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Neutrino:.one of the:most mysterious known: parti
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Standard Model of Elementary Particles

interactions / force carriers
(bosons)

H

higgs

VKl ik dodirSw. R 2
U at least three families
U extremely lightbut not massless

U interacts only via vector bosons (plus gravity)
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A absolute mass scale (and its origin)

A Majorana vs Dirac nature+ d)

A other (sterile) families?, dark matter candidate

A mass ordering

Extremely elusive particle® difficult to detect



Neutrinormass measturement: an-overview

Oscillation probabilities for an initial electron neutrino

Originally, in the SM neutrino is described as massless. 10
Today it is an established fact that neutrinos have a (small)
finite mass: the first evidence came from the observation
of flavour oscillation at Supdfamiokandg€1998, Japan)
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Theprobability of oscillationist 0O if eachflavourneutrino

IS a mixing of three different masseeigenstates m;, m,
and m,, giving rise to an & A y (i S NJpBeNdn¢nOrs £
during their propagationthrough space,asin the caseof
acoustic beat From the oscillations it is possible to
measurem;?- m;? but not the absolutemassscale
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Given the faintness of the absolute value of the neutrino mass, in order to appreciate its effects one has to
consider extremely large systems, such as the entire cosmos, or extremely high sensitivity apparatus.
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Cosmoloegical On(b $earches b RSO i€ ct’0rd-RANSO i ¢
U high sensitivity U high sensitivity U model independent
U observabled Ba J ; Y & . : . . !
U observablex B7Yqd | U observablex (B| Yi| @ )
U model dependent (cosmological U model dependent (nuclear matrix . -
model) element, Majorana nature of U lower sensitivity (so far)
neutrino?) 2
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Measuringn,through beta decay
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Intensity (count rate, arbitrary units)
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single beta decay spectrum b1
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The decay energQis shared between the electron and
the (anti)neutrino: only the electron energy is detected,
displaying a continuum witl® 0 a

The regionofrinterest is where the:nmeutrino is
notconsideredrelativistic, whichhappens when| allthe
energyiis-carried by the electrom and-the neutrino is
emitted nearly-at restzBeing the-neutrino-mass very
smalll, thisrmeans: studying thegegiontof the: spectrum
with very llow sstatistics!

M. Faverzani 12 Giu 2020 @MiB 5



Measuringm , through €lectron capture-decay
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Following the electron capture of an electron by the
nucleus, the daughter atom is left with a vacancy in one
of its inner shells: the dexcitation happens with

emission of Xays of Auger electrons, with a spectral electron capture decay spectrumiétHo
distribution showing severdreitWigner distributions.  10%: J° N1 _ogey B\ _ m=0ev —
The maximum energy achievable by the electron (or 101l ML ] >4t m,=5ev 1
photon) is, againQ 0 « % o0l M2 ] = — m=lev

S 5 |

glogf— — 22 Quc = 2.833 keV|
The ssignal due-to-thecneutrino mass isrstored, ilike in tHe” N, =10 § N N ]
singletbeta’decay, atithe erubint of the deexcitation ' ¢ kg:wiizzw _

spectrum, where ithe istatistics is very poor. 0 s T s 25 a0 S8l 280 283
Energy [keV] Energy [keV]



Spectrometry vs:calorimetry

Spectrometers Calorimeters
A only electrons around the enpoint with EM filters A a2 dzNDS RSGSOG2NJ
U large statistics U entire decay energy detected
A sourcerelated systematics A state of the art energy resolution
A large volume#\ background A pile-up

U limits on the statistics
A spectrumrelated systematics

Aims at sensitivity around
1 eV, but scalable (?) to
reach subeV

to date the most sensitive approach (1 eV and on its
way down to 0.2 eV), but complex to develop further
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HOLMES is an experlment aiming to perform a direct and calorimetric measurement of the neutrino mass with a
aSYaArAlAgAGe R2gYy eleckonkaptmedeaagpdfHal & (G dzRASEa (GKS
A low decay energy 2.8 keV

U important to increase the fraction of events at the epdint
A relatively short living 4570 y

U few nuclei needed to achieve the target activity of Exper detector
A relative closeness between the end point and the M1 peak

A enhancement of the statistics attheend2 A Y G ® LG g2dzd R KIS 6SSy o0SdGGS
ACNIyYyaAluA2y 9R3IS {Syaz2NhER | a RSIiS OnKpwihexaeleMEnargydesdiution O
A 1000 detectors working at the same time to collect as many events as possible
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A. if the two events with

energiesk andE, are very close
in time, they are mistaken for a
single event having an energy
equal toEFE+E,. The presence
of these events is critical for
measuring the neutrino mass!

Detector signal

B. events happening within a
time window greater than the
time resolutionof the detector
are labelled as pileps and
discarded, increasing thaéead
time of the system. Their
presence is not great (i.e. longe
measuring time to get a certain
amount of statistics), but not
terrible

Detector signal

Time Time

Pile-up happenswbepever dgsignalasivesidgrng a
previouseevent!tit@abde regogaisedsastsaeth and

eliminatedl, @ritt@andemainrufidetesaied.

counts [a.u.]

The presenceoftherundetected pile
ups impairs the isignal.due tothe

neutrino mass!tltsisnmportanbtoidivide
the activity oversseveraldetectors)and
to speed.up: theldetectors!
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m, statistical sensitivity 90% CL [eV]
=

Statistical-sensitivity

fraction of pup eventsQ 0 to obtain sensitivity subeV (0.1eV)
A A=1Bqf,,= 10° A A=1000Bq f,,= 10°
T‘f\\ I o I H— I | A low activity but small A extremely high
S ) \\?:1:\1019% pup . activity, but pup
1I:i:::Z\::":'QQZQZ‘:I:;Z\ZCZ:'::ZZ:IIItIZ:Z::fl::::Z::':Z:::::::':: A Ndettl\/l F Hgﬁm ny ||m|tS the advantages
IS IO TN I TIIIIIAIIIIIIIIIIIIII ] A Nytyt OSdet-y
I NI E L R H— R ]
IO O U E N I S Y N
BTN N A DN N M
IR S SN S S0 S, N U 1
A S N
I I I I 1 ~ I ﬁ I
I R AU URN SO U S S 4 )
e e s e e S Detectors:
P VP PP T ERPPVOYY TP AU = ST U time resolution tg = 118
10 10° 10" 10® 10° 10" 10° 10" U DE=1keMa@.2 BeV
total statistics N, N—9 Jpj U i Extremelyllatgeidetecionatiay!!

\_ J

M. Faverzani 12 Giu 2020 @MiB 10



A sensitive/thermometer: Transiticgn Edge Sensc

Superconductors 1

A each conductor, even the best ones one can think of
602 LIISNE F2f RX0S KIFGS | FAYAGS NBaRBYLEy g Pr=E/C
A some materials, below a certain temperature caltzdical C
temperature behave like an ideal conductor with zero DC
_ resistance Electrothermal
A across the critical temperature the resistance goes through link G
atransitionregion: from thenormal conductivitywhere the
transport of the electric charge is due to the electrons, and

\ sensor

(thermometer)

the superconductivitywhere the electric charge is carried o | - '_
) by Cooper pairsvhich do not scatter during their flow o8- AT=E/C . f i
A in the temperature range of the transition, the dependence s g . |

of the resistance on the temperature is very strong 0.6 § / -

AT I
Transition Edge Sensors exploit this strong dependence to use “'4_ oL 98/100 et
a superconductor as a thermometer. 0ol T=C/G  rmesnernn
U state of the art energy resolution 0.0
U relatively slowA unrecognized pileip and dead time  — IR S— 0
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Detectors for HOLMES

A Transition Edge Sensors: high sensitivity thermometer which exploits the strong dependé&sETalf a
superconductor kept in its transition

A 163Ho must be embedded inside the sensitive area of the deteetosdrbe)
A the detector needs a finite a precise thermal reference to the thermal bgilRrembrane)

A absorber thickness determined by stopping power of electrons and photons " f

A fast detector response for high counting rate 8 | /

3

U signal rise time determined by electrical enff

4

Resistance [mOhm]

U signal decay time (at the first order) set G\G:. large Gto reduce (dead time

9 /

_/
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TES

e £ 163Ho ionimplanted
i gold absorber
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copper structure intended t
increase the perimeter (an
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Cryogenicselp L
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J Power
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Detectors testing

A detectors performance tested with-days test
source

A 55Fe (5.9 keV) + fluorescence source (G keV;
Cle 2.6 ke, Al¢ 1.5 keV)
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How toembed/the isotepe

Since only a few nuclei (3G Bwx) are needed in the
detector, we can embed the isotope via ion implanting

Al Godz 1€ a2dzNOS Aa @AZMsng NgeSR
in order to create ions of holmium I \——

A the ions are accelerated with a DV up to 50 kV

A a magnet selects only the mass of interest

A the ions get to destination hitting the absorber

A atthe end, a final I'm Au layer is deposited on the
absorbers to fully encapsulate the source

The gold deposition happens in the
same setup where the holmium is
implanted to avoid oxidation
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Detectors fabrication:@’ MilariRicocca

Gold deposition Lift-off of the
o 3) SIN membrane
1) —— 2) release
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Background: how-relevantis it?

=ach background sourtes focompared with fhe pup contribution HOLMES baselin®3Ho pileup rate
<rp,>=Af,/2Q =300Bgx 3-10%2Q =
1.5 c/eV/dayHbet

A environmentalgradiation
A g, X andb from close surroundings

A cosmic rays
U from simulations with the absorber of HOLMES detechigF 10-fefeV/day/det (0¢ 10 keV)

0 measured: 200x200x2m3 Au absorber (HOLMHiRe) bkgF 5x p-EefeVday/det (1 ¢ 10 keV)

A internal radionuclides!f*™Ho, byproduct ofé3Ho production)

(i 166™0 -, Q= 1856 ke\t,,, = 1200 y)
U bkgF 10M aleV/day/det/((15"Ho nucleus)

if A (163Hoe) =180Bqand requiringbkg(166™Hoe) <01lctieVidaydet

e

[N(163H0)/N(166mH0) >@B00

ensuredbymass-separationssystem
A(163HO)/A(166mHO) > 15; Y p y/
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m, statistical sensitivity

The/importance of being-time resolute
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Backup
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B.Alpertet al.,Eur Phys. J. C, (2015) 75:112
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m, statistical sensitivity 90% CL [eV]

Goals:
U Neutrino mass determination with a sensitivity as
low as~ 1 eV
U proof potential and scalability of the approach
U precise calorimetric determination @
U systematic errors assessment

Two steps approach:

A 64 channels miderm prototype,t,, = 1 month
(m,< 10 eV)

A full scale:1000 channel§éTransition Edge
Sensors)

A 300 Hz/detector, 3x103events collected in 3
years

A 6.5x106163 2 ydzOtgBA O F my

20



How to readout'many-detectors

TESs<eadout withh microwave umultiplexingo(producedi by NIST)

A each sensor inductively coupled to a$tfuid part of d /4 resonator
A a comb of signals probe the resonators at their characteristic resonant frequency

[E —> dTTES_) dITES_) d ngd —> dfresonator]

A aramp signal added to the squids in order to linearize the response

Flux [,]
=]
W

K. D. IrwirandK. W.
Lehnert,Appl.Phys.Letf 01f
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