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Neutrino mass measurements

measured present  future
tool quantity sensitivity sensitivity
Cosmology _ N
CMB4LSS m,=2>m 0.7-1eV 0.05eV vyes large

Neutrinoless
Double Beta m,,=[>mUZ| 05eV 0.05eV vyes yes
decay

Beta decay m=XmiU_F)** 2ev  02eV no large
end-point

model dependency

systematic uncertainties
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Neutrinos masses in single B and BB-0v decays

v oscill. + g+ 0v2F claim + WMAP 3y
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Fogli et al. hep-ph/0608060
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Experimental approaches for direct measurements

Spectrometers: source # detector

°H source

\o -

B counter
> ’/

differential or integral spectrometer: s from the *H
spectrum S6E are magnetically and/or electrostatically
selected and transported to the counter

B analyzer

Calorimeters: source < detector

B source

excitation
energies

B calorimeter
Ideally measures all the energy E released in
the decay except for the v, energy: E=E,—E,
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Spectrometers present results

¢ Spectrometer advantages
4 high statistics
4 high energy resolution
¢ Spectrometer drawbacks
v systematics due to source effects
v systematics due to decays to excited states
v background

100

50

m,?c* [eV?]

50
\/ -100

electrostatic spectrometers -150

® Mainz with solid 3H source 200

® Troitsk with gaseous 3H source s
»m, <2.2eV95% CL

-300

KATRIN

® |arge electrostatic spectrometer with
gaseous and solid 3H sources

» expected statistical sensitivity
m, <0.2eV90% CL

experimental results

A

magnetic

¥ Livermore
A

B Mainz

m Tokio

e Troitsk (step)

electrostatic

spectrometers

spectrometers

1986 1988 1990

994 1996 1998 2000

year
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Calorimetry of beta sources

¢ calorimeters measure the entire spectrum at once
%> use low E, B decaying isotopes to achieve enough statistics near the end-point
> best choice 18’Re: E,=2.47 keV = F(6E=10eV)~(6E/IE,))3=7x10"8

30—————
-m, =0 -- m,=20eV

¢ Calorimetry advantages

no backscattering ?E= E()Zi\io-4 _
no energy losses in the source pile-up™ |

no atomic/molecular final
state effects
no solid state excitation
¢ Calorimetry drawbacks
v limited statistics
v systematics due to pile-up
v other systematics...

. 2.4 2.45 2.5 2.4 2.45 2.5
Pile-u P energy [keV] energy [keV]

¢ time unresolved superposition of g decays
+ for a source activity Aﬁ, a time resolution T

and an energy resolution function R(E)

NP(E)~(ME)+ 7oA, -N(E)ON(EN@R(E)  FIOE) ~

pile-up fraction: fje.yp = 7R Ag
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Calorimetric experiment statistical sensitivity / 1

resolving time Ty analysis interval AE
source activity Ag number of detectors N,
experimental exposure t,=TX Ny,
10 L L E,
—_ 2 NB(#’m") FAE(mv) A det f N4 E,m )dE
N E,—AE
5 10 e N ED)@ N,(E0)

a I | I l I | 1 i| 1 | 1 | 1 1
plle-up 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

F ()~ F (01
_'! o ror ettt m S —
\ \ AE 1 T aelU AE S AE 2
gzooi - E,

%1000

1 F2~7 AN, | N,(E,0@N,E,0)dE
N(E m =15 e\\(b‘m—m ] E,~AE
‘ AE

~0.3Tg AN go =
2400 2410 2420 2430 pA40 2450 2460 2470 2480 2490 2500 ~U.OTR AN g
energy [eV] E,
signal = [N, L(E,m,=0) = Ny(E,m, =15 aV)|

signal JFAE(mv)_FAE(O)‘t =1.7 for 90% C.L.
background  \/F _(0)t,+F™.t
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Calorimetric experiment statistical sensitivity / 2

AE® 3m’

AN .
P ES 2AE?

Signal:’FAE<mv)_FAE(O)‘tM _
bkg  \F,_(0)t,+F™t,,

Vty, =1.7 for 90% C.L.

3
\/ AN detAE—E3-|-O.3TRA§N
0

det
E 0

Optimal energy interval AE
AE = max(0.56E V1A, AEvuv)

f =TrAK

pile—up

experimental challenges

» energy resolution AE_

» time resolution
» exposure t, =N, X T
» single channel activity A,
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Cryogenic detectors as calorimeters

electro-thermal
W link G

thermometer
AT — AV

particle absorber
E—- AT

B complete energy thermalization
(ionization, excitation — heat)

> calorimetry

> low T (i.e. T<1K)

temperature

AT=E/C

A

C

time

= 1 mgof Re @ 100 mK
~ T3 (Debye) = C ~ 1013 J/)K

= AE, .~ 1eV

6 keV x-ray = AT~ 10 mK
G~101'WK =t = C/G ~10ms

B AT= E/C with Ctotal thermal capacity (phonons, electrons, spins...)
> phonons: C ~ T3 (Debye law) in dielectrics or superconductors below T.

m AE_ = (k T? )" due statistical fluctuations of internal energy E

B AT() = E/C eV with + = C/G and G thermal conductance
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Resistive thermometers: thermistors

e doped semiconductors at Metal-Insulator-Transition (N.=3.74x10* cm for Si:P)
¢ at T<10K — phonon assisted variable range hopping conduction (VRH)

p(T ) = po exp(To/T )Y
» T, increases with decreasing net doping N
»T<1K = y=% (VRH with Coulomb Gap)

bias

R >R

S
load therm o
QO
c
S
(t)
bias signal @
therm ( t )
" 4 i I I I \ I I I 1 | 1 ! ! I | | | | | |
10 0.05 0.1 0.15 0.2
NANE=AT=AR=AV temperature [K]

high impedance devices: Ry,o;m = 1IMQ—100MQ
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Thermal detectors for calorimetric experiments
187Re B decay

187 187 — -
Re—-"_.0s+e + v,

¢ 5/27— 1/2- unique first forbidden transition = S(EB)
¢ end point E, = 2.47 keV

¢ half-life time 7, = 43.2 Gy
¢ natural abundance a.i. = 63%
> 1 mg metallic Rhenium = ~1.0 decay/s

" metallic rhenium single crystals
» superconductor with 7 =1.6K

» NTD thermistors

» MANU experiment (Genova)

= dielectric rhenium compound (AgReO)) crystals

» Silicon implanted thermistors
> MIBETA experiment (Milano)
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Systematics summary: calorimeters vs. spectrometers

¢ Calorimetry systematics
v detector response function (energy dependence, shape,...)
v energy dependent background
v pile-up effects
v condensed matter effects: BEFS

v ¥’Re decay spectral shape
v...

¢ Spectrometer systematics
v decays to excited final states
v energy losses in the source
v e - T, elastic scattering

v spectrometer stability (HV)
v source stability (density, potential, charging...)

v energy dependent background
v..?

D> completely different systematics!
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Montecarlo simulations: statistics and systematics

B generate many (500-1000) simulated experiments
> calculate total B spectrum
>
\ total B statistics
v normalized 187Re spectrum for m =0
v [ fraction of unresolved B pile-up events

v background (usually constant)
v detector energy resolution function (usually gaussian)

> generate spectra introducing Poisson fluctuations in

> fit the spectra with standard technique
> obtain 90% C.L. m, sensitivity from V(1.70) of m 2 distribution

® Montecarlo input parameters vs. real experiment parameters
> Nyor Ty AB
> Tr Ag (TR =~ Tice)

® Assessing systematic uncertainties with Montecarlo simulations
> generate simulated experimental spectra with systematic effect
> analyze spectra without effect

> obtain and Am ? as function of effect magnitude
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Sub-eV m, statistical sensitivity

I'TT1 I I T TTTI | LR | IIIIIII| I IIIIIIII | IIIIIII|
— B _6 i
=t 0 AE=1eV; f =1 -
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] u -5 i
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Qz AE=5 eV, fpp 10
o~ -4
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= i -
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Sub-eV m, statistical sensitivity /2

1-0 I | | I 1 | I | I | | | I 1 I
— i _ 1014 ] Montecarlo |
% 0.7 Nev_ 10 — analytic 1* order
—\J. [ [ ; nd ]
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= 05
gC; 0'4 fpp =3 103
e f =10
= pp
_g 0.3 —
0 f =10*

E PP
w02+ £ _ 105 _
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< 6
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(@)}
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0.1 : | 10
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Sub-eV m, statistical sensitivity /3
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o
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Effect of background on statistical sensitivity

m, 90% CL statistical sensitivity [eV]

—
o

©
U1

N
w

O
N

o

DE=5eV, N=1e14, f pp=t1e-4|
DE=2eV, N=1e14, f_pp=1e-4
o—0 DE=1eV, N=1e14, f_pp=1e-4
DE=5eV, N=1e14, f pp=1e-5|""]
DE=2eV, N=1e14,f _pp=1e-5
©—® DE=1eV, N=1e14, f pp=1e-5

’
.....................................................................
1 | 1 ||||||| | | ||||||| 1 | ||||||| | |||||||| | | ||||||| | | ||||||| | L T 1ILll
10° 10° 10" 10° 10° 10’ 10° 10°

integrated signal-to-background ratio
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MC analysis of systematics: large arrays

AE=1.5eV; fIDID =10°; N_ = 10"

0.1

IIII| | IIIIIII| I T T 11T IIII| | I I IIIII| IIII| | L I T T 1T
error on
B 1 single pixel 1 i
energy calibration
005 ............................................................................................................................................
o b H ............. foo | } ........................... b ¥
@
005 ............................................................................................................................................
error on spread in
- global T T single pixel .
response function width response function width
- IIII| | IIIIIII| L1 1 1111l IIII| | | I 1 1 111 IIII| | IIIIIII| | IIIIIII|
01 0.001 0.01 0.1 0.0001 0.001 0.001 0.01 0.1
o, (AE)/AE o, (KK O yead AEVAE
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MC analysis of systematics: more effects...

AE=1.5eV; fpp =10° N_ = 10" —
N I unknown
' constant background
_ i below the g spectrum
3
NI_; 0 1 .................................................................................. i ...............................
S
¢
0.0] S S SN
' 'N S/B=4x108
_0.1 | IIIIII| 1 1 IIIIIII | | IIIIII| 1 1 IIIIIII | | 1
10' 10° 10° 10*
constant background [c/eV]
. and

* linear term in background
e linear deviation from quadratic beta spectrum
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BEFS: Re vs. AgReO

4
Outgoing

electron
wave

Atoms

Outgoing
electron
wave

Atoms

Modulation of the electron emission probability due to the

atomic and molecular surrounding of the decaying nucleus:

it is explained by the wave structure of the electron
(analogous of EXAFS)

0_06 T T T T L T T T 1 T T

0.04

0.02

residuals

oozl LI

-0.04

-0.06

04 06 08 1 12 14 16 18 2 22 24 26
electron energy [keV]
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fit residuals

BEFS in MARE

0-020 1 1 I 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 I 1 1 1 1 I 1 I
L N, = 10" - MC simulation
[ AE=5aV — Re theory

0.010

0.000 g f
SO.0T0 e L “... I T T T R T —r
_ @ @ without BEFS; AE=5 eV; £, =107; £, =2 keV §
I ® @ with BEFS; AE=5eV; £, =10"; E, =2 keV |
0020 g T T T e T T s 24 A A with BEFS; AE=5eV; f =10 £ =215keV|
electron energy [keV] T | ©with BEFS; AE=5eV; f, =10"; £, =23 keV

m ° [eV7]
(@] —
|
=
“5
e
iis
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i

)
L
-
o
o
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|
|
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Statistics and systematics summary

exposure required for 0.2 eV m, sensitivity

A, Ta AE N,, exposure
[Hz] [us] [eV] [counts] [detxyear]
1 1 1 0.2 10% 7.6 10°
10 1 1 0.7 10¥ 2.110°
10 3 3 1.3 10% 4.110°
10 5 5 1.9 10* 6.110°
10 10 10 3.310* 10.5 10°
quantity maximum
source of uncertainty describing the uncertainty for
uncertainty @ A4m, 2<0.01 eV?
error on energy resolution AE o, (AB)/AE 0.02
error on single pixel energy calibration K o(K)/K 0.0004
spread in energy resolution AE in the array 0, (AE)/AE 0.1
underlying constant background Ny o/ N, 108

A. Nucciotti, Madison, July 27" 2009
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’Re calorimetric experiment statistical sensitivity

= MIBETA detectors with AEyv= 30 eV, Tr=1.5ms
>for A, = 0.15 decay/s - £,= 2x10*

> by = 3.6 yxdet — 1.6x10° events
> Zeplm,)=15eV

>(m )~ 20 eV

/110

= detectors with AEyyu= 10 eV, T7,=100 ps
>for A, = 0.3 decay/s - £,=3x10°

> ZMC(mv)= 2 eV with 210" events
> 4, = 2000 yxdet

1A

m detectors with AEqyum= 1 eV, =1 us
>for A, = 1decay/s - f£,=10°
> ZMC(mV)= 0.2 eV with - 2.5x10" events
> = 8%10° yxdet

¥(m, )= 0.2 eV

A. Nucciotti, Madison, July 27" 2009
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A project for a New Rhenium Experiment: MARE

® goal: a sub-eV direct neutrino mass measurement complementary
to the KATRIN experiment

= MARE-1

> new experments withHlarge anrays Using avaiable technelogy and
ready/ to; start as'seon as pessible (i.e. 2003:.2009)

300 2~4eV
element m,
array sensitivity

Transition Edge Sensors

PErRA g erExXpErmeEntwWIthia i statistical SSERSIHVITYACIOSEONKANIRIIN
pUESHlINMPrevablesSVears romMonAoilitheErtEIE GO REID

Transition Edge Sensors 50000 0.2 eV
element m,
Kinetic Inductance Detectors array sensitivity
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MARE Project: interested institutions

MARE: Microcalorimeter Arrays for a Rhenium Experiment
Universita di Genova e INFN Sez. di Genova
Goddard Space Flight Center, NASA, Maryland, USA
Kirkhhof-Institute Physik, Universitat Heidelberg, Germany
Universita dell'lnsubria, Universita di Milano-Bicocca e INEN Sez. di Milano-Bicocca
NIST, Boulder, Colorado, USA
ITC-irst, Trento e INFN Sez. di Padova
PTB, Berlin, Germany
University of Miami, Florida, USA
Universita di Roma “lLa Sapienza” e INEN Sez. di Romal
SISSA, Trieste
Wisconsin University, Madison, Wisconsin, USA
GSI Darmstad, Caltech, CNRS Grenoble, ... funded R&D

NIST

National Institute of
Standards and Technology

§ ki < v
R /Y ER %
™ ) (ostf\"“a e Superior, ‘1'\*‘/
—_— M UNIVERSITY OF S o THE UNIVERSITY
PR Mt deb 7 Sk
- : .II P B .I _ =N \ = O ‘;g‘ " Z ISCONSIN
DEPARTMENT OF PHYSICS 3 MADISON
_ \ ! Segy;, virtute conig

http://crio.mib.infn.it/wi

=
2
=

UNIVERSITA’
ONVTINIA
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MARE-1: TES vs. silicon implanted thermistors

® aim: high statistics measurement with a ready-to-use technology
> few eV statistical sensitivity in few years

> investigate systematics in thermal calorimeters with 10°+-10" events
> cross-check spectrometer results

MARE-1 SEMICON MARE-1 TES
(MIBETA?2) (MANU2)
U. Milano-Bicocca / INFN Sez. Mi-Bicocca U. Genova / INFN Sez. Genova
U. Insubria / INFN Sez. Mi-Bicocca ‘ U. Miami Florida
ITC-lIrst/ INFN Sez. Padova PTB‘ Berlin ’ German
U. Wisconsin, Madison ’ Y
NASA/Goddard o about 300 element arrays
o about 300 element arrays © newly developed
o well known Si implanted thermistors| ~transition edge sensors
o AgReQ, crystals © Re crystals

> cross check

> common effort on systematics
> joint analysis to improve limit
A. Nucciotti, Madison, July 27" 2009




MARE-1: MC simulations vs. formula

5_0 | I | | | | | | IIIIIII I L

) 4070 _
Y —— formula: fpup =10";AE=10¢eV

-5, _
N o -0 fpup=10 cAE=20eV

-5 3 ]
== fpup= 107; AE=10¢eV

_5. _
v-v £, =107 AE=5¢V

1.0

m_90% C.L. sensitivity [eV]

total MIBETA statistics: 1.7x107 decays

| | lIIlIlI | | lllllll | | lllllll 1 L1 11

10" 10" 10' 10"
total statistics N, [decays]

10°
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MARE-1 SEMICON: the NASA/Goddard XRS2 array

66 array: optimized for X-ray spectroscopy —» ASTRO-E2 mission
detectors: silicon implanted thermistor with HgTe absorber at T= 60 mK
> Gor =~ 108 JJK 1 Nasagbadara |
> AE =2 eV [+ Data ¥

----- Intrinsic Mn Ko, , profile :" "
—— Fit: 32+0.1 eVFWHM : .

theory

g 0 ¥
2]
—
8.
@ 200
— ) bl o i b [/ - ©
JESCCEE) 100
| | | ] B Ll S E-2-
s
'''' 3
...... h-
-
E 0 1 L 1
5880 5890 5900 5910
l Pulse Height (eV)

5 MARE-1 SEMICON detectors
» AgReO, has larger heat capacity

> operating temperature must be higher
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counts

MARE-1 SEMICON

o NASA/GSFC XRS2-2 arrays
> 6Xx6 pixels
o flat AgReQ, single crystals

800

600

200

> m ~0.5

mg

o detector R&D phase results
> best operating T ~ 90mK
> AE =~ 30 eV, tp=~ 250 us

read-out electronics not yet optimized
- ! [ ! I ! [ §

Al Ko

2

Cl K

Ti Ko
Ca K«

4
energy [keV]

Mn Kx

A. Nucciotti, Madison, July 27" 2009
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MARE-1 SEMICON: statistical sensitivity from MC

year 1 2 3 4 o setup ready for 8 arrays
new detectors 72 216 0 0 o 288 AgReOQ, crystals
statistics [dety] 72 360 648 936

o gradual deployment
> further detector optimization

activity [c/s]  0.27 Mpgreos = 500 ug
statistics [events] 6.10E+08 3.05E+09 5.49E+09 7.94E+09
AE=40eV t=400us f,,=1.0E-4

m, sensitivity (90%) mixing
AE=15eV t=50us f,=1.0E5 11 chamber
iy SERSILVItyA©D1s) = | e | - ..
> || radiation
> | OO AE=156V,f =107 | > |J shield
S ) e
7 \ ............................. MAE=4OGV,fpp=10 .............................................................

o
o

calibration
source

o
g
-

-

7 R At

i
-

o
o

g
o

cold pre-
amplifier

30 .......................................................................................................................................................

\Y

m 90% C.L. statistical sensitivit

year 1 year 2 year 3 year 4 A. Nucciotti, Madison, July 27" 2009 30
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MARE-1 TES: Superconducting transition edge sensors

e superconductor thin films used inside the phase transition at T_
» pure superconductors: Ir (7= 112 mK), W (T_= 15 mK), ...

» metal-superconductor bilayers = tunable T_ (20200 mK) : Mo/Cu, TI/Au, Ir/Au, ...

Resistance [Q]

e high sensitivity (A~100) = high energy resolution
e high electron-phonon coupling = high intrinsic speed

e low impedance = SQUID read-out = multiplexing for large arrays

().4 L i s ma s e ey e I

L : o
! 3
A: f_U 1
03 i E:
! B ]
a0 =

Pl
| _ Pl .
02F o il .
O o '

= f |

= ; :

= P I
0.1 & 3 | .
O ! TAT-AR
9\)} ? v | |
= : .

| w :

U 1 1

Temperature |K |

0.144 0.146 0.148 0.150  0.152

ref

Ibiasl I

absorber

RTES

1
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MARE-1 TES: sensor development

¢ Pulsed Laser Deposition of thin films: pure Ir or Ir bilayers

® detectors with metallic rhenium absorbers " =~ ~= ~=

¢ 300 channel array AE=11eV

e detector R&D goal: P Tr=1604s ‘
» 1 mg Re crystals with: AE=5 eV, z,=10 ps
> a further step towards MARE-2

® two read-out options

» JFETs with cold impedance transformer
> frequency multiplexed SQUIDs (FDM) 20
o first 3x3 FDM chip is under test now

60 -

Counts/ 2 eV

40

0 l'q | |
5.860 5.880 5.900 5.920 5.940

Energy [eV]

Re
Si spacer and
TES———, W& «—— Epoxy

‘ ‘ Suspended ‘ |
SiN menbrane
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MARE-1 TES: statistical sensitivity

5_0 LI | 1 I 1 1 1 LI | 1 I 1 I I LI
m_ 5
— i maf =10":;AE=10eV
NQ 4.0 .\\\\ ....................... pup A
2> M R, eeof =10";AE=
2, T S, fup =10 5 AE=5¢eV
= :
E 30 \\\ ...... \\ ............... ..........................................
B oy, Wy 5
CICJ : \'\ o
@ preseént limit (2.2 eV) . W
@ : \‘; <C
O e e T o S
E . \\\ '\\\
5 “u
7 B
o
o (0]
X = 1=
o o (0]
52 = =
> >
1.0b L i
' 4 10 11
10 10 10

Integrated Signal [counts]

© 300 rhenium crystals in 2 refrigerators
> m~ 1mg

o Ir/Au or Al/Ag TES at 100 mK
> AE=10eV, tgp =10 us, fpp =107

» about 3x10" events in 3 years = m,<1.8 eV
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MARE-2

B only statistical analysis
m 50000+ detectors gradually deployed
> 5 arrays with 10000 detectors each
> one array deployed per year for the first 5 years

> arrays distributed in many laboratories around the world
> about 10210 events after 5 years

® technical requirements not far from that for next
generation X-ray space observatory (i.e. XEUS, Con-X)
- rr 7 1 1 17 T 17 T 7T T/

AE=1eV, 1o=1us, A=1c/s
AE=25¢eV, TR=2uS, A=5¢c/s
AE=5eV, t,=1ps, A=10c/s ]

o
o))

10000 pixel kits
AE~1eV
T ~ 1 us

AB ~ 1+10 Hz

o
o

o
w

need for
new sensor R&D
and
new read-out techniques

m, 90% C.L. statistical sensitivity [eV]
o o
N ~

o
._L

measuring year
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MMC - Magnetic Micro Calorimeters (Heidelberg)

gold (fcc) Au absorber 160 ym x 160 ym x5 um
— ~ -13 §
X-ray T=35mK—-C~3x10"J/K field coil

; - /

4f-electrons (Er) c—
paramagnetic sensor if v¥y, | dc SQUID

. SQUID loop
Au:Er Au:Er sensor 300ppm @ =50um, h=25um
weak thermal link 250
AE=34¢eV
551
bath 200 | L Tice < 2 HUS
>
5M:8—M5T:8M £y o 150 |
oT 0T Ciyes 2 Kas
: . € 100 | {
> suitable for large capacity absorbers 3 "
> very fast ~pus 2
. : 50 |-
> high energy resolution ~eV \
0 I PR Y I " 2 ;
5.85 5.88 5.91 5.94
Energy E, (keV)

sensor design optimization for MARE-2
rhenium absorbers is in progress
D> meander pick-up coils without external B field
A. Nucciotti, Madison, July 27" 2009
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MMC: recent achievements (Heidelberg)

b e I'| 1 I ' -
—— . .
4 = -3
“ )
. J0KY, 320, Amrn, B12.06 70 g — 0

AE=2.8¢eV

Mn

586 587 588 589 590 591 592 593
Enerav E. (keV)

|
10 demodulator
Q

synthesizer

® first micro-fabricated MMCs o

® first tests of microwave SQUID
multiplexing

® and more...

NN
£
i
£
sl

» devices with 90 ns rise time E T
YYYY m

load - -

inductor

e +m|
Pixel 1 Pixel N

A. Nucciotti, Madison, July 27" 2009
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MKIDs R&D for MARE-2

~ 7= @ exploit the temperature dependence of
B inductance in a superconducting film
> qp detectors suitable for large absorbers
» fast devices for high single pixel activity
' A; and low pile-up £,

> high energy resolution
» multiplexing for very large number of

Sensitivity
AE=5eV
t, = 36000 detectors x 3 years

AB = 20 c/s/det
o T =]_/JS:>mv<0.2€V

rise

e7. =100 us=m < 0.4 eV

rise

Technique
largely still

to be proved!!

Interested institutions
* INFN Milano-Bicocca

* INFN Roma (exp. Rich: R&D for CMB)
o I[TC-irst

e Caltech

e CNRS Grenoble
A. Nucciotti, Madison, July 27" 2009 40




MARE-2: topics in single pixel design

Read-out

* bandwidth

» multiplexable
* contacting

Sensor optimization read-out
* intrinsic speed
* energy resolution with
large absorbers
* large array fabrication

SEenNnsor

coupling

Re-sensor coupling

* signal transmission speed

» compatibility (magnetic fields)
« integration Re absorber

physics of superconducting
Re absorbers

* gp lifetime and thermalization
« crystal purity and quality
 heat capacity

A. Nucciotti, Madison, July 27" 2009 41



MARE extensions: >*Ho electron capture measurement

N1

Signal / a.u.

Signal I a.u.

m =2 eV

m =0 eV

i —— Q=2580eV
] — Q=2300eV

2a80,0

! ' 1 v 1 v !
72,0 25785 2573 0 25795
E/leV

10 T T T T T T I ! I

0 500 1000 1500 2000
: : EleV L

® calorimetric measurement of non-radiative Dy =

atomic de-excitations (Coster-Kronig, Auger...)

® fraction of events at end-point may be
as high as for '®’Re: depends on Q.. (~2.5 keV)

» Q.7
® fewer active nuclei are needed (t ~ 4000 y)
» can be implanted in any suitable absorber
» first implantation tests at ISOLDE are encouraging

® new NASA/Goddard TES arrays (AE = 2eV) can be implanted with 193Ho
A. Nucciotti, Madison, July 27" 2009 42
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Conclusions

o thermal calorimetry of **’Re decay can give sub-eV sensitivity on m,,

o the MARE project is taking off
o MARE-1 intermediate scale experiments are starting
o R&D for MARE-2 large scale sub-eV experiment is starting
>MMC R&D is already in progress
* array microfabrication ha made huge progresses
 sensor performances are close to what is needed for MARE
* new MUX schemes are being developed

> New ideas are coming up (MKIDs, '%3Ho)

A. Nucciotti, Madison, July 27" 2009
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Backups ...
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MARE and the cosmological relic neutrino background

o MARE-2: 50000 detectors, 20 mg each
> 650 g of ¥Re
> 4x10% counts/year... ®

A. G. Cocco, G. Mangano and M. Messina, arXiv:hep-ph/0703075v2
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MARE reach: 0.1 eV?

o Zy(m)=0.1eVfor N, =10% AE=3eV; f =10°
> 1, =1 us and 10 decays/s per detector

> 3.2%x10° detectorxyear... ®

A. Nucciotti, Madison, July 27" 2009 46



Recognized systematics in calorimeters

vdetector response function (energy dependence, shape,...)
> important in AgReO, (=)

Yenergy dependent background
> study low energy environmental and material radioactivity (—)

Ycondensed matter effects: BEFS
> observed in Re and AgReOQ,: improve modeling (—)

v pile-up effects
> under investigation with MC methods (—)

vanalysis artifacts
> to be studied by MC methods

v18Re decay spectral shape
> improve Buhring parametrization

Ylong term metastable excited states
> should be negligible

Yelectron surface escape
> should be negligible

v..?
> more statistics

A. Nucciotti, Madison, July 27" 2009 47



Detector response function

m 2168 hoursxmg with fluorescence source open
= calibration gives the energy scale and the response function

100000¢ . I T ' ' I ' 3
- . - : ]
- o o T n i .
< 5 - - - 3 s
10000 2 < g8 = 2 S
~ o W) = ; =
[ a < S < 3 = -
- N — \ 92 < 2 ¥ .
B <t «, J = 0 7
o 4
= 1000 O ” P =
> [ _
o) [ 7
- PbM, 7
10 hﬂ —
! | | ! | ! | | ! | ! =
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

energy [keV]

¢ X-ray peaks have tails on low energy side
¢ 1~6 keV X-rays in AgReO, have an attenuation length A <2 pym

» are the response functions for X-rays and for s from 187Re decay the same?
¢ need for a good phenomenological description of the X-ray peak shape

A. Nucciotti, Madison, July 27" 2009

48



MIBETA: Measurement of response function (2004)
%

e external X-rays probe only detector surface
e escape peaks allow internal calibration
> A6 keV) ~ 3 um .
> A(70 keV) ~ 400 um M AIReO,
® escape peaks are broad because of
natural widths of atomic transitions

MnK,+K, *Ti-ReK_ esc

T T
I I A
[}

B FKO(1=47€V ,"1

" Re K-edge @ 71.7 keV
| AE=75eV ¢

> Ey > 71.7 keV
> internal calibration with *“Ti

" yrays @ 78.4 keV i
> y-X escape peaks have only Re K £l
natural width (I'r.~47 eV) 8 f

10%E

the response function is a possible

source of systematic uncertainties in 10 e 0 s g

calorimetric neutrino mass experiments
energy [eV]
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counts/keV/h

Background (MIBETA)

ok 7777777777 unshielded
- 1, 55Fe calibration source

- Pb-Re L-L escape m55Fe Inner-Bremsstrahlung
10g 187Re B (Qg = 232 keV, A = 12 kBq)
pile-up causes too high background

> fluorescence from surroundings
> Re X-ray escape peaks
> continuum

1 lead shielded

0.1 X

001 Y Ul 2 ta 3. 3 SSFe callibration source
5 TN YT T 7 9 mremaining background to be
0.001¢ ' = understood and reduced

2.0 30 40 50 6.0 P cosmicrays
energy [keV] > environmental radioactivity

the hidden background is a

source of systematic
uncertainties Go underground?
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MIBETA: BEFS analysis (2005) : “

Modulation of the electron emission probability due to the

atomic and molecular surrounding of the decaying nucleus:
it is explained by the wave structure of the electron
(analogous of EXAFS)

Atoms

d
Outgoing

in AgReO, less pronounced than in metallic rhenium ' electron
wave

1=0 I=1
o SXEXAFS+ FpXEXAFS

52,2

N
/ 2keo-n :

=(—1) Zanl(ke,Rn)e sin(2k R _+6,+5 )
n=

0
©
-]

§e)
0
o
S

=

Y—

> F,=0.84 = 0.30

BEFS is a possible source of
systematic uncertainties in 18’Re
neutrino mass experiments

AgReO,

1 1

0.6 0.7 : : : > EXAES measurements

energy [keV]
C. Arnaboldi et al., Phys. Rev. Lett. 96 (2006) 042503 = bettermodels
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MC analys

0.020

0.010

fit residuals

-0.0101|

-0.020

is of systematics:

0.000

MIBETA experimeLt with AgReO, |

— fit

|
il

N, = 1.7x107

|

0.010

residuals

: : -0.010

0.4 05 08 09 1.0 500 1000 1500 2000 2500
energy [keV] Atmbees s O]
10 | ' | ' |
. - AgReO,
(VI YRR RN SN WS S
e - %”% % E Nev = 10"
Outgoi e A0 1 O
ugre o 10) AE=20eV
Ve Q, 220 | /./ .............................................................................................................................................. f =1O‘4
i NE> -/ MC analyzed == with BEFS PP
30| I./. ............... WlthoutlnCIUdlng ....................................................
e’ - % BEFS ®-@ without BEFS
SO [ T T T
Outgoing N | | | |
" >0 500 1000 1500 2000 2500
- minimum E for fit [eV]
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Pile-up (MANU)

—t/Td —t/T. 0.8
A(t):A e ecay_e rise
— 0.6
Example s
m 2 pulses with: 3
¢ 7...=15ms 5 %4
® Tgecay= 10 mMs °
4 AZIA]. — 0-5 0.2
0 0 20
E‘
Montecarlo with simulated pulses z
B T~ 2 Ms = 10 samples g
» resolving time = Ty (Ay/A;, AD =~ T, ;{

» source of systematics
> new MC tools and new algorithms

F. Fontanelli et al., NIM A 421 (1999) 464

‘ [ ' [
At=15ms_

40 20

‘ [ ' [
At=10ms_

40 0
time Ims]

20 40 20 40

10

08
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04

0.2

I
I
I
I
I
I
I
I
I
I
|
I
I
I
|
I
|

-40

-20

0 20 40
At Relative position {samples)
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MC analysis of systematics:

BEFS

0.020 I T T I I I l I I 0.010 I T T T 1 I T
—1i | — AgReO4
l l flt i F — AgReO4 MC
0.010F l ‘ l l ] - 0.005|--[$4-1
[2] ,‘ |
© H ‘ l l l ) ] 1
S v | <
2 0.000f (| |} Hl . | 3 o
L [ 198 ] l o
'0.010_ [ ] l l ] _0005
MIBETA experiment with AgReO, i AE = =20 eV
- 7 1 f =
N, =1.7x10 fop l) |
_0020 | I | 1 | 1 | 1 | I | I -0.010 l l | L
04 0.5 0.6 0.7 0.8 0.9 1.0 500 1000 1500 2000 2500
energy [keV] electron energy [keV]
2 T T TTTTT T T T TTTIT T T T TTTIT T T T TTTIT T T IIIIII| T T T
a e 1 _— [ —_
Outgoing ) g % ---------- B mmm o 8-----— spectrum without BEFS
electron o i 1 ]
wave % -1+ T —
Atoms N|_'> oL ) I @ } .................... § ____________________ ® ] spectrum with BEFS
. S sl | rnenium
> 4 ) AE=1eY |
Outgoing 4 __ ) I r)r)— —l ) ’ __
eleCtron _5 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII| 1 1 1
e 1e+10 1e+11 1e+12 1e+13 1e+14
Atoms total statistics [events]
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A better statistical analysis: analytical vs. MC

Montecarlo analysis
e Many experiment MC simulation
> 90% C.L. m_sensitivity from V(1.64 o) of m ? distributions

> useful for statistical sensitivity and systematic effects analysis
e Simulation inputs
> Nyee X Ty X A; total number of events

v Ny, humber of detectors

v I, measuring time
v A, 187Re activity for single detector

> 7R X A, unresolved pile-up event fraction
v 7z ~ T,..time resolution for pile-up identification

> detector energy resolution function (usually gaussian)
v AE FWHM detector energy resolution

B Assessing systematic uncertainties with Montecarlo simulations
> generate simulated experimental spectra with systematic effect
> analyze spectra without effect
> obtain Am ?<0 as function of effect magnitude

A. Nucciotti, Madison, July 27" 2009



Neutrinos masses in single g and gf-0v decays

o 3 oo, WS, 1 i £ )
v oscill. + 6 + Qv268 claim + CME
1 1 1 T 1 T 1 1

m,~m,~m,€|0.16,0.46] eV

-
m,€[0.16,0.46] eV
[T 44
Mg,=[2 m,Uz| from gB-Ov el

X =m;=)m from CMB

m,=m,=(X m?|U [)"? from;dm_

z
=
1 M

Fogli et al., Phys. Rev. D 78, 033010 (2008) A. Nucciotti, Madison, July 27" 2009 56



“Re calorimetric experiment statistical sensitivity _

(negligible pile-up)

= MIBETA detectors with AEqyyum= 30 eV, Tr=1.5ms
> pile-up dominates for A, > 0.1 decay/s
> for A; = 0.15 decay/s and t,= 3.6 yxdet (1.7x10° evts)
= X(m )= 14.7 eV

>(m )~ 20 eV

170

m detectors with AEqyum= 10 eV, Tx=100 us
> pile-up dominates for A, > 0.7 decay/s

2(m,)=2 eV IS for A, = 0.5 decay/s < 0.7 decay/s

= 2(m,)= 2 eVin t,= 1450 yxdet (2.3x10" evts)

1A
= detectors with AEyym= 1 eV, Tg=1us

> pile-up dominates for A, > 3 decay/s
>for A, = 1decay/s < 3 decay/s
= X(m, )= 0.2 eVin §,=1.3x10° yxdet (4x10" evts)

>.(m )= 0.2 eV

A. Nucciotti, Madison, July 27" 2009
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MANU exper iment (1999) Ge NTD thermistor

e 1.6 mg metallic rhenium single crystal s
® one detector only A |
e Ge-NTD thermistor

> AE=96 eV FWHM

> symmetric and without tails
e (0.5 years live-time

> 6.0x10° 18’Re decays above 420 eV

=107k
> m, < 26 eV (35 % C.L) 210
e first observation of BEFS in ¥ Re decay 210 L
il |
M. Galeazzi et al., Phys. Rev. C 63, 014302 (2001) : t;{j{j T et 6% %
F. Gatti, Nucl. Phys. B 91, 293 (2001) T Eneray (V)
45000, _
100008 0ots-F. Gatti et al., Nature 397 (1999) 137 T
@ sacu:uo;- 0.01F .
= 30000f T - | /[,
2 25000) 7 0'005; H + * |
5 ; = ok .
3 20000f : E +
15000F g -000sf d ‘ | \
10000 * onb * i
000 oo1sk L BEFS
00—t {0 o0 2000 7500 s VYIS (s S [T R <R F: (s R [/
Energy (gV) Energy (eV

A. NUcCcloT, |V|aa|M9g&WPch 5%



MIBETA experiment: 2002/03

heat sink G: Al bonding wires & 17um

.

—_—

™~
A

X-ray calibration source

= Si-implanted thermistors (ITC-irst)
= AgReQ, single crystals
» 187Re activity A; =0.54 dec/mg/s
= 10 microcalorimeter array
> (Mpgreo,) = 271 1g
> (Ag) =0.15 decay/s
> My, = 2.71 Mg
> <AEFWHM> =28.5 eV
{ r|se> 490 ps
> f ~ 2x104

pile-up

C. Arnaboldi et al., Phys. Rev. Lett. 91 (2003) 161802
M. Sisti et al, NIM A 520 (2004) 125

Mrmistor

= 0.6 years live time (0.45 years only B)
» 6.2x10° 187’Re decays above 700 eV

> m,2

=-96 + 189, * 63, V2

> m, < 15.2 + 2.0, eV (30 % C.L.)

fit residuals

HIH

ﬁ Mﬂ{{{ ﬂﬁﬂl 1{1[1{1%[1{;131 }HHH}HPH{MHLE

235 240 245 250 255
energy [keV]
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*Ho end-point statistics

10

FAE=1eV)

10

10l 8. |
m.
g -
187Re
163Hq o
-12__ 3H —
| ! | ! | | !
2.1 2.2 2.3 2.4 2.5 2.6
Q[eV]
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*Ho pile-up spectrum

T T T T ¥ T T & o L I'_r"r——r—.‘r | T T T I T T w e T ¥ T 'l' T Li T T 1

(a)
Q = 2 58keV
—— Ideai resgiution
—--= FWHM = |00 eV

MO

L | 1 | L i L |__J_ L 1 i I I 1 L I i I 1 i i 1 |_ L | i i I | i i L I 1 1 1 i ! i i I
o 05 e 15 20 25 30 35 40
E¢ in key

De Rujula and Lusignoli, Phys. Lett. 118B (1982) 429
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