A limit on neutrino mass with the first H@%LM ES
dataset
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Outline

e Direct neutrino mass measurements
e 163H0 and neutrino mass: the HOLMES experiment

e First results from HOLMES

e Next steps to Improve m, sensitivity




Direct neutrind mass measurements

e Low-Q B/EC decay isotopes (°H, 8’Re, 163
e model independent: relies only on E, p cor

H0) needed;

servation

® v mass appears as a distortion at the end point of the
electron energy spectrum;
e 2 different approaches.

Spectrometry:
e source ¢ detector (KATRIN like).

ulle
Mal

N statist

cs allowed, no pile-up issue.

N syste

matics sources:

e decay on excited states;
* energy losses in source.
e Currently, gives the best limit: m, < 0.45 eV

e Sensitivity down to 0.3 eV

spectrum counts

Calorimetry:
e source c detector (HOLMES approach)

electron kinetic er;ergy

e Remove systematics related to energy loss

in the source, but implies pile-up issue!

e Need a:
reso + Pl

rade off between ac

vity and time

e-up rejection algori

hm.

e Could explore region below 0.3 eV

e Complementary to spectrometry




163H0 electron capture and v mass

183H0 + & — Dy’ + Ve

Q~2.8 keV, capture only from shell > M1
De Rujula & Lusignoli, Phys. Lett. B 118 (1982) 429

e Calorimetric measurement of Dy* de-
excitation spectrum;

el

My sensitivity depends on Q-value

M1 line close to end-point coula
nance “good” statistics”

® 712 ~ 4570 years — high specitfic

activity, avoid to spoil de
performances by adding too much 163Ho.

ector

counts [a.u.]

2
dc?gf — ﬁ (Q - Ec) \/(Q _ Ec)2 — m% X ZTLZCZB?B

same phase space factor as 3 decay
(total de-excitation energy Ec instead of Ee)
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The HOLMES experiment

e Started as ERC Advanced Grant (2013)
e Direct neutrino mass measurement with statistical

sensitivity around 1 eV T el | mee e
e Based on Transition Edge Sensor (TES) micro- —r" T, ~10 s
calorimeters arrays with 163Ho implanted Au absorber.2* * 2 | o ces
o Multiplexed readout 525 O . 0 | oo
e Proposal: = O e |SU | T
e 1k channels, Aec ~ 300 Bq / det g ° R peee
e AE ~ few eV — weak dependance from energy reso ¢ o—oos
e At ~1-10 us — to get rid of pile up
* Needed at least O(107%) events to explore eV region i oty L —
region:
Nev >> 1013

Multi-step approach to prove the feasibility of the
project. ..
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The HOLMES experiment

e Multi steps approach:
e 64 chs prototype, ~ 1 Bg/ch (this talk)

e Probe of the full chain, assessment of implanted Ho "™ =mee o= oo
effect on detector signals, first high statistic —seo" T~ 10 ps
spectrum (analysis tool, spectrum evaluation...) o R OGN O

» 256 chs, implanted with maximum achievable ~ © |* " |~ | oo

activity with current setup (1 - 3 Bq) ° e

£ 15

* t, = 1 month, my extraction with sensitivity O(10 eV)

e} oo ©

e 1k chs arrays with high activity O(100 Bg/ch): e oty o
¢ 0.5 x 1076 total nuclel o region:
Nev >> 1013

e O(1013) events / year
emy~1eV
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TES-based p-calorimeters

Transition edge sensors based p-calorimeters: Multi step production procedure:

e (Gold absorber coupled to superconductive Cu/Mo sensor In e Up to first Tum of Au at NIST;
transition region, e Ho implantation in Genova;

® cnergy release in absorber = temperature increase in TES e absorber completion, bonding and membrane
— variation of TES resistance; release in Milano.

e 2 um Au thickness for full energy absorption

e Operating point at 100 mK

Si Sio, Si,N, Au Cu Mo  “Ho photoresist
. Single Pixel i o B 7 I
l (a) (b)
absorber AT=E/C
C sessssIII I
Electro-thermal \ Sensor —
——
1.0 T T L— 7 1
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163Ho embedding

Target
A chemical purification before and after the activation is holder

needed to remove contaminants other than Ho.

An ion implanter has been designed and commissioned
to embed 193H0 In the p-calorimeters and to remove
166mHQ residuals.

With a quite simple setup (50 keV penning sputter ion
source + dipole + slit and FC) we obtained:

* beam size 0 ~ 1.5 mm; B e P

* 163 / 166 mass separation > 5 o; -

Faraday cup

o efficiency ~ 0.2%.
Even if efficiency is very low, it was still enough to
implant the first array for physics DAQ!
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Arrays for physics data taking

After a long commissioning phase, we finally implanted our
first arrays for physics data taking aiming for uniform ~ 1

detector activity...

At the end of the implantation run we got:

48 active detectors (activity above threshold);
average activity < A > =0.27
activity At = 13 BQ;

tota

pea

< activity Amax ~ 0.0

0.2

50

0.3

Activitv [Bal

30;

RF line =mas : 8 RF line

89 /
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After implantation, the array is completed by
adding a 1 um Au layer to fully encapsulate
the source, then membrane is released by
means of KOH wet etching.



EC peak and detectors characterization

104.

e Run with fluorescence X-ray source ' N1 M1
e 48 active y-calorimeters ~

e AErwHv = 5.4 ~ 8.0 eV 10°:
e 2nd order polynomial calibration >

e E(A) = a1A + a» A2 S
e Find EC peak energies: calibration for physics £

run, needed to merge spectra from difterent y- §

calorimeters 101
-——— 10°. 8

2040.8 £ 0.3 14.49 % 0.05 1.306 % 0.006 0 500 1000 1500 2000 2500 3000
M2 1836.4 £ 0.8 8.2+0.3 1.03 +0.05 Energy [eV]
N? 454.5 £ 0.1 22.3%0.4 0.62 + 0.02
N1 411.72 £ 0.1 5.57 + 0.03 1.270 + 0.008

N2 329.0+0.1 16.4+0.2 0.69 £0.01
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FIrst 163H0 high statistics spectrum
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® < 1% signals discarded by first level analysis (based on

IIT]TITI]IIIII]TITI]TIT]TIII]IITTITITI]ITTTITTITIITIT]TI/I

: RUN 7 RUN9 ./ -

’/duty-cycle ~82% -

/
lllllllllllllAlllIllllllllllllllllllllllllllllllllll

0 10 20 30 40 50 60 70 80 90
measuring time [days]

100 110 120



FIrst 163H0 high statistics spectrum

counts/ 1 eV

e 4138 selected pixels

e Average activity <A> = 0.27

39 — total activity Attt = 13
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30 (3.2 x 1012 163Ho nuclel)

o AErwrm ~ 7 eV
e / x 104 detector x hour
o ~ 7/ x 107 163Ho decays

Sum of 1000 partial data sets

(48 det x 25 runs) with:

e (Gain drift correction

e Energy calibrated using N1,
M1 and M2 lines




FIrst 163H0 high statistics spectrum

counts/ 1 eV

e 4138 selected pixels
e Average activity <A> = 0.27 Bg — total activity Awt = 13

single hole spectrum
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energy [eV]
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30 (3.2 x 1012 163Ho nuclel)

o AErwrm ~ 7 eV
e / x 104 detector x hour
o ~ 7/ x 107 163Ho decays

Single hole spectrum doesn’t
explain data...




FIrst 163H0 high statistics spectrum

e 4138 selected pixels
e Average activity <A> = 0.27

39 — total activity Attt = 13

10° shake up / shake off
105 4 |
. ali ~ /
— . A
12
2 single hole spectrum
©10 2 : shake up ,‘
AL
10’ _ . i eadis
Additional data taking shake off !
) with lower threshold \
10
0 500 1000 1500 2000 2500

energy [eV]
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3000

30 (3.2 x 1012 163Ho nuclel)

o AErwrm ~ 7 eV
e / x 104 detector x hour
o ~ 7/ x 107 163Ho decays

Single hole spectrum doesn’t
explain data...

2 holes excitation: the
perturbation due to the Ho—Dy
transition “shakens” one or
more additional atomic
electron to an upper bound
state (shake-up) or to the
continuum (shake-off).




Unfolding experimental 163Ho spectrum...
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Experimental EC spectrum deviates from theoretical predictions
— phenomenological description of the EC spectrum is now under study
® shake-up peaks and shake-off spectra
e strongly asymmetric Lorentzians
needed for assessing sensitivity of future 13Ho experiments
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| IMIt on neutrino Mass

. N . ~7x107 163Ho decays
e Bayesian analysis with 13 free parameters performed in 30|
the ROI: (2250 - 3500) eV SO
e 163Ho spectrum modeled as sum of few terms 3 oo gy
* Posterior distributions explored through a Hamiltonian 10 “““ : éIWIIIIIIIIIIIIII |l||\|;| |||||||||||||||||
Markov chain Monte Carlo using STAN —
* AEFwHm ~ 7 eV, fop < 105 S Py

e Background count rate (1.7 = 0.1) x 104 counts/eV/day/det 00560 0 300 5200 9400
* m, correlated only with Eo (endpoint) |

e Statistical sensitivity from toy MC ~ 40 = 10 eV

-— 27 @90%
-= 32 @95%

Eo = 2848%( eV

m, <27 eV @ 90% CI
Eo = 2848+ eV

--------------------------------------

80
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What next?

To reach the (sub) eV sensitivity we must:

e Improve
® Integra

ion implanter for better beam control and higher efficiency
INng 4poles + x-y stirring magnet + diagnostic elements + target co-evaporation chamber

e Major L

pgrade of ion source — new (much) more efficient ionization technigue is under study

— Increase detector activity by 2 order of magnitude

e Reduce detector operating temperature down to 30 mK
o Addition of 163Ho could spoil detector pertormance, must be recovered by lowering operating T

e Increase the number of channel and reduce readout/DAQ cost — few €/ch

e 0.1 eV sensitivity on m, requires scaling up HOLMES experiment by a factor O(109)...very
aggressive but feasible!

17



A possible roadmap towards sub eV sensitivity...

—— HOLMES 2024: 0.3 Bq 48 det (tw = 2 months) (+ experimental result) g <
HOLMES+: 3 Bq 256 det (= 30 Bq 16 det) AErwrm = 5 eV
~-- HOLMES++: 30 Bg 256 det Ta = 2 IS
5 b = 2%x10* c/eV/day/det
| -~ HOLMES++: 30 Bq 1024 det b= 1
______ E = \_ M y J
. [~ 1 i : O
E 1001e._ @ MC 1-hgle s Project8 ECHo 2019
] i SRl i 2023
- ' ] : :
- 2024 . I B
> 10| & ” ®\ o= HOLMES 2024
s @e Ny 2027\({0\3 | | Mainz 2005 (ECHo 2024)
-*E’ €5y AT r beyond HOLMES/ECHo:
:"(% 1| | | | | AErwim = 1 eV, TR 1 s
= o KATRIN 2024 10> - 10° det with up to 100 Bq
i < KATRIN final b=0
@
= O tw=10y
D .
© Ir] s .
7 sensitivity studies for
g 0.01) ;) true spectral shape

10°  10° 100 10" 10" are in progess...

KATRIN++, Projects, ...
number of '*’Ho decays ‘
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Summary

e HOLMES has successfully demonstrated the tfeasibility of the
calorimetric measurement of 163Ho EC decay spectrum.

e Even it still not competitive with the current best limit, this first result
shows that the p-calorimeters technology Is ready and built the
foundations for sub-eV sensitivity.

* |n the next years, we plan to increase our sensitivity with a step by
step approach

e New results will come (hopetully) soon!

19



Back-up



Neutrino mass measurements

Cosmological

Ml/ — Zmz

Best limit : 0.07 eV - analysis of CMB and
structure formation data - model dependent neutrino mass
measurements

DESI + CMB + PLANCK

21




Neutrino mass measurements

Cosmological

Ml/ — Zmz

——
\V)

2
mas = |2 Ueim
1

By v e e - \Y

- C Y 'l e = e i ‘. o
&\, " - ; 4

3 . W) P T W A\« 3 g’w

|
B g y— | 3 E— | B {
, lLL;;"E T N
" el il ¥ L, 4 / J. .

d | I
Best limit : 0.07 eV - analysis of CMB and | Best limit : 0.05 - 0.15 eV, inference neutrino
structure formation data - model dependent heutrino mass mass from 0vBB decay, model-dependent

measurements

b

KamLAND-Zen, GERDA,
CUORE, EXO,

SNO+, Majorana, Nemo 3,
COBRA...

DESI + CMB + PLANCK

i b
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Neutrino mass measurements

Cosmological

Ml/ — Zmz

Best limit : 0.07 eV - analysis of CMB and
structure formation data - model dependent neutrino mass
measurements

Best limit : 0.05 - 0.15 eV, inference neutrino
mass from Ovf33 decay, model-dependent

KamLAND-Zen, GERDA,
CUORE, EXO,

SNO+, Majorana, Nemo 3,
COBRA...

|

DESI + CMB + PLANCK

Direct measurements
2 2 2
mjy = ) |Ueil” m;
1

~..:... Bestlimit: 0.45 eV, exploit kinematics of weak
’ ' decays, model independent

|

KATRIN, HOLMES, ECHO, Project-8, NUMECS...
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Gold deposition

Full encapsulation @Milano-Bicocca |

Ar ion
beam (for
sputtering) '““Ho (not

implemented yet)

TES array

* 1 um layer to fully encapsulate the '“Ho

* = 27 hours to complete the process

* soon will be integrated with the 10n-
implanter to compensate sputter and
avoid oxidation




Spectral Density [pA/VHZz]

'.j 64 channels

- already available

pUwave mux readout & DAQ
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Parameters distributions and correlations

6o | N kso ka

6.1E-05 3.5E-04 4.0E+04 4.6E+04 0.0 21.3 426 0.0 1.7 3.5

4 72 Eso | 71

87 129 17.1 1.4E+05 82E+05 2100 2300 2500 0.0 499.9 999.8

0.0 1.8 3.7 4 3 12 18.8 162.8 306.8 0.0 150.0 299.9
Eo

2800 2850 2900




What next?

H%LMES

e Multiplexed TES 64 pixel array

e ~ 1Bg/det »
* AEFwHM =5 -8 eV

T~ 1S

— my stat sensitivity ~ 20 eV

27

H@{.MES-P

e Mid term (3 years) plan for:
® M, stat sensitivity < 10 eV

0 256 detectors

.up

.up

0 3

89 / detector




