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Neutrino mass measurements

Open questions:

e absolute mass scale

e mass hierarchy

e Majorana or Dirac neutrinos

S ¢

i
$

Costolugy Neutrinoless 7+ Beta decay
GVBHES ST Double Beta decay end-point
observable M= 2m, Ul | mp=(2,m, 2| Ug )12

present sensitivity 0.5eV 2eV
future sensitivity 0.05 2 0.05 eV 0.2 eV

model dependency ® no
®

systematics

large
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Neutrinos masses from single g and pp-0v decays
voscill. + 8+ 0v2g claim + WMAP 3y

Ov2B claim

BB

from pp-0v searches 10 N.H.
m33_<mv>—|2kmvku 2| _
from g decay

mB— = |Ud(|2)

Fogli et al. hep-ph/0608060 A. Nucciotti, Meudon Workshop 2011, 8-10 JUNE 2011 4



Experimental approaches for direct m, measurements

Spectrometers: source # detector

3H source

\o -

’/ B counter
-

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

B analyzer

Calorimeters: source < detector

- \Ve

B source

excitation
energies

B calorimeter
ideally measures all the energy E released in
the decay except for the v, energy: E=E,—E,

A. Nucciotti, Meudon Workshop 2011, 8-10 JUNE 2011
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Spectrometers present results

electrostatic integrating spectrometers (MAC-E filter)
® Mainz with solid 3H source

® Troitsk with gaseous 3H source

Uy
»m,_<2.2eV95% CL | J_-—]_-J_-ﬁ-\:.emdes

s.c. solenoid s.c. solenoid
~ _‘

detector

Spectrometer advantages
4 high statistics
4 high energy resolution

mln
Spectrometer drawbacks
v large systematics //(/VV ™ > 5 e
* source EffECtS_ adiabatic transformation E; — E|
* decays to excited states

v background

BS Bmax
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Spectrometers future: KATRIN

large electrostatic spectrometer
with gaseous 3H source

» expected statistical sensitivity
m, <0.2eV90% CL

» start data taking in 2013/2014

Tritium source Transport section

Tll‘lli‘l‘l

~70 m

|
A. Nucciotti, Meudon Workshop 2011, 8-10 JUNE 2011 7



Calorimetry of beta sources

B calorimeters measure the entire spectrum at once
» low E, B decaying isotopes for more statistics near the end-point

» best choice 187Re: E,= 2.5 keV, t,,=4x100y = FAE=10 eV)~(AE/E))3=7x10"8
» other option 163Ho electron capture: E, ~ 2.6 keV, t,, =~ 4600 y

= Calorimetry advantages
A no back-scattering
A no energy losses in the source
A no atomic/molecular final
state effects
A no solid state excitation
m Calorimetry drawbacks
¥ limited statistics
v pile-up background
Y spectrum related systematics

F(AE) ~

AE

3.0 ———

-m,=0 -- m,=20eV
AE=0 | \ AE=30eV _
foile-up= File-up= 2% 104

24 245 25 24 245 25
energy [keV]

E

0

energy [keV]

pile-up fraction:fp,-/e_upzTRAB
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Cryogenic detectors as calorimeters

electro-thermal t
I Qv
W link G 2o
- |
thermometer Q| X
AT - AV GE) <
particle absorber _
ES AT time
= 1 mg of Re @ 100 mK — 1 B decay/s
C~T? = C~ 10" J/KK

= AE, .~ 1eV
6 keV x-ray = AT~ 10 mK
G~10"W/K=t = C/G ~10ms

B complete energy thermalization
(ionization, excitation — heat)

> calorimetry
B AT= E/C with Ctotal thermal capacity (phonons, electrons, spins...)
> phonons: C~ T3 (Debye law) in dielectrics or superconductors below T.
>low T (i.e. T<1K)
mAE = (kB T2 O)Y due statistical fluctuations of internal energy E

B AT(D) = E/C eV with + = C/G and G thermal conductance
A. Nucciotti, Meudon Workshop 2011, 8-10 JUNE 2011 9




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 )¥
» T, increases with decreasing net doping N
»T<1K = y=¥(VRH with Coulomb Gap)

Costant current bias

bias

R >R

)
load therm ®
&)
-
i
(t) 2
bias signal a
therm ( t )
i 4 : | | | ‘ | | | 1 | 1 1 | | | | 1 1 1 |
10 0.05 0.1 0.15 0.2
AE =>AT=AR =AV temperature [K]

high impedance devices: Ry o, = IMQ—100MQ
A. Nucciotti, Meudon Workshop 2011, 8-10 JUNE 2011 10



Cryogenic detectors
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Thermal detectors for calorimetric experiments
187Re B decay
“'Re - %/0Os+e +v,
¢ 5/2+— 1/2- unique first forbidden transition = S(EB)
¢ end point E,= 2.47 keV

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

= metallic rhenium single crystals
» superconductor with T =1.6K

» NTD thermistors
» MANU experiment (Genova)
= dielectric rhenium compound (AgReO,) crystals

» Silicon implanted thermistors
> MIBETA experiment (Milano)

A. Nucciotti, Meudon Workshop 2011, 8-10 JUNE 2011 12



MIBETA experiment results

e 0.6 years live time (0.45 years only B)
* 6.2x10° 18’Re decays above 700 eV
o M2 =96 + 189, + 6345 €V2

- m, < 15.2 + 2.0, eV (90 % C.L.)

S A

8.0

fit residuals

g 2-0:— { .:;;."' ]j];' I '.Z.} ]fﬁ]: 1l HI

L ] -L

235 240 245 250 255
energy [keV]
A. Nucciotti, Meudon Workshop 2011, 810 JUNE 2011 13



A project for a New Rhenium Experiment: MARE

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

= MARE-1
= activities, Usinglmeaditim: sized  arrays o improve: */Re measurement
Understandingland pessibly calormetric /i limit

> detector and absoerber coupling R&IDractivities

2~4eV

~100 element array m, sensitivity
V.

PR argereExpenmentwitira iy statsticalfsensitivity2cl0SEMONKATRIN
pUBSsHliNmprevanie

B EgUIrESTENAMProVEUt EIECIOIIECHNBIOEIES

0.2 eV

~10000 element array m. sensitivity

A. Nucciotti, Meudon Workshop 2011, 8-10 JUNE 2011



MARE project for sub-eV calorimetric m, measurement

MARE: Microcalorimeter Arrays for a Rhenium Experiment
Universita di Genova e INEN Sez. di Genova, ltaly
Univ. di Milano-Bicocca, Univ. dell'lnsubria e INEN Sez. di Milano-Bicocca, Italy
Kirkhhof-Institute Physik, Universitat Heidelberg, Germany
University of Miami, Florida, USA

Wisconsin University, Madison, Wisconsin, USA

Universidade de Lisboa and ITN, Portugal
Universita di Roma “La Sapienza” e INFN Sez. di Romal, Italy
Goddard Space Flight Center, NASA, Maryland, USA
PTB, Berlin, Germany funded R&D
FBK, Trento e INFN Sez. di Padova, Italy
NIST, Boulder, Colorado, USA
SISSA - Trieste, GSI Darmstad, JPL/Caltech, CNRS Grenoble, ...
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““Re calorimetric experiment statistical sensitivity /1 _

resolving time T, analysis interval AE
source activity Ay number of detectors Ny,
pile-up fraction £, =TrAs
experimental exposure t,=TX Ny,

0 AES
FAE(mV):ABNdet f NB(E:mv)dE FAE<O>NABNdet 3
E,~AE E,
' tol
NB(E;:-?m)
F e No(E,0) @ N, (E, 0)
, S R R RN [N R B R NS B
pJIe—up 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
3000 — N L B S B R HERL A L
O\ aE s
S 20005 > .
SP0 N\ MEM=D)
g F—
3 1000 S - -
S ENB(.E'mv=15 eV) DJnggl_l—I/\lﬁgz,my—O) Ny (E,m =15 eV)|
i 1 | | | | | i 1 | 1 |

2400 2410 2420 2430 2440 2450 2460 2470 2480 2490| 2500
energy [eV]
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"Re calorimetric experiment statistical sensitivity /2

AE? 3m’
. F F 0 ABNdet 3 2
S|gnaI:‘ Aelmy) = F £l )‘tM ~Jt. E, 2AE _17 for 90% C.L
bkg P, (0)t, +F2t, AE? o AE .
ABNdet E3 +O'3TRABNdet E
0 0
E, 3 Optimal energy interval AE

m,) ~ 1.13 ———— e ———
290( ) ?/N EO 10 pi PAE AE = maX(O.SSEO\/TRA ’ AE/:W/r-//\/])

experimental challenges

» energy resolution AE

FWHM
» time resolution T,

» exposure t, =N, X T
» single channel activity A,

A. Nucciotti, Meudon Workshop 2011, 8-10 JUNE 2011 17



Sub-eV m, statistical sensitivity with '*’ Re

187Re past mesurements
> total statistics N_ ~107 events

Illll 1 1 lllllll 1 1 Illllll 1 1 Illllll 1 1 IIIIIII 1 I IIIIIII
— B A _ . _ -6 7
> L 0 AEy=1 8V £ =107 | -
el ] -5
o | A O AEryyn=d Vi [ieyy=10 " |-
-4
o = . =

2| A AEqy=30 eV; £ =10
®» [ e :
> - —
- - -
> [ 1
=
= |
- 5 _
Q
w
= ot |
O
T [0 Montecarlo
w© 0-1F analytic N ~
+— - ~. 0] -
n L .. _

—lllll 11 lllllll 11 lllllll 11 lllllll 11 lllllll 11 ll\l\l\l"ll |

10 11 12 13 14 15
10 10 10 10 10 10

total statistics N [events]
A.Nucciotti et al., Astropart. Phys., 34 (2010) 80 (arXiv:0912.4638v1)

A. Nucciotti, Meudon Workshop 2011, 8-10 JUNE 2011

18


http://xxx.lanl.gov/abs/0912.4638v1

Effect of background on statistical sensitivity

b bkg counts/keV/s/det

Optimal energy interval AE  AE = max(E \/if +b— AE )

pp
O B

1.0
g ................................................................................... AE- =5 Vi fpp 104
O, e
}\ a ﬁEFWHM_1 EV fl:p 1D ..............
= AE =5eV;f 1EI
:Iﬁ 05 FWHM L
@ A =1 €V; £, =107
m .......................................................................................................................................................
W
'©
'g D 3 ...................................................................................................................................................
@ P
5|
U ()2 | A
-l A
o
X .
= '/\Mlbeta S/B

D.‘I | | | ||||||| 11 ||||||| 1 1 ||||||| 1 1 ||||||| 1 1 11illl S/B Nv/ bkg

2 3 4 5 6 7 8 9

10 10 10 10 10 10 10 10
integrated signal-to-background ratio N —onT
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MARE statistical sensitivity: 1’ Re option
exposure required for 0.2 eV m, sensitivity

A, Tp AE N,  exposure bkg =0

[Hz] [us] [eV] [counts] [detxyear]
1 1 1 0.2x10% 7.6x10° 5000 pixels/array
10 1 1 0.7x10%* 2.1x10° 8 arrays
(10 3 3 1.3x10% 4.1x108 10 years
10 5 5 19x10* 6.1x10° 400 g "Re
10 10 10 3.3x10* 10.5x10°
exposure required for 0.1 eV m, sensitivity
A, Tp AE N, exposure
[Hz] [ps] [eV] [counts] [detxyear]
1 0.1 0.1 1.7x10* 5.4x10°
10 0.1 0.1 5.3x10* 1.7x106° 20000 pixels/array
[ 10 1 1 10.3x10“ 3.3x10° ]\ 16 arrays
10 3 3 21.4x10* 6.8x10° 10 years
10 5 5  43.6x10%“ 13.9x106 3.2 kg "Re

A. Nucciotti, Meudon Workshop 2011, 8-10 JUNE 2011 20



MARE extensions: °*Ho electron capture measurement

12

electron capture from shell >

M1

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

® calorimetric measurement of Dy atomic de-excitations (mostly non-radiative)
e rate at end-point may be as high as for '¥Re but depends on Q__

» Q. ? Measured: Q.. =2.3+2.8 keV. Recommended: Q_. = 2.555 keV
e T, ~ 4570 years: few active nuclei are needed

» can be implanted in any suitable microcalorimeter absorber
® %Ho productlon by neutron irradiation of 1°Er enrlched Er

10

11

10

counts /0.3 eV
)

NL — QEC 2.20 keV

- =2.55 keV

M2

N_=10%; f

" Tpp~

=10%; AE

FWHM

=2eV

6 1 |

M1

0.5

1 1.5
energy [keV]

2.5

5x10

4x10°

2eV

3x10* -

counts / 0.1
N
X
o-b
[

1x10*

my=0eV
my=>5eV
my =10 2V

Q. = 2.555 keV

| I | |
2.55
energy [keV]

2.54
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counts / 0.26 eV

*Ho spectrum simulation

* no high statistics and clean calorimetric measurement so far
» see for example F. Gatti et al., Phys. Lett. B, 398 (1997) 41

e Q.. and atomic de-excitation spectrum poorly known

e complex pile-up spectrum

—

o
-y
\v]

—

o
-y
o

N,=10% f =10% AE_,,,,=2eV

pile-up spectrum

1 2
energy [keV]

3

N, =10%

’ "pp

. f =10%; AE,,, =1eV

I

g

-13 I |

T ' 1
3

1
o o

A. Nucciotti, Meudon Workshop 2011, 8-10 JUNE 2011
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MARE statistical sensitivity: 1°*Ho option

exposure required for 0.2 eV m, sensitivity

Q.. = 2200 eV

A, Tg AE N,  exposure
[Hz] [ps] [eV] [counts] [detxyear] bkg =0
1 1 1 2.8x1013 9.0x10° 5000 pixe]s/array
1 0.1 1 13x108 4.3x10° 3 arrays
(100 0.1 1 46x108 15x10* 1 year
10 0.1 1 2.8x105 9.0x10* ~2x10% *3Ho nuclei
10 1 1 46x108 1.5x10°
exposure required for 0.1 eV m, sensitivity
A, T AE N,  exposure
[Hz] [ps] [eV] [counts] [detxyear]
1 0.1 0.3 1.2x10* 3.9%x10° 5000 pixels/array
(100 0.1 03 64x10" 20x10° kg 4 arrays
100 0.1 1 74x10% 2.4x10° 10 years
10 0.1 1  45x10% 1.5x106 ~3x10% 1%3Ho nuclei
10 1 1 74x10%  2.4x10°

A. Nucciotti, Meudon Workshop 2011, 8-10 JUNE 2011 23



Montecarlo analysis of systematics for ¥’ Re

Assessing systematic uncertainties with Montecarlo simulations

m effects due to incomplete/incorrect data modeling
> generate simulated experimental spectra with systematic effect
> analyze spectra without effect
> obtain >, (m ) and Am ? as function of effect size

B yncertainty due to experimental parameter finite accuracy
> generate simulated experimental spectra with randomly fluctuated parameter
> analyze spectra with fixed average parameter
> obtain >, (m ) and Am ? as function of uncertainty magnitude

vV

m systematic uncertainties analyzed for N, =10*, AE_ ., =1.5 eV and f =10

two main classes of systematics
B source related systematic effects
B jnstrumental systematic uncertainties

A. Nucciotti, Meudon Workshop 2011, 8-10 JUNE 2011 24



Source related systematic uncertainties: summary

v electron surface escape

> investigation with MC methods
> N(E)=NE)(1-a_ E/E)

> for Img Re crystal —» a__ ~2x10°

v 1’Re decay spectral shape

> improve theoretical description of electron spectrum
> N(E)=NE)(1+a E+a,E?

> from Dvornicky-Simkovic (Medex09) - fE)=1-2X10°E+ 3X10®E2-4x10VE?3 + ...

v condensed matter effects: BEFS
> observed in Re and AgReO,: improve modeling and parametrization

Y pile-up spectrum spectral shape

> energy dependent rejection efficiency: investigation with MC methods
> TReff = f(TR’ Al/Az) — N'pp(E) = Npp(E) f (E,fpp)

corr

quantity maximum
source of uncertainty describing the effect for
effect Am.2<0.01 eV?
electron surface escape a,.. 10°
ion t dratic g tral sh |a,| (a,=0) 109 eV
correction to quadratic B spectral shape
q P g |a,| (a,=0) 1012 eV~
correction to pile-up spectral shape ﬂ,p 107

A. Nucciotti, Meudon Workshop 2011, 8-10 JUNE 2011
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BEFS: Re vs. AgReO

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

6“/ (analogous of EXAFS)
. <l Outgoing 006 T T T T T T T T T 5 T T
electron : : : : : ' : : ]
wave 0.04
: Atoms
b _ 0.02
>4 “
. © 0
) : Outgoing 3
electron k7] : :
wave o é :
: Atoms
-0.04
-0.06

04 06 08 1 12 14 16 18 2 22 24 26
BEFS is a possible source of electron energy [keV]

systematic uncertainties in 187Re
neutrino mass experiments
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BEFS in MIBETA spectrum with AgReO

Xgers Ke)= FSXEXAFS-H:pXEXAFS
Yoexars (K ZB _Zkze f’sm(2k R, +8,+d,)
0.020 | r | r i ; i . I . | ;

: } ] — fit
0.010F ] l } EEEE

o 1 1§

-0.010-t  AgReO,

‘ - F,=0.84 = 030 |

_ | L | L | I | I l I l I
0.020 0.4 0.5 0.6 0.7 0.8 0.9 1.0

energy [keV]
C. Arnaboldi et al., Phys. Rev. Lett. 96 (2006) 042503
(for BEFS in Rhenium: F. Gatti et al. Nature, 397 (1999) 137)
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Systematics from BEFS

0.020 Fr—————— : —_——
LN, = 10" -~ MC simulation
L AE=5 eV — Re theory EXPECtEd
o.0101, end-point
3 spectral
g 00001y deformation

-0.010

@ @ without BEFS; AE=5 eV; £, =10"; £, =2 keV
- . . 6.

® @ with BEFS; AE=5 eV; f, =10"; £, =2 keV

A-A with BEFS; AE=5eV; f

T |o ©with BEFS; AE=5eV; f =10"; £, =23 keV

-0.020 1.9 2 2.1 2.2

electron energy [keV] =10": E_=215keV

systematic
n?, shift

|
—H Ei:r
aia
hd
i
|

with BEFS
heglected

1 I | I 1 | 1 I I | 1
>-@
o
o
1 I 1 I 1 | 1 I 1 | 1

® A b N

10" 10" 10" 10" 10"
total statistics [events]
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Systematics from instrumental uncertainties: summary

quantity maximum

source of uncertainty describing the uncertainty for

uncertainty Am.2?<0.01 eV?
error on energy resolution AE o, (AE)/AE 0.02
tail in response function (A=0.2eV+) A 10

error on single pixel energy calibration K o(K)/K 0.0004

spread in energy resolution AEin the array 0 (AE)/AE 0.1
hidden constant background N/ Ny 108
background linear deviation (bT=10°c/eV) b, 0.1

A. Nucciotti, Meudon Workshop 2011, 8-10 JUNE 2011
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Background (MIBETA)

1005

Pb-Re L-L escape

pile-up

counts/keV/h
)

unshielded

*>Fe calibration source
m 55Fe Inner-Bremsstrahlung
(Q|B = 232 keV, A|B = 12 kBq)

causes too high background
> fluorescence from surroundings
> Re X-ray escape peaks
> continuum

1 lead shielded

A
A \A
- * %
PN
L -, 4 A ., ‘
c N a
. A ,- A . A A
- A aA LR TN - AT & A
. AE o Taf e A a2 A
E a o A A E
- A a
o a
- [ ]
i ke
L n
0.01F : e :
- - " . .'.
u

0.001g

2 Ll e "2 SFe calibration source

® remaining background to be
4 understood and reduced

I2.OI 1 1 I3.OI 1 1 I4.OI
energy [keV]

the hidden background is a

source of systematic
uncertainties

50 80 [ cosmicrays

> environmental radioactivity

Go underground?
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Instrumental uncertainties: constant background

T T ITTT] AE=1.5 eV; fpp=10_6; Nev= 1014

unknown
0.2 constant.background........................
below the B spectrum
o i
G
Nl_; 0 1 .................................................................................. i ...............................
S

T SR S § @

_0.1 | | |||||| | | | |||||| | | | |||||| | | | |||||| | | |
10’ 10° 10° 10* Y
constant background [c/eV]  i1ano experiment
S/B=N, /Ny S/B ~3x10*

bT~10° c/eV on this plot
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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

ve - T, elastic scattering

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

v energy dependent background
v..?

N’

=> completely different systematics!

A. Nucciotti, Meudon Workshop 2011, 8-10 JUNE 2011 32



Heavy neutrinos experimental approaches

heavy neutrino emission in ¥’Re  decay ERERI« S ERWNI[C

N.(E,m,,m,0)=cos’0NyE,m, )+sin“ON,E,m,)

N I \! I 1 I | I I I | I I I | I I I I I | I _
10000 - 0<m,<Q-E, m, =0 "
- m,_ = 1keV -
i —sin6=0 i
8000 - | -
- — sin’0 = 0.2 i
5 - sin’0 = 0.5 i
T, 6000 - o
pa I Q |
'\q - -
5 4000 ¢ -
2000 - .
0 _— 1 1 1 1 | | 1 1 1 | 1 1 1 | | 1 1 - I i —_"

500 1000 1500 2000 2500

energy [keV]
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Heavy neutrinos limits from past '* Re experiments / 1

[r— |»— 1 1 I 1 T 1 1 I 1 1 1 1 ] 1 II
g% MIBETA with AgReO oem, < Q- by
Al o
= 8000F with AgRe, Q = 2465 eV
+= : E, =700 eV
S 6000F th L
O C
O C
o FE 0 <m, <1765 eV
g 2000;—/ th
-O 0: 1 1 l 1 1 1 1 l 1 1 /_\Q

: 1 1 I 1 1 1 { l
o 0.01FnHRH--+-Fh-FHH-HAR+ SR ____._.._.,,_H_"H._".q_.____‘: 7 1P 1 A
c_g E &E | { | {'“ . | \'jl II& |’ .
koSN i ‘%i"{-_’[‘_\___iu,,: [ttt %“&g, H»'n L1 L1 4Ll 11371 AL -
S Il k I J T Il

- ] ] | 1 1 ] 1 | ] ] i” ‘ll‘ 1

1000 1500 | 2000 2500
energy [keV]

background and BEFS may be

— BEFS fit

sources of systematic uncertainties — extrapolated BEFS with AE=0

A. Nucciotti, Meudon Workshop 2011, 8-10 JUNE 2011 34



Heavy neutrinos limits from past '* Re experiments /2

—
ol

1
N

excluded sin“(8) (95% CL)
=

H H H H H H H
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———1 MANU (M. Galeazzi et al., Phys. Rev. Lett. 86, 1978 (2001))
MIBETA (preliminary, unpublished)
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MARE sensitivity to heavy neutrinos: ¥’ Re option
100 H
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MARE sensitivity to heavy neutrinos: **Ho option / 1

heavy neutrino emission in **Ho EC decay
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MARE sensitivity to heavy neutrinos: ***Ho option /2
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Light and heavy relic neutrino detection in MARE?

5x10°f m= 0 | ' ' AEFWHM =1eV
_ax10®F m=2eV -
§3><1o'8f— Q-m =
C - g
% peto’f Y Q Q + mv_gkor Q+m)
xi0®E Re B l .
“spectrum relic vs 4
20460 | I | | 2465 l | | I 2470
energy [eV]
Interaction rates in : isotope sterile v,
relicv_(CvB
KATRIN and MARE (CVB) Chass  rate m, =1 keV
v+3H - 3He + e- 0.1yltg!® 100 ug 10°y? 100 sin0y'g' @

v+ 1¥Re - ¥"0Os +e~ 10 0y'g? @ 1000g 107yl 107sin6y’ g’
v+e +1Ho - 8Dy*  10°y'g'® 100 ug 10%y?  103sin9y'g! ©

v densities (1) R.Lazauskas et al., J. Phys. G: Part. Phys. 35, 025001 (2008)
CvB: ~55 3 (2) A.G.Cocco et al., J. Cosmol. Astropart. Phys. 06, 15 (2007)
VDh. nVN Vo /Cm R.Hodak et al., Progr. in Part. and Nucl. Phys. 66, 452 (2011)
. ~ 5 3 (3) M.Lusignoli, M.Vignati, Phys. Lett., B697, 11 (2011) (arXiv:1012.0760 [hep-ph])
WDM: n ~3x10° v /cm (4) W.Liao, Phys. Rev., D82, 73001 (2010)
QEC = 2.5 keV Y.F.Li, Z.Z.Xing, Phys. Lett. B695, 205 (2011)

(5) Y.F.Li, Z.Z.Xing, arXiv:1104-4000 [astro-ph]
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Two experimental phases: MARE-1 and MARE-2

= MARE-2 full scale experiment aiming at 0.2+0.1 eV m, statistical sensitivity
= MARE-1 collection of activities aiming at isotopeftechnique selection

* high statistics measurement
> assess systematics
> test large arrays

N

”
N\

Isotope

.

~ improve m_ limit to few eV |

~

 absorber-sensor coupling
> resolution (AE)
» speed (tR)
>~ size (Ag)

* R&D for **Ho production
* high statistics measurement
- measure Q..

> estimate potential
> study spectrum shape
> assess systematics

TES

Transition Edge
Sensors

MMC * multiplexed

Magnetic Micro- read-out
-Calorimeters * large arrays

MKID

Microwave Kinetic
Inductance Detectors

technique

A. Nucciotti, Meudon Workshop 2011, 8-10 JUNE 2011 40



MARE-1 activities summary

e |sotope physics investigation and systematics assessment
» 163Ho + Si-impl/TES (U Genova - U Milano-Bicocca - U Lisbon/ITN)
» AgReO, + Si-impl (U Milano-Bicocca - U Como - NASA/GSFC - UW Madison)

e Sensor-Absorber coupling (**’Re/'®*Ho) and single pixel design
» 18’Re + TES (U Genova - U Miami - U Lisbon/ITN)
» 18’Re + MMC (U Heidelberg)
» 163Ho + TES (U Genova)
» 163Ho + MMC (U Heidelberg)
» 163Ho/18’Re + MKID (u Milano-Bicocca - JPL/Caltech - U Roma - FBK)
e Multiplexed sensor read-out
» SQUID multiplexing (U Genova - PTB)
» SQUID microwave multiplexing (U Heidelberg)
e Software tools
» Data Analysis (U Miami)
» Montecarlo simulations (U Miami - U Milano-Bicocca)
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MARE-1 @ Milano-Bicocca with Si implanted thermistors

200

o NASA/GSFC XRS2-2 arrays
| > 6x6 Si-implanted pixels

!l o flat AGReO, single crystals
> m~ 0.5 mg
o experiment designed for 8 arrays
> up to 10 events in 4 years
> eV sensitivity to test spectrometers
> high statistics to assess systematics
O startmg with 72 crystals in 2011

energy [keV]

AEN 30 eV TRN 250 uS % - AN AE=40¢eV, fpp—10 72 xtals |7
o 7(2 ................................. 5 .
> _ -
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N § ________________________________________________________________________________________________________________________________
©
Q
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(7]
Ca Ka _
10
: 2
- 187Re Cl Ke J S
- M| J;.UJLAI A JLL]L Eg_o | '
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MARE-1 @ Milano-Bicocca and heavy neutrinos
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MARE-1 @ M:Iano-Blcocca / 2

e experimental set-up
completed
* optimization in progress

detector array

decoupling jig

fluorescence calibration
source with lead shield

B =0 channeIJFET box
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MARE-1 @ Genova with TES

e Single TES-Re pixel R&D
> improve pulse rise time to ~us
> improve energy resolution from 10 eV to few eV
e Large arrays (=103 pixels) for 10 -10° detector experiment
e Array design large scale experiment oriented Re
> high reproducibility, stability, fully energy calibrated...  T&s

e Multiplexed SQUID read-out with large bandwidth .—ﬁ
Metal cdntact

e 163Ho |oaded absorbers:few kBq of 1**Ho produced
e 163Ho spectrum high statistics measurement

m ~ 0.2 mg with SQUID
g0 | AE=11¢eV
= 160 ps
Re crystal e
E 60 |-
Ir TES on SiN
. ' 20
TES Al leads, . . Lo

5.860 5.880 5.9I00 5.920 5.9140
Energy [eV]
A. Nucciotti, Meudon Workshop 2011, 810 JUNE 2011 45

-+



MARE-1 @ Heidelberg with Magnetic Micro Calorimeters

e Planar sensors on meander shaped pickup coils
e Optimization of MMCs with superconducting rhenium absorber
> minimization of the rise-time
> investigation of energy down-conversion in superconducting absorbers
> investigating the energy resolution achievable with superconducting absorber
e Calorimetric investigation of new candidates for the neutrino mass direct
measurements by electron capture decay
> 163Hg, 157Th, 194Hg, zozHg
» Development of micro-structured MMCs for ion implantation at ISOLDE
e Microwave SQUID multiplexing for MMCs

w00} AErym=2.8€Y @ 6keV - AEnyu =44 6V @ 6 keV
| MMC+Au | 1o MMC+Re "

n
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ik /
0 lomadew O o Mol o a | o

1 1 1 PV Il ofl ofh o a
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MKIDs R&D @ Milano-Bicocca

® microwave (1-10 GHz) resonating
superconducting devices
® exploit the temperature dependence of
inductance in a superconducting film
> qp detectors suitable for large absorbers
» fast devices for high single pixel activity A,

and low pile-up fpp

> high energy resolution
> easy multiplexing for large number of pixel

A. Nucciotti, Meudon Workshop 2011, 8-10 JUNE 2011
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Conclusions

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

o calorimetry of ***Ho electron capture decay is an interesting alternative

o '¥Re and '**Ho calorimetry is sensitive to 1 keV scale heavy neutrinos

o MARE-1 activities are in progress to
>improve the understanding of '*Re experiment systematics
 a few eVs light neutrino sensitivity *’Re experiment is starting soon
>jnvestigate '**Ho decay spectrum
« 19Ho isotope has been produced and is ready for first tests
> develop the single MARE pixel
« R&D for coupling TES, MMC and MKID with *’Re/***Ho is in progress

>implement read-out multiplexing schemes

o isotope and technique selection for MARE-2 is in progress

A. Nucciotti, Meudon Workshop 2011, 8-10 JUNE 2011
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Backups ...
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Sub-eV m, statistical sensitivity /2
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Sub-eV m, statistical sensitivity / 3
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effect ( N’ -Ny/ N

Electron escape systematic uncertainties

0.0 ' — 1~ NYXE)=NE)f (E)
f_(E)=1-2x10° EJE,
-5.0x10° .
10><10 — —
. —%~+
-1.5x10 " [~ . . A I
Geant4 MC simulation iﬁL
for lmg Re qwstal | e
-2.0x10” : : : : :
T ceconenergyfov AE=15eV;f =105 N, = 10"

systematic
effect

with escape
neglected
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Beta spectrum shape systematic uncertainties

N(E) = N(E) (1 +a, E+ 2, E) a, | m 2 on z axis
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Pile-up spectrum s ystema tic uncertamt:es /1

—t/t —t/t .
A(t)ZA(e decay_e rise
= 0.6
Example s
m 2 pulses with: E
® t;.=15ms 5 %4
® Tgecay= 10 Ms ;
7S A2/A1 - 0.2
0 0 20
:.%
Montecarlo with simulated pulses E
m T~ 2 Mms =10 samples 2
» resolving time T = (Tiee AyfA;) ;\5:

> source of systematics
> new MC tools and new algorithms

F. Fontanelli et al., NIM A 421 (1999) 464
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Pile-up spectrum systematic uncertainties /2
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Pile-up spectrum systematic uncertainties /3
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Instrumental uncertainties: large arrays
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Detector response function

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

100000E T . i . . . . | . 3
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¢ X-ray peaks have tails on low energy side
¢ 1~6 keV X-rays in AgReO, have an attenuation length A <2 um

» 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
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a.u.

Instrumental uncertainties: response function tail
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