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163Ho and neutrino mass

12 HO—)lgé Dy* + Ve * Ty 4570 years (2*101! atoms for 1 Bq)
122 Dy*_)lgé Dy + EC * Qi =(2.833 £ 0.0305% £ 0.0155t) keV

S. Eliseev et al., Phys. Rev. Lett., 115, 062501 (2015)
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e the de-excitation energy spectrum
Atomic de-excitation: Vy/
*X-ray emission , ,
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*Auger electrons oo ), .
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*Coster-Kronig transitions




183Ho Qg-value

lg; HO—)ISZ Dy* + Ve ° Tl/Z ~ 4570 years (2*1011 atoms for 1 Bq)
Dy ' Dy +E, * Q.. = (2.833 £ 0.030%%t+ 0.015%) keV

S. Eliseev et al., Phys. Rev. Lett., 115, 062501 (2015)
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18Ho Q-value

. Ty
aw 2 m, 2 21
JE ZA(QEC_EC) 1_(Q E )2 ZBH¢H (O) e
- H 2
© B ¢ (EC_EH) + Z
800 : . !
—— m(vy)= 0 eV/c?
‘ 2
R ——-m(vy)=5eVict
\ — == m(vy)= 2 eVic
> > .
()
pay -
: o
o - .
Z ~ 400
= c
-]
(@]
O S
200 .
Qg = 2.833 keV
100 | | | | | — fa)
00 05 10 15 20 25350 "2826 2828 2830 2.832 2.834

Energy / keV Energy / keV



Requirements for sub-eV sensitivity in ECHo

Statistics in the end point region
. N, >10* - A=1MBq
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Requirements for sub-eV sensitivity in ECHo
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Requirements for sub-eV sensitivity in ECHo
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Requirements for sub-eV sensitivity in ECHo

Statistics in the end point region
. N, >10* - A=1MBq

Unresolved pile-up (f,,~a - 7,)

° fpu < 10-5
. 7. <1lus—>a~108Bq
. 10° pixels

Precision characterization of the endpoint region
* AE,ym<3eV

Background level
« < 5%10° events/eV/det/day
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Requirements for sub-eV sensitivity in ECHo

fou =106 AEpyum=3eV
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Low temperature

Metallic Magnetic Calorimeter




ECHo timeline

» Prove scalability with medium large experiment ECHo-1K

A ~ 1000 Bq
AEcyum <5 eV
* 7<lups

* 1year measuring time 210%° counts = Neutrino mass sensitivity m, <10 eV
Supported by

Research Unit FOR 2202/1
»Neutrino Mass Determination by Electron Capture in Holmium-163 — ECHo“

DF Deutsche
Forschungsgemeinschaft

» ECHo-1M towards sub-eV sensitivity



Low temperature micro-calorimeters

7/
A E
E 14 AT = —
\ ( ) Ctot
—_— E =10 keV
6 T C..: =1 pJ/K
Thermal bath

\*VV

Very small volume
e Working temperature below 100 mK
small specific heat

small thermal noise

* Very sensitive temperature sensor



Metallic magnetic calorimeters (MMCs)

A. Fleischmann et al.,
AIP Conf. Proc. 1185, 571, (2009)
* Paramagnetic Au:Er sensor

Ag:Er [‘17-

absorber

SQUID loop

thermal link

thermal bath
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MMCs: Readout

T~ 30 mK T~ 300 mK

>

Two-stage SQUID setup with flux locked loop allows for:

® low noise
@ large bandwidth / slewrate
@ small power dissipation on detector SQUID chip (voltage bias)



MMCs: Planar geometries

* Planar temperature sensor
* B-field generated by persistent current

 transformer coupled to SQUID

Sandwich design

Meander-shaped pick-up coil



MMCs: 1d-array for soft x-rays (7=20 mK)

on-chip thermal bath i ] AEFWHM =1.6 eV @ 6 keV

gold link
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un-resolved pile-up of the energy scale in the end point region



MMCs: Microwave SQUID multiplexing

§ No events

* Single HEMT amplifier and 2 coaxes 2

to read out 100 - 1000 detectors g l
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Microwave SQUID Multiplexer for the Readout of Metallic Magnetic Calorimeters
S.Kempf et al., J. Low. Temp. Phys. 175 (2014) 850-860



MMCs: Microwave SQUID multiplexing

Successful production and
30 - - test of the first prototype
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Microwave SQUID Multiplexer for the Readout of Metallic Magnetic Calorimeters
S.Kempf et al., J. Low. Temp. Phys. 175 (2014) 850-860



First detector prototype for 1°3Ho

* Absorber for calorimetric measurement
— ion implantation @ ISOLDE-CERN in 2009
on-line process

* About 0.01 Bqg per pixel

* Operated over more than 4 years

ﬁ—‘ T T = Absorber
Field a.na heater SOU rce
%bondpads ]
~ | Heatsink i L
. . = Sensor
: 3
® sQuID- S
bondpads N
[!— L1 le = L .Iﬂl i | ,_[\ ot
Meander
L. Gastaldo et al., P. C.-O. Ranitzsch et al.,

Nucl. Inst. Meth. A, 711 (2013) 150 http://arxiv.org/abs/1409.0071v1



Calorimetric spectrum

| | | |
| Nl 163Ho_
First calorimetric measurement
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L. Gastaldo et al., Nucl. Inst. Meth. A, 711, 150-159 (2013)



Where to improve

High purity ®3Ho source:

e Background reduction

Detector design and fabrication:

* Increase activity per pixel

e Stems between absorber and sensor

Understanding of the 1%3Ho spectrum:

* Investigate undefined structures 600

Counts per 2.0 eV

400

200

Energy E [keV]




High purity 1*3Ho source: (n,y)-reaction on 162Er

Requirement : >10Bqg = >1017 atoms

> (n,y)-reaction on 162Er

- High cross-section

- Radioactive contaminants ®

> Excellent chemical separation ECHo requirements:
On|y 155mHo ) 166mHo/ 163Ho < 10-9

Offline mass separation:

RISIKO, Mainz University
> Available 13Ho source: ISOLDE-CERN

~ 108 atoms



Detector chip for second *3Ho implantation

* maXs-20: - sandwich sensor design
- absorber connected to sensor through stems
- 16 pixels

I Nb1
Nb2
AuEr
Au

Il Au:Pd

d)

* Chemically purified *3Ho source
* Offline implantation @ISOLDE-CERN using GPS and RILIS (December 2014)



New detectors ready for ...

Mounted on a cold arm of a dry cryostat




... first results

Counts / 2 eV
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... first results
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Baseline resolution

No strong evidence of radioactive contamination in the source

AEcyum ~ 5 eV
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... first results

Counts / 2 eV

103 NEW, 2 pixel, about 2 days in HD 10° OLD, 2 pixels more than 1 month
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10°F
10” !
1.7 1.8 1.9 2.0 2.1 2.2
E | keV
e Activity per pixel A~ 0.1 Bqg
* Baseline resolution AEcyum ~ 5 eV

* No strong evidence of radioactive contamination in the source

¢ Symmetrlc detector response C. Hassel et al., submitted to JLTP (2015)



Characterisation of spectral shape
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Characterisation of spectral shape
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Sterile Neutrino and 193Ho




Sterile Neutrino and 193Ho
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Sterile Neutrino and 193Ho
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Sterile Neutrino and 193Ho
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Sterile Neutrino and 193Ho
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Sterile Neutrino and 193Ho
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Sterile Neutrino and 193Ho

m,=2 keV, U_,?=0.5

no sterile neutrino
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Sterile Neutrino and 193Ho
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Sensitivity to the mixing matrix element at 90% CL as a function of the sterile
neutrino mass achievable with about 10° events in the full EC spectrum.

P. Filianin et al. arXiv: 1402.4400



Sterile Neutrino and 193Ho
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Other small structures on the *3Ho spectrum

___ 183Hg spectrum Many peaks due to higher order excited
ou spectrum states in 1¢3Dy and the corresponding
10'° i structures in the pile up spectrum
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Other small structures on the *3Ho spectrum

| | | I
1012 ___ 183Hg spectrum Many peaks due to higher order excited
ou spectrum states in 1¢3Dy and the corresponding
10'° i structures in the pile up spectrum
B 10°| .
o~
2 10°t - Identification of sterile neutrinos
3 signatures could be limited by the
© 10t - complex structure of the 153Ho
spectrum
10° | i
100 | | | |




Sterile Neutrino in ECHo

30 T 1 ]

o Statistical Fluctuation
25} .

 No Pile Up
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« Theoretical Spectrum
supposed to be perfectly
known
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A White Paper on keV Sterile
Neutrino Dark Matter
arXiv:1602.04816v1



Sterile Neutrino (keV) and Electron Capture

Other condidates in the EC branch:

Q- < 100 keV

Reasonable halflife

a

. EC- ) (keV B; (keV B; (keV )—B,;
Nuclide | - Thz 1 sition L[(22] ) [(23] ) ‘][(23] ) i/ (%e\/)
ZTe [ >2:-10"y ? 52.7(16) | K: 30.4912(3) | Ly 4.9392(3) | 7.833 | 222
“'Th 71y | 3/2'=3/2 | 60.04(30) | K: 50.2391(5) | L 8.3756(5) | 7.124 | 9.76
"“Ho | 4570y | 7/2 =5/2 | 2.555(16) | Mp: 2.0468(5) | Np 0.4163(5) | 4.151 | 0.51
Ta | 1.82y |7/2'—-92"| 105.6(4) | K: 65.3508(6) | Ly 11.2707(4) | 6.711 | 40.2
P py 50y | 1/2—=3/2" | 56.63(30) | Li: 13.4185(3) | My 3.1737(17) | 4.077 | 432
“0°pp 52 ky 0'—2" 46(14) | Li: 15.3467(4) | My 3.7041(4) | 4.036 | 307
PPy | 13My |52 =127 | 50.6(5) | L 15.3467(4) | My 3.7041(4) | 4.036 | 353
Np | 396d |572'=7/2 | 124.2(9) | K: 115.6061(16) | Li: 21.7574(3) | 5.587 8.6

P. Filianin et al. J. Phys. G: Nucl. Part. Phys. 41 (2014) 095004




Sterile Neutrino (keV) and Electron Capture

Other condidates in the EC branch:
Q- < 100 keV

e Reasonable halflife

| | EC- | O(keV) B; (keV) "B, (keV) 2 o | OB
Nuelhde | 2| ansition | [22] [23] [23] VAT (keV)
TTe [>2100y | 2 527(16) | K: 304912(3) | Li 4.93923) | 7.833 | 222

ITh 71y | 3/2753/27 | 60.0430) | K: 50.2391(5) | L 83756(5) | 7.124 | 9.76
Ho | 4570y | 7/27—5/27 | 2.555(16) | M 2.0468(5) | Ni 0.4163(5) | 4.151 | 0.51
9Tq 1.82y | 7/27=9/27 | 105.6(4) | K: 65.3508(6) | Ly 11.2707(4) | 6.711 40.2
193py 50y | 1/2—3/27|56.6330) | L 13.4185(3) | My 3.1737(17) | 4.077 | 43.2
“pb 52 ky 0 —2" 46(14) | Ly 15.3467(4) | My 3.7041(4) | 4.036 30.7
“Ppp | 13My |52 —1/2"| 50.6(5) | Li: 15.3467(4) | My 3.7041(4) | 4.036 | 353
“>Np 396d | 5/2"—=7/2 | 124.2(9) | K: 115.6061(16) | L;: 21.7574(3) | 5.587 8.6

P. Filianin et al. J. Phys. G: Nucl. Part. Phys. 41 (2014) 095004




Sterile Neutrino (keV) and Electron Capture

Other condidates in the EC branch:
Q- < 100 keV
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Sterile Neutrino (keV) and Electron Capture

0,01
1E-3 J :
E : —4"/5
i~ z E
- IS?T.b
1E-4 —— "“Ho -
. IMTa :
I"?]Pt
EiﬁNp
]E-s ¥ L LA |

Same statistics + including errors :

10 100
m, (keV)

(6 ¢,;=0) 6Qc=1eV OF; ;=0.1eV.

P. Filianin et al. J. Phys. G: Nucl. Part. Phys. 41 (2014) 095004



Conclusions and outlook

» ECHo is designed to investigate the electron neutrino mass in the sub-eV range:
ECHo-1k: 103 Bq m(v,)<10 eV 90% C.L.
ECHo-1M: 10° Bq m(v,)<1 eV 90% C.L.

» Possibility to investigate the existence of keV sterile neutrinos:
Limited mass range
presence of resonances complicate the analysis

» Other EC candidates could open larger mass range to be tested
3.0 T T T

0,01 5

—— Counts=10"° 1E-3 5

— Counts= 1014

1E-4 5

1E-S bttt} R VN W e
107 10° 10° 10* 1073 ‘ L e
sin2(B)




Thank you!
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Sterile Neutrino and 193Ho

 Amplitude of the line H for only active neutrinos

W = A(QEC - Ey )2 BH¢H2 (O)

e Amplitude of the line H for 3+1 model in case of m_, =0 eV
2
)

* Ratio between amplitudes of two lines in the spectrum for 3+1 model in case of m_, =0 eV
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Sterile neutrino effect on *3Ho spectrum
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