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Massive Neutrinos

Symmetry Magazine, 02/12/13
Illustration by Sandbox Studio, Chicago
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Knowing neutrino mass scale....

Particle Physics

Neutrino mass generation

Astrophysics

Supernova netrinos

Cosmology

Matter distribution
in the Universe




Outline

Observable sensitive to finite neutrino masses

Direct neutrino mass measurements through kinematic approach
Beta decay of 3H and electron capture in ®3Ho

3H-based experiments

163Ho-based experiments

-
Conclusions and outlook 5
Jea
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Cosmology
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Cosmology
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Cosmology

95%CL upper bounds on 2imifor 7 parameters

2006

CMB + conservative LSS :
» Planck 2016 {TT+SIMLow+lensing} + BAO:

>imi < 170 meV (95%CL)
« Planck 2016 {TTTEEE+SIMLow} + BAO:
>imi < 120 meV (95%CL)

0.3

zZ m; (eV)

summed mass

[Planck col.] 1605.02985; Cuesta et al. 2016;
Palanque-Delabrouille et al. 1506.05976;
Vagnozzi et al. 1701.08172,;

PDG “Neutrino Cosmology” [JL & Verde]

o1 o1 1 ... harder to avoid bounds with simple
lightest m, (eV) cosmological model extensions

Lesguorgues Neutrino 2018



Neutrinoless double beta decay

* |f neutrinos are massive

dN
* If neutrinos are Majorana particles d—E

— Two Neutrino Spectrum
= Zero Neutrino Spectrum
40/, i

vanAlidinn

(AZ) > (A, Z+2) + 2e-

n P

.
—-_

Y

Energy sum for the two electrons




Neutrinoless double beta decay

If neutrinos are massive

If neutrinos are Majorana particles

(A, Z) > (A, Z+2) + 2e

If exchange light Majorana neutrino

- Sensitivity to effective Majorana mass

F tCa TZr N&y
- Te
I Cdr
}
Ie E Mo
: W
—~ : Ge[.“?zc
Z 107"t KamLAND-Zen (“*Xe) - Xel
E
107
I NH
107 3
1 I|I|II\I 1 ||||\|II 1 III\II\l 1 IIIIIII_I|I\II|\III‘
0* 10° 10?10 50 100 150
mlightest (eV) A

ov Y
(71/2)

méﬂ = ‘Z Uezl.m(vl. )‘2

2
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Neutrinoless double beta decay

tCa TZr N&y
: I clt
* |If neutrinos are massive e i ¢
g - ,,[%0
* If neutrinos are Majorana particles _ Gli \“’
Z 107"t KamLAND-Zen (“*Xe) - Xel
(A, Z) > (A, Z+2) + 2e z |
1072 3
L NH B
107 3
RN B S Y] B SR Y] B S ST N TIT] el ATATAr A
10t 100 10?7 10" 50 100 150
Myjgpese (€V) A
2
_ m 2
. . , ov Y1 _ [""pp ov|* ~0v
* If exchange light Majorana neutrino (71/2) = ‘MV G
m

- Sensitivity to effective Majorana mass

e
mzﬁ = ‘Z Uezl.m(vl. ){2



Beta decay and electron capture

163 163 *
o Ho—> Dy +v,

e Eoien

‘H> He+e +v,

°1,, =12.3 years (4*108 atoms for 1 Bq) °1,, =4570 years (2*10'! atoms for 1 Bq)
. QB = 18 592.01(7) eV * Q. = (2.833 £0.0305%t + 0.015%5!) keV
E.G. Myers et al., Phys. Rev. Lett. 114 (2015) 013003 S. Eliseev et al., Phys. Rev. Lett. 115 (2015) 062501



Beta decay and electron capture

\

‘H—>'He+e +7, v, ' Ho—'"Dy" +v,
— 163 Ty * (163
fg& 6 DY = DY + E¢

y

Vol
|

R
[

[ | / ,-
N/ 0y 98
\e_ / \e_fif n

. e';\ \ -
aw m
2 w(o-E P 1-—2
dE 0 -EF
°1,, =12.3 years (4*108 atoms for 1 Bq) °1,, =4570 years (2*10'! atoms for 1 Bq)
. QB = 18 592.01(7) eV * Q. = (2.833 £0.0305%t + 0.015%5!) keV
E.G. Myers et al., Phys. Rev. Lett. 114 (2015) 013003 S. Eliseev et al., Phys. Rev. Lett. 115 (2015) 062501



Beta decay and electron capture

Kinematics of beta decay

L

| Current Limits

2 _ 2 2
m (Ve)_Z|Uei m g
* Model independent — o5
* Laboratory experiments @ /
€ ol /
R 3 >
mv,)<2 eV H (1) g
o) .
0 0,03’
8
© 001}
m(v,) <225 eV 18Ho  (2) m :
0003 L_22% CL (1 dof)

1073 001 0.1 |
Lightest neutrino mass (eV)

(1) Ch. Kraus et al., Eur. Phys. J. C 40 (2005) 447
N. Aseev et al., Phys. Rev D 84 (2011) 112003

(2) P. T. Springer, C. L. Bennett, and P. A. Baisden Phys. Rev. A 35 (1987)%79



Beta decay and electron capture

Kinematics of beta decay

| Current Limits

2 2 2
i (Ve): Z|Uei m; = &
l % . Goal for on-going experiments”
* Model independent S
. b . @ 03
Laboratory experiments 2 /
€ o) |
_ 3 >
myv,)<2 eV H (1) T |
% 0,03:
®
© 001}
m(v,) <225 eV 163Ho  (2) 0 :
0003 L 22% CL (1 dof)
10° 001 0.1 1
* Next future 200 meV Lightest neutrino mass (eV)

(1) Ch. Kraus et al., Eur. Phys. J. C 40 (2005) 447
N. Aseev et al., Phys. Rev D 84 (2011) 112003

(2) P. T. Springer, C. L. Bennett, and P. A. Baisden Phys. Rev. A 35 (1987)%79



Beta decay of 3H

‘H> He+e +v,

1'? 10 T T T
[ a)
1 — m(v)=0 eV
— , 8 ——-m(v)=10 eV
3
_._—_E 0= 3
@ s © ’
'E 0.6 _.2
s 2 4 -
o
5 0.4 O
&
2 i
0.2
GI- Ll Ll | 0 1 1 N
O 5 10 15 —2€- 1854 1855 1856 1857 18.58

energy £ LkeVl Energy / keV

Only a small fraction of events
in the last eV below the endpoint:
2 *10°13



3H based experiments

** The Karlsruhe Tritium Neutrino Experiment — KATRIN 2

& g# §

% g

Main ideas: - high activity source 10 e’/s g'%%% z ﬁs‘c
um Newt™™

- high resolution MAC-E filter to select electrons close to the end point

- count electrons as function of retarding potential
- integral spectrum

** Project8

& ,
Main ideas: - Source = detector 10! —10% 3H, molecules /cm? \;“«5*;\ $
O e
- Use cyclotron frequency to extract electron energy ";;. \,
! i

- Differential spectrum



The KATRIN experiment

oT]

C ("2]
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Spectrometer

Iium source
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Diagnostics



The KATRIN experiment: present status

-

=

—
=

=
AR

7 N e 12

e Differential shape .

6 ! 1.0@

555 QBE%

§4 0.6%

g 048

. . . . . 3 g

Validation of high (<1 eV) spectroscopic resolution 3
of KATRIN spectrometer with a gaseous 83™Kr source 2 .

f% f byt
KATRIN collab., JINST 13 P04020 (2018), CE R AR TIA

KATRIN collab., EPJ C 78 368 (2018)

norm. residuals
BN O N B

17816 17820 17824 17828
energy (eV)



The KATRIN experiment: present status

30.06 ]
30.05
30.04
30.03
30.02
30.01 f

00:00 02:00 04:00 0600 0800 10:00 12:00 T R
30.08 T T T T T T T T T T T . ,
LT S OO i Stability of source parameters over 12h g = 2

(K)

Temperature

15.85

15.84
15.83
15.82

Buffer pressure
(mbar)

15.81
15.80 |- E

DT concentration

M. Schlosser, ICHEP 20



The KATRIN experiment: m, measurement

First tritium campaign May/June 2018 x10* ___ KATRIN Tritium Commissioning Hun-19M.av_2*$ i Q

{ Data (Run 40263, 1661 se
J Samak model and uncor, -
10 [y _ §
¢ Commissioning of system with tritium RFTT= %,” 12 Q,S‘c
: L B
(1% of nominal activity) - | o Newis™
 Demonstrate 0.1% global system stability a 6 100
€ L
* Investigate ion generation and retention 2 4 200 50 00 -5 0
e Study beta spectrum for systematic effects |
2
and test analysis strategies
600 a0 20 o0 o0 00 o0 200 o

retarding potential -18575 (Volt)

D. Parno Neutrino 2018

,_
N

_'___,_ t
__

KARLSRUHETRITIUM NEUTRINO EXPERIMENT (KATRIN)




PROJECT 8

antenna array

¢ Enclosed volume filled with

\v‘\:j}\' S ecton > * Add a magnetic field 2>
\»\‘T\“\ Te. i > Decay electrons spiral around field lines
& X R R K X e Add antennas to detect the cyclotron radiation

Cyclotron Radiation Emission Spectroscopy (CRES)

* Non-destructive measurement of electron energy

w, eB @ 1 Tesla w(18 keV) ~ 26 GHz
T T K+am, P(18 keV) = 1.2 fW

B. Monreal & J. Formaggio PRD 80 (2009) 0513013



PROJECT 8

Frequency - 24 GHz (MHz)

antenna array

7 YN 2B * Enclosed volume fill with 23™Kr gas

& &) >
M electron
\‘Io‘\ B S [V AVAVEAV) >B
$ XN R R 5 F

* Waveguide & cryogenic amplifiers
to detect the cyclotron radiation

First observation of cyclotron radiation from single electrons June 2014

Time (ms)

25 N C
=
s 7921~
~N -
% -
20 ot 790 —
— o -
5 ' N
£ g 788~
= g |
15 2 8 sl
[ & 786 —
o] -
3 -
2 784 —
10 £ C
(_:u -
4 782
(7] -
5 780(—
7781
0

PR | I T T | IR PR T PR PR | 1

Time (ms)

Asner et al., PRL 114 (2015) 16501  *



PROJECT 8

antenna array

Xk X A * Enclosed volume fill with 83™Kr gas

M — > * Waveguide & cryogenic amplifiers
O S N to detect the cyclotron radiation
‘1\’ \ ~ VAVAVAV; R

» X R R 5 X

First observation of cyclotron radiation from single electrons June 2014

2 T T T T T T
. 1.4 | Natural line widths: 1.84 &1.4 eV; Observed FWHM 3.3 eV
Separation is 52.8 eV

20 1.2
N 3
é é é 1.0
o o -
z L > 0.8 < =
3 8 S
5 g 2 0.6
§ 10 £ =

© o

g 5 O 0.4
w (7]

5 0.2

30.20 30.25 30.30 30.35 30.40 30.45 30.50
Track Initial Energy [keV]

A. A. Esfahani et al., JPhysG 44 (2017)5 4

Time (ms)



PROJECT 8: schedule

N
Phase | (2010 - 2016) V
Demonstration of the CRES method ‘,\\\\‘%
Conversion electron lines from &™Kr source 3’. N
Phase Il (Present) N e
Spectroscopy of continuous T, spectrum PR PRELIMINARY K
Study of systematics g <
improvement of the energy resolution E '3 N T a0 en® 3 X
Phase Il (near future) T ] o
Large volume system (1 year) E 'Y AtomicT, X107 em” o 2
Phased array antenna 0001 - ——
Sensitivity goal: m(v,) <2 eV 90% C.L. e T R R R

10° 10° 10

Volume x Time x Efficiency (m? yr)

Phase IV (2018 +)
Large scale exp. with atomic *H source for sub-eV sensitivity

Gray Rybka, Neutrino 2018  1°



3H based experiments

T”Q(Z.

X/

s KATRIN - Karlsruhe Tritium Neutrino Experiment

~
Main ideas: - high activity source: 10 e*/s % ’élz
e}‘. it
- high resolution MAC-E filter to select electrons close to the en&bb@"ﬂ’f’c

K,

£
Pertotens

- count electrons as function of retarding potential
- integral spectrum

+* Project8

B
T 11 13 3 3 & &
Main ideas: - Source = detector: 10! —10%3 3H, molecules /cm \v“.“«;\
RO e
- Use cyclotron frequency to extract electron energy ";I. \‘
! N

- Differential spectrum
Future Project
** PTOLEMY - Princeton Tritium Observatory for Light, Early-Universe, Massive-Neutrino Yield
Main ideas: large area tritium source: 100 g atomic 3H

MAC-E Iter methods

RF tracking and time-of-flight systems

cryogenic calorimetry = differential spectrum




163Ho electron capture

163 163 *
163

66 Dy* _>122 Dy + E

Q;. = (2.833 +0.030% + 0.015%*) keV
S. Eliseev et al., Phys. Rev. Lett. 115 (2015) 062501

° 1., =4570 years (2*10'" atoms for 1 Bq)

Atomic de-excitation:
* X-ray emission *’6.0
= Calorimetric measurement 3
* Auger electrons
* Coster-Kronig transitions \5‘0

A. De Rujula and M. Lusignoli, Phys. Lett. 118B (1682)



13Ho calorimetrically measured spectrum

L'y
dW ? o
= A(QEC —Ec )2\/1_ e 2 ZBH¢H2(O) 27 2
dE. (QEC _Ec) H (Ec E, )2 +ri
Ooll J; ol
/I 3000 I I I I

101O
— m(v)=0eV -
108 -—-m(v)=10 eV

= i

Qo

O .6

o 10

S i

C

3 10*

8 i
10° i
OO 1 1 1 1 1 \I 1

0.0 05 1.0 15 20 25 3.0 276 277 2.78 2.79 2.80 2.81

Energy / keV Energy / keV

19



13Ho calorimetrically measured spectrum

Iy
aw 2 m,’ 2 E
= AlQpc —E ) ,|1- 2 > B,y (O 2
dE. ( ) \/ (QEC_EC) ; )(E E )2_|_FH
C H 4
H@\LMES
O"IIO| 100 | | | |

— m(v)=0eV
- m(v)=10 eV EO@

Counts/0.01eV

| | 1 | | \I L
00 05 10 15 20 25 30 276 277 278 279 280 281
Energy / keV Energy / keV

The ECHo Collaboration, EPJ-ST 226 8 (2017) 1623 The Holmes Collaboration Phys. J. C 75 (2015) 112



Sub-eV sensitivity: a possible scenario

Statistics in the end point region fou=10% AEpyyy=2eV
« N, >10% > A=1MBq 10

Unresolved pile-up (f,,~ a - 7,)
*  fou <10°

. 7. <1lpus—>a~108Bq
10° pixels 2 multiplexing

(¢)]
T

N
First phase

Precision characterization of the endpoint region
AEq\yum < 3 €V

m(v,) sensitivity, 90% C.L. /eV

Background level
e <10° events/eV/det/day 0

Statistics

20



163Ho high purity source

Required activity in the detectors: Final experiment = >10°Bqg = >10'7 atoms

> Neutron irradiation
(n,y)-reaction on 1%2Er

High cross-section

Radioactive contaminants Very selective chemical separation
Leads to pure Ho samples

But %¢™Ho is still present...

H@{.MES

Dyl60 Dyl6l Dyl62 Dyl63 Dylé4

i S/2+
18.9

Ibl63
105m EC@

312+

S. Heinitz et al. (2018)
PLoS ONE 13(8): e0200910. o
H. Dorrer et al, Radiochim. Acta 106 (2018) 535 https://doi.org/10.1371/journal.pone.0200910




Mass separation and *3Ho ion-implantation

Post focusing
ion optics

Laser Beams
for lonization

Dipole
Magnet

\/ Implantation
Separator Slit + lon Detection

RISIKO @ Physics Institute, Mainz University

Chemically purified ®3Ho
sample

lon Optics

- Resonant laser ion source efficiency 41%

EC@ - Mass resolution > 700

- Optimization of beam focalization

Sample
Reservoir

lonizer

H%M E S Custumed system under commissioning

F. Schneider et al ., NIM B 376 (2016) 388 -



High energy resolution detectors

Low temperature microcalorimeters

\ N

by /0: E
. f AT =—
Ciot ¢ Co

P

Thermal bath

e Very small volume

* Working temperature below 100 mK
small specific heat
small thermal noise

F. Gatti et al., Physics Letters B 398 (1997) 415

Cryogenic Particle Detection
Springer Topics in Applied Physics 99 ed. C. Ens532005)

* Very sensitive temperature sensor



High energy resolution detectors

Low temperature microcalorimeters H LM E S

Resistance at superconducting transition,TES

7 /,: E
\ - f AT =— R
Ceot ¢ Co 222 /

T

[

o _ Gy T

K.D. Irwin and G.C. Hilton, Topics in Applied Physics 99 (2005) 63

t EC@

Magnetization of paramagnetic material, MMC

Thermal bath

e Very small volume

* Working temperature below 100 mK M
small specific heat

yvY__o —
small thermal noise BT k;T_*,_o

* Very sensitive temperature sensor

=

A.Fleischmann, C. Enss and G. M. Seidel,
Topics in Applied Physics 99 (2005) 63



High energy resolution detectors

Low temperature microcalorimeters

163HO

P

Thermal bath

W1/,

a
j AT

T

e Very small volume

* Working temperature below 100 mK
small specific heat
small thermal noise

* Very sensitive temperature sensor

4

A

H@\LMES

Resistance at superconducting transition,TES

R

Z/Z/Z_>

[

_Cu T
K.D. Irwin and G.C. Hilton, Topics in Applied Physics 99 (2005) 63

t . .
150 |- b) - EC@
**Mn, K, ﬁ
= &EFWHM = 1.58 eV .
~ 100 1 | material, MMC
‘3 Ka
@
(=1
2
3
5 50 - 7] \\
KctE -
T
0 L— : : s and G. M. Seidel,
5.86 5.88 5.90 5.92 sics 99 (2005) 63

enerqy E / keV



Calorimetric spectrum - theory

Intensity a.u.

108

104

102

10°

102

104

2 cg b New approach

Ab inito calculation of the 1©3Ho
electron capture spectrum

-;2
3ds /2
3d4d 4f*?

Calorimetrically measured spectra
1 from other EC unstable nuclides as
193pt, 157Th (LANL group)

3d3d 4f'2

0 500 1000 1500 2000 2500 3000

Energy (eV)

Restricted to bound-states only, i.e. the spectrum is
given by a finite number of resonances

EC

Brass et al., Phys. Rev. C 97 (2018) 054620

= Include decay to the continuum states
- Study the effect of metallic host



Holmes: sensitivity and timeplan

AL 3.5 HOLMES baseline:
2.0 Activity per pixel: 300 Bq (6 x 10*3 163Ho atoms)
Number of detectors: 1000

n
o

Two steps approach:

* Proof of concept (2013 — 2018):
64 channels mid-term prototype
ty= 1 month
2> m(v,)<10eV

N
o

m_ statistical sensitivity 90% CL [eV]

v

—
o

e full scale (starting 2019):
""'1 —- "";'0 1.0 1000 channels,

AE i [€V] ty,= 3 years (3x10%3 events)
2> m(v,)<1leV

=QFC B. Alpert et al, Eur. Phys. J. C (2015) 75:112
A. Nucciotti, Eur. Phys. J. C(2014) 74:3161



Holmes: present status

0 40t

Source production and purification: g’
130 MBq available for tests and experiments / i
20

£ o} wﬁs‘c’ﬂwﬂp’.{g{jm-

ik,

Detector arrays characterization:
very good single pixel performance
operating microwave SQUID multiplexing
next challenge = load TES arrays with 1%3Ho

Dedicated mass separator:
facility installed
tests of the ion source on-going
commissioning on-going

5.88 5.89 5.9 5.91
Energy [keV]

s



ECHo: sensitivity and timeplan

ECHo-1k (2015 —2018)

m(v,) sensitivity, 90% C.L. /eV

12 T 1 I I
——- AE_FWHM=3eV
11} ——- AE_ FWHM=5¢eV
——- AE_FWHM=10eV _
/
N -7
10 /.;///
e
P /’/
274

F_ o--——e————2" 7 .

Pl
——4—————0————“:3/

N S e i
A ~ 300 Bq
t=1y

7 1 1 1 |

1078 107 10° 107°

f pu

m(v,) <10 eV 90% C.L.

Activity per pixel 5 Bg
Number of detectors 60
Readout: parallel two stage SQUID

Supported by DFG Research Unit FOR 2022/1

ECHo-100k (2018 — 2021)

25 T T | 1 1
>
Q
P ——- AE_FWHM=2eV
O 20| ——- AE_FWHM=3eV _ A
§ ——- AE_FWHM=5eV /,
> ——- AE_FWHM=10eV ///
-a //’,
S 15} o -
= - ———@——— /
) e
: F
& |[-e-—-e-— 7
o, F-e———28°7
> 10k e——— A ~ 100 kBqg-
= t=3y
| 1 | 1 |
10® 107  10® 10° 10*
f pu

m(v,) < 1.5 eV 90% C.L.

Activity per pixel 10 Bqg
Number of detectors 12000
Readout: microwave SQUID multiplexing

Supported by DFG Research Unit FOR 2022/2



ECHo-1k array

“ wafer with 64 ECHo-1k chip

rrrrsyyy BN "“"‘"r :
il : Suitable for
”'m” nmzz'. ':me .
ey " oy parallel and multiplexed readout

w, 7
w - ”””I -4 gy, B

gy
= L7777 . L4
7 = P N
4 ey - Miryngy .
ooy 4 F- ”’W.
B L11721pgy ey
Itt000y . LLLLLTTTT
110 t20gy Yittigy llll“".-
LTI TP
L TTTTT

64 pixels which can be loaded with 163Ho
+ 4 detectors for diagnostics

HHHEHHEHEBB’_LHF! .PSE BF"

HHFE‘FENESP‘HHFFFFF_

Design performance:

AEqyum ~ 5 eV

7,~ 90 ns (single channel readout)
T, ~ 300 ns (multiplexed read-out)

S.Kempfetal., J. Low. Temp. Phys. 176 (2014) 426



Calorimetric spectrum

2.047 2.040 13.2 13.7
AEcyum = 7.6 eV @ 6 keV

MIl  1.845 1.836 6.0 7.2
* Non-Linearity < 1% @ 6keV NI  0.420 0.411 5.4 5.3
NIl 0.340 0.333 5.3 8.0
(0] 0.050 0.048 5.0 4.3
First calorimetric measurement
of the Ol-line
I L]
2500 | > 200
% 2000 ~ 100 }
% 1500 | 5 90¢
%) O 0
S 41000 } 0.30 0.40 0.50 0.60
8 Energy E / keV
500 } 1445 MI |
~ o~ - MII
0 — — i i

0.0 0.5 1.0 1.5 2.0
Energy E / keV
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Metallic magnetic calorimeters (MMCs)
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Extremely good energy resolution
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A. Fleischmann et al., AIP Conf. Proc. 1185 (2009) 571
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Transition Edge Sensors (TESs)
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Goal: reaching 1 us

A. Orlando, et al. J Low Temp Phys (2018).
A. Puiu, et al.J Low Temp Phys (2018).
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183Ho Q. determination

O.. =m('"Ho)-m('*Dy) | Qg=(2.833 +0.030°¢ £ 0.015) keV

Penning Trap Mass Spectroscopy
@TRIGA TRAP (Uni-Mainz)

Perfect agreement with Q.. from 1%3Ho spectrum

@SHIPTRAP (GSI — Darmstadt) Qg = (2.858 + 0.010°*' £ 0.05°") keV
V — ﬁ 30 T | [ | I
© m

e AME 2017 *+
Future goal: 1 eV precision o1 l l ¢ ]

PENTATRAP @MPIK, Heidelberg (D) (*)

QEC / keV
N
(0)}

CHIP-TRAP @CMU Mount Pleasant (US) (**)

24 | .

(*) J. Repp et al., Appl. Phys. B 107 (2012) 983
(*) C.Roux et al., Appl. Phys. B 107 (2012) 997 22 4 '

| | |
(**) M. Redshaw et al Nucl.Instrum.Meth. B376 (2016) 302-306 1980 1990 2000 2010 202%0
year




ECHo-1k array and read-out

* ECHo-1k chip implanted at RISIKO Uni-Mainz
- 163Ho activity per pixel o ~ 1.5 Bq (total activity A ~ 100 Bq)
* 4 Front-end chips each with 8 dc-SQUIDs




ECHo-1k experimental set-up
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