3 Phases of increasing mass (start Phase-Ill ?)

BB candidate: 32Se — Q 2995 keV
100Mo — Q 3134 keV PL planes : MOON-1

Source mass:
Phase-l: 0.03 t isotope
Phase-llI: 0.12 t isotope
Phase-lll: 0.48 t isotope

6 layers PL scintill.
5 Mo films (94.5 % enr)
(40mg/cm2 each)
56 PMTs
ELEGANT-V shields
=> Proved s~2.9%@3MeV

Bkg Strategy:
- Standard shieldings+active veto from M-layer L6units

- Low 298T1/214Bj contam. in source foils o dmadute 17modules each
- M=2 event with same V N T Sz

- E1+E2 @ROI (Q-DE__ ., within 3s) S \*' 11

- no delayed coincidence (Dt~h) > TLLL W

- 2nbb reduced with good DE —Y a8 F run

Measured DE: s~2.2 % @ROI (Foreseen s ~1.7 % )

__ — —~ —

Target Sensitivity: gy

Phase-l: T,,~ 0.32(0.15) x102 @ 1y for Se(Mo) -QD region | ||| || 7 o e
Phase-Il: T,,,2"~ 1.12(0.41) x10%® @ 1y for Se(Mo) - LowQD region 50mg/cm?
Phase-lll: T,,,%"~ 5.90(2.00) x10%° @ 1y for Se(Mo) -IH region
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DCBA

Momentum analyzer consisting of tracking detectors (DC) with solenoid magnet for uniform B
@KEK DCBA-T2: prototype~ 2009 DCBA-T3 in construction for DE improvements
Future: MTD-full ~200 mol "™°Nd source  Start ?

2vpp track with 1°°Mo source

BB candidate: '°°Nd — Q 3370 keV

55 : SOURCE PLATES . _Source plate
poxue ATl
Source mass: NG ({53507 o NI G2 Pn| pwmx ' L pimek
. ANODE 21— ; ) G
DCBA-T2: 0.03 mol Mo for test with 2nbb w4 .
DCBA-T3: 0.18 mol "™°Nd (Nd,"tO, ) e f_f;,_i;:_::;, G
S AP e : L.
MTD-1: 1.3x10%° 'ONd (Nd,*""O, — 60% enr) E* R L § X
MTD-full: 10 x MTD-1 L8, o P | b Jisi —1v
‘\ : %o ‘/ ' "t’:l// track ' T — ‘0%
Bkg Strategy: f - o A T

7 o Sax  GasHe(90%pHCO(105) 1200 ~1000 -800 -600 500 €00 1000 1200

-Vetoes for cosmic rays | et T bt
-3D track in uniform B . )
(search for 2 circled curves in X,Y + sin in Z) D Chombore (s 3 T2

- 3 mm wire pitch (vs. 6 mm)
p and T from traCk B=3 kG (vs. 0.8 kG) with Sup. Sol. Magn. (vs. conventional S.M.)
%0Nd in Nd, O, plates -"2'Nd @T3, *"Nd @MTD (vs. %Mo in "'Mo)

DCBA-T2 DE FWHM: ~6.2 % @ROI |

Magnetic Flux wece Pale

DCBA-T3 foreseen ~3.4 % (>B) oo R 0 WA Wl T s
= 7 S URa ——= o

o M e
._’v/ / - "\;_\,_\»\\\_\
/ oy N

Target Sensitivity:

DCBA-T3: <m_>~4 eV
MTD-1: <m,> ~ 100 meV
MTD-full: <m_>~ 30 meV
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SuperNEMO

20 modules of tracker-calorimeter with 40 mg/cm? source foil each (~5 kg 82Se each).

@LSM Demonstrator (1 module) start-up ~ 2013 Full: start-up ~2014
BB candidate: 32Se — Q 2995 keV - track (2000 wire Drift Cells
Single-Module: 5x4x1 m3 S alotimoter v‘:;"
Source mass: Seater | M)
Demonstrator: 5 kg ®2Se - Ngg 1.8 x10> o = - 25 Gauss B
Full: 100 kg 3%Se - Ngg 7.3 x10%° e
iNA
Bkg Strategy: - (18] IR
- Standard shieldings s HE
- Low 208TI/214Bj contam. in source foils /| || &1}
- tracking w1 |11EZ B
- 2nbb reduced with better DE Wi il 4 Aly °
Measured AE: ~4 % @ ROI B s I .
with best calorimeter/PMT choice Calorimeter: PVT (plastic scintillator) + PMT (~550/module)
Target Sensitivity:
Pl T e .2 X105 SONCL @ 5y R
e 105 mev ey BB
obauooopoaeaeooeocooag

<m.> ~ 40-105 meV @ 5y
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@SNO Lab Start ~ 2014

~ 780 t Liquid Scintillator 0.1% "3Nd loaded (5.6% a.i. of °°Nd ) in a @ 6m Acrylic
Vessel surrounded by 7000 t ultrapure H,O and ~9000 PMT.

BB candidate: "°°Nd — Q 3370 keV

Source Mass:
43.7 kg ™ONd — Ngg 1.8 x10%6

Trade off AE / Nd loading

Main Bkg:

e Th/U in LS and Nd negligible/tagged
e 2vBB — fit at End Point

e 3B solar v

Projected FWHM: ~ 6.4% @ROI BB signal (0.1%)

*E"’si Fake data
o ‘. ______ 214g,
1fivzi Ov 210* ______ 208
Sensitivity T, , 5 | e 2
24 @10° - 2vBp
7.7x10* In 3y £ 2088
3102 ,- ------ St{m of backgrounds

Sensitivity <m_>: s,
<m,.><172 + 180 meVin 5y (> IH) Hﬂﬁ
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Schedule:
2011: - Finish cavity
- AV hold-down-net
- Sand in AV
2012: - LS process system
- Water fill: cal runs

2013: - Pure LS phase

2014: - Nd-loaded phase
Then: - 0.3% Nd loading?
- 150Nd enrichment?

] — 90% CL
- i | i Y B 1 sigma

im‘ Projected (0.3%) G

Jm‘

¥

%150-

"

, T

1 1.5 2 2.5 3

Data taking time (year)




NEXT-100

119 kg High Pressure Gas-¢"Xe EL TPC (~ 90% of 3%Xe ) with double read-out (ion

+scint/EL) allowing good DE + event 3D tracking and topology for a free bkg exp.
@SLC Next-1: on-going Next-100: ~ 2015

Future 1t?
. X ray with E
BB candidate: '3¢Xe — Q 2458 keV :
: Primary e and
. : intillati
Source Mass: DriftRegion + 0 PhotoSens.
~ 90 kg FMaSS 136xe - NBB 40 X1026 EL ' EL . - ¢ EL gap
__Region * it i g : : By
PhotoSensors g Drift region
Bkg Strategy:

- low activity materials / GasXe purity monitor
- conventional screening techniques
- 3 cuts: FV + ROI + topology

BB event simulation:

"“ Buffer region
~ 20 cmioniz. track !

- A SIIIIIIIINS

+ blobs at the end | P
Projected Bkg: ~ 2-10 c/keV/kgly |
Projected FWHM: ~ 0.5-1% @ROI
Target Sensitivity: TEE e N P
Next-100: <m_, > ~ 89 meV @ 6y @-633 MR
Next-100+Next-1t: <m__ > ~ 38 meV @ 6y (3+3) “ |
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COBRA

Large Array (total 420 kg) CdZnTe smc detectors (''°Cd enr.) — solid state TPC

at room temperature with

@LNGS R&D: on-going with 2 types of det.

tracking capability.

BB candidate: 9 candidates
Most promising (high Q) "6Cd — Q 2809 keV

1
2 types of detectors under consideration:
- CoPlanar Grid Detectors (CPG)

* little “location” info (with PSA)

* simple read-out

- Pixelated Detectors
* 3D “location” + Particle ID if small pixels.

CPG results:

COBRA: technical design report ~2013
- I: . 18kg-d data with 4x4 array

* Complex read-out

Bkg Strategy:

- low activity materials

- conventional screening techniques

- Multi/Single hit event with both types
- Tracking with Pixelated

Projected DE: < 2 (1) % @ROI with CGD(Pix)

Target Sensitivity:

- e eV - A
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ZnSe scintillating bolometers (95% enriched 8?Se) at ~ 10 mK
with double read-out (heat/light) for alpha bkg suppression
GOAL: demonstrate feasibility of large M exp with this technique

@LNGS Cuoricino/CUORE-O0 cryostat start ~ 2014
BB candidate: %Se-Q2995keV T /:;\ : : Ught(gzt)ector
e
Source Mass: i A .
17.6 kg 2Se — Ngg 1.3 x1028 f ] ]) o
| ) Absorber
Projected Bkg: | crystal ——
0.001 c/keV/kgly = - (ZnSe) '
[ - [T
Projected FWHM: ~ 0.17% @ROI | 12615 kev ot QF <1 Reflecting foil —% of .
Measured FWHM: ~ 0.34% @2615 keV —
LY: 17.6 keV/MeV (~8800 phot/MeV) = |/ - A
E 1 - ¥ vinis——
PSA: o/f separation (both heat & light) £ | .z EVEE g‘ i
= e QF)l. ‘°°
HEAT SIGNAL "k Y o
A. Alessandrello et al., Nucl. Phys. B Proc. Suppl. 28 (1992) 233-235 wh, T () sOUrCE
S. Pirro et all., Phys. Atom. Nucl. 69 (2006) 2109-2116 °o ﬁ;c 4‘0:? :oo WGIRTTTIN

Heat Energy (keV)
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Constraints on 2m(v)

CMB primordial (ISW,

. L 0.66
lensing, polarization)
CMB primoridial + distance 0.23
scale
Galaxy distributions 0.6
Lensing of galaxies 0.6
Lyman a 0.2
21 cm mapping -0.1

Galaxy clusters 0.3

0.2

0.1

0.07

0.1

— 0.006

0.1

Planck, WMAP, SPT, ACT

Planck, WMAP, SPT, ACT + BAO &
HO

SDSS, BOSS (DES, BigBOSS,
LSST)

CFHT-LS, COSMOS (WFIRST,
DES, LSST, EUCLID)

SDSS, BOSS, KECK

SKA, FFTT

Planck, SPT, SDSS
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