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» Direct search for absolute neutrino mass

» The tritium experiments KATRIN and Project 8
* The holmium experiments ECHo and HOLMES
* Conclusions

Christian Weinheimer — University of Miinster

living.knowledge




= " = Universitit
Miinster

m2(v,) = m = ) |Uail? - m2 ()
i

no further assumptions needed

a) Time-of-flight measurements
only eV sensitivity for very far away,
very strong sources, e.g. core-collapse
supernova, e.g. SN1987a

-m,<57eV

b) Kinematics of weak decays,
e.g. tritium (B-), %3Ho (EC)

measure charged decay products,
use E-, p-conservation

Direct neutrino mass search:
complementary to cosmology analyses and 0v[33 searches

Kinematics: no further assumptions are needed,

use EZ = p; + mj - mj

Determine mZ from beta electron spectrum

__dN
'3 :—= K- -F(E,Z)-p-E¢: ' (Eo— Ee) 'Zi'Uei|2'

dE ‘—y—’ ‘ |
phase space: p. E; E,
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EC: Also phase space near endpoint
X Py Ev

deexcitation spectrum, e.g. 163Ho
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e KArlsruhe TRItium Neutrino experiment KATRIN

Miinster

A 101 Bq windowless T, source with an high acceptance & eV-resolution integrating spectrometer

Transport and , Segmented detector and pinch magnet ({3 ‘
Tritium source pumping Main spectrometer detector WO\ T N, 2« S )

Rear wall and

electron gun 4 Qx

AN AR AL
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= yoeraa KArlsruhe TRItium Neutrino experiment KATRIN
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A 101 Bq windowless T, source with an high acceptance & eV-resolution integrating spectrometer

Transport and Segmented
R I and Tritium source pumping Main spectrometer detector _ } Spectrum 1%t campaign
elejcrtv‘(’)a an 8 with 1 o errorbars x 50
ron gun O
’ 4 “‘ ; | Spectrum 2" campaign
- = with 1 o errorbars x 50
o
X =
Ak 3
o " " f f
3@H&‘ ,—_e_-) rrrrrrrr § °
L] © .
3He g
i)
=) Uniform Stat. Stat. and syst.
< 1.2F 0.94 a2 A : o v v v —u—u—
2 L — Knml:-096:0ifev [ KNM1 and KNM2 campaigns: _
o LOE o Kamzro2emiieVt I\ 2 2 - 3 w15 campaign
- - —— Combined: +0.11*33eV — . o U. < .
=k A m*(v) =(0.11 £ 0.33) eV S 50-
2 0.8 - ] mmm 2" campaign
g oef — compatible with zero £ 25 ‘ ‘
Bot g Ml | | |
N 0.4F Frequentist: m, < 0.8 eV (90% CL) ERCLss 141158 1 |
e _f 0 50 100
5 Bayes: m, < 0.7 eV (90% CL) Retarding energy — 18574 (eV)
0.0 [ _16 1
2 (eV?)
s Phys. Rev. Lett. 123 (2019) 221802 ,
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= — e KATRIN data taking and data analysis
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Cumulative electrons in 40€V range

courtesy M. Schldsser

February 2024: Science run KNM12 started and is running smoothly

Data analysis KNM1-5 is being finished, release planned for summer 2024
Statistical (systematical) uncertainty will be about a factor 3 (2.5) better than that of KNM1+KNM2
— sensitivity of KNM1-KNM5 better than m,, < 0.5 eV

KATRIN final data set up to end of 2025: m, < 0.3 eV
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——uwesat Gystematic effects and uncertainties

Molecular final states y Source electric potential Magnetic fields

- quantum-chemical Cuul ' - plasma properties = - source
computations *0"‘0‘! g i - surface conditions - spectrometer
arXiv:2310.12634 O=O JINST 17 P06029 - detector

Detection
efficiency

Nucl. Inst. Meth. A 778 (2015) 40-60

Energy loss by scattering Activity fluctuations = T ] Background
y .- - column density K ' - dependence on retarding potential
.gfﬂ - tritium (T2, DT, HT) - time structure due to trapped electrons

Normalized Raman signal
T
[S)

- concentration o _ JINST 13 (2018) T10004
EPJ C 79 (2019) 204 . Eur. Phys. J. A 44 (2010) 499
EPJ C 81 (2021) 579 SIS AU () A2 R Astropart. Phys. 138 (2022) 102686

Three complementary strategies to include systematics in the fit:

(a) covariance matrix, (b) Monte-Carlo propagation, (c) pull-term method
see PRL 123 (2019) 221802 + detailed analysis PRD 104 (2021) 012005 + Nature Physics 18 (2022) 160
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—-—uww=s«  Improving source-related systematics
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SR T/, =86.2d (EC); 77.6%
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Data of 2020 krypton run at 40% tritium column density used to constrain systematics in 2" campaign Nature Phys. 18 (2022) 160
Since then: New operation mode with stable co-circulation of both T, and 8™Kr at high column density at 80 K

From summer 2021 on: 10 GBq Krypton generator (activity x6) = further reduction of plasma systematics
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KATRIN signal & background impovements

M continuous improvement of signal-to-background ratio
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retarding energy (eV) Shifting the analysis plane towards the detector

reduced background by factor of 2
since KNM4 standard mode
Eur. Phys. J. C 82 (2022) 258
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Other physics channels of KATRIN:
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Minster Search for overdensity of cosmic relic neutrinos
10° - _
e Signature _ I“EGS”: !
C = S N
ok E at KATRIN 3 **°} | | :
- - Solar (nuclear) 3 = [ ' : ]
cl‘m 10°F 3 ?10'10.——ﬁdeca.y, single FSD state : : .
Ig 1005 \ -t T / Reactors ; 8 '_gl::iBe;csaI;,glsiaFnsdgfcfalfseD :‘_2mu_" ]
‘|—> _65 Geoneutrinoslf'_' g 42 1015 -_—CVB, standard FSD ]
= E DSNB =~ 3 | |
X 10_125 ™. Atmospheric ; © 1020f ]
“é 10—18; N R é [
= 102 E . lceCube data 3 6 a 4
2 E Rev. Mod. Phys. 92, 045006 (2020) N (2/017) 3 E-E_(eV)
10%F B 3 0
: Cosmogenic 33, RS PR TP, P PR BT o
qor6 B v 0w ey e e sy e RRRRETT
10°° 10°° 10° 10° 10° 10° 10% 10" 108
Energy E [eV] Majorana: a=1
Results Dirac: a=1/2
by KATRIN
Detection via inverse B-decay on tritium: L
Vo +T - 3He+ 1 e~ Phys. Rev. Lett. R E:m;
129 (2022) 011806 i
- monOenergetlc electron = == KATRIN projected 3-yr sensitivity
10 1 L | !
10 0 0.2 0.4 0.6 0.8 1
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—— W Constraints on light sterile neutrinos

Ve V1
] L] v v
Sterile neutrinos at eV-scale: a 4th state? vi = U'pyns * Vi
Vg V4
0.8

The 4t neutrino mass state v,

...... cosze%(mﬁ)
would manifestin a kink in the beta spectrum

—== sin?63L(m4)

=
o

—— sin209E(my) + cos20 3L (mp)

Active .
branch

I =(1-|Uesl?) g—g(m%) +|Uea > 9 (1m2)

\ )] |\ J
1 I

light neutrino heavy neutrino

Characteristic distortion
of the spectrum

Sterile branch

Isinzé? b
| 1 1 I --I-.--I--.I---“--------I---I'-I

1 1 I 1
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Energy (eV)
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—— W Constraints on light sterile neutrinos

Ve 121
° ° th ? vﬂ ! vz
Sterile neutrinos at eV-scale: a 4" state? v, | = U'pmns * | v,
Vg Vy
. . / LN AJH'I‘F_
The motivation comes from 10° e s 3 :
S . S 5 N : DANSS 95% C.L.
anomalies in short baseline oscillation - ) 3 ] Daya Bay 90% C.L.
[ . A K4 Double Chooz 95% C.L.
accelerator, solar and reactor 1 Tt e R | - PropeaosioCL
. . 10°F S Feu, 3 odoe
neutrino experiments ' e K SRS I Iy o
—~ /c(/// "x‘ *+2 N 1~ 1 ——BEST+GA 9545% CL
KATRIN starts to probe > TR \\\\ N 0Nk socL.
c . Nv:r O, Q ’..’ h . VP % C.L.
very Interesting parameter space, 5 o'f /@Q( ‘9&@ o \\\ \\z: == Mainz 95% CL.
complementary to oscillation searches &7 S KATRIN (KNM1, 7 =0 eV?) 95% CLL.
== == KATRIN (KNM2, m’ =0 eV?) 95% C.L.
2N s KATRIN (KNM 142, > = 0 eV?) 95% C.L.
WL bbb KATRIN projected final sensitivity
C* (m’=0eV?)95% CL.
Phys. Rev Lett. 126, 091803 (2021) o

Phys. Rev. D 105 (2022) 7, 072004 %o
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Minster Expected sensitivities on light sterile neutrinos
Ve Vq
: - . a 4th 2| v | = V2
Sterile neutrinos at eV-scale: a 4" state? v, | = U'pmns * | v,
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| : |
The motivation comes from 109 btk s S FEEEEERR i 2
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i 5\ «]'/ |  Dpanss
accelerator, solar and reactor ['O/‘o ; f@/@ (95% C.L.)
2 - \\\\ —  Prospect
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| 7N </ | — e
KATRIN starts to probe 3 0, f@/@ 1 xaTmN
very interesting parameter space, °§ 10t | O/@C/@‘%‘@\ = _(Kgl\éL)y
complementary to oscillation searches : ——— AT
i S ——=- final
' é e GRS S
10° = C T @\ - gES)T+GA
gf N — %’2@; C.L))
» 1 1 I I 21 x'\ | I BEL1 — (D;e:)t:rino-4
Phys. Rev Lett. 126, 091803 (2021) 10
Phys. Rev. D 105 (2022) 7, 072004 sin(Poual
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—-— e KATRIN: search for sterile neutrinos at keV-scale
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s -3
10774
1 = Exclusion 95% C.L. % Best Fit Mainz 2013
10—4 - === Sensitivity Troitsk 2017 Holzschuh 1999
i —— KNMI1+KNM?2 Troitsk 2013 Hiddemann 1995
T II T T T T LI l] T T T T T l] T T T
: 102 10~ 10°
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1 —— Fit result
—1500 —1250 —1000 —750 —500 —250 0
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Next measurement phase of KATRIN: g/

N

—— ~™ Universitat
————— Mnster dedicated search for sterile keV neutrinos

4th mass eigenstate of neutrino mixed with flavour eigenstates

— BSM particle, dark matter candidate
Successfully tested
Look for the kink in the B-spectrum first prototype module
Target sensitivity of sin20 < 107° at KATRIN’s
monitor spectrometer

— dedicated search for sterile keV neutrinos in 2026/27

requires a new detector & DAQ system “TRISTAN” with

- large count rates
- good energy resolution

— 1000 pixel silicon drift detector (SDD)
with an energy resolution of 300 eV (FWHM)

=AY

— —
-

NIM A 1049 (2023) 168046
NIMA 1025 (2022) 166102
J. Phys. G48 (2020)

courtesy : Susanne Mertens J. Phys. G46 (2019)
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KATRIN** - R&D for the next generation m, search

° . ° 100 3
Goal:  Develop technologies and methods to fully cover inverted mass ordering : KATRIN
based on the KATRIN setup and know-how v,
. . . . . . A%
and which in principle can go down to the lowest possible neutrino masses 1
% 10_1': V3 NeW
100 = : chnologies
£
S Preliminary  Statonly
I 2 //714 c
O P egra/ 10 eV region ? Vs
2 ., dl'ffe, (<l£§] o 1000 days ey
@107 ~—engjy, e lbel : y
© .\..\ P ~_ (FW M§n ............. ‘] CIOS) Vf
; ~ "\-\\H_ U-Zel/ """""""""" T T YV Vv UL |
2 10 e - 10-3 1072 wl0®1 10°
2 Faforime Y men
2. A M, o~ ~—
=10 o Yy Qiffap >~
: oS "2 by MRl ” :
& 3 205 55/e1, — more tritium atoms will help
=
£ = but need
§ .
1073 1619 1620 1621 1022 1023 with ’

number of T atoms (at constant density)

courtesy : Susanne Mertens

and ultimately an “atomic tritium source”
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—He KATRIN** - R&D for the next generation m, search

Miinster

Goal:  Develop technologies and methods to fully cover inverted mass ordering 100'; KATRIN

based on the KATRIN setup and know-how
and which in principle can go down to the lowest possible neutrino masses

@ 10_1':
£

Va
V1

New
chnologies

V3

Three major improvements required:

1. Differential measurements, to avoid = 30 steps to measure B-spectrum : 2 v
— gain of factor = 30 in signal statistics 1072 - )

& and get rid of the main background component (“Rydberg” electrons) v

Vi

by a cryobolometer detector array (challenges: large area, strong magnetic field) o 10 Set® 100
or by time-of-flight (challenge: high efficiency electron tagger) iy ()

2. Improve energy resolution to sub-eV level new quantum detectors required
in principle possible with cryobolometers (but it is the 3rd big challenge)

or by the new idea of a “transverse energy compensator” for MAC-E-Filters

ol Atomic T

3. Atomic tritium source to avoid intrinsic limitation of energy resolution
due to ro-vibrational final states o = 0.4 eV & AE = 1 eV
(atomic tritium source R&D in cooperation with partners)

Relative probability
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= =™ Universitat

Miinster
LA

7
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Cyclotron radiation:

qB

w =

)4 _me +Ekin

Cyclotron Radiation Emission Spectroscopy (CRES)

Phase | & II

15cm

Count rate (arb. units)

Deep-trap frequency - 25 GHz (MHz)

920 915 910 905 900
i i | — a1 b " PR — el A | —" " L
104 = Shallow-trap data
e Shallow-trap fit result /
0.8 Deep-trap data
=== Deep-trap fit result ”
0.6' E
3
83mKr K-32 o
047 conversion line:
instrumental ‘\
021 resolution 1.7 e\{“ v A
.. cnaC “\
S—— ——
17500 17600 17700 17800 17900 18000

Reconstructed kinetic energy (eV)

m, < 155 (152) eV

922

SRy : o
b 1stTritium CRES image -
= oz0f- z = - = 8
N =
= o -
£ o919 s
0] F = 6 >
0 - 2
B 918~ %
5 9175’— = 4 E
g E ——
916 %
= 2
915 =
SRR T IR g s e A o
0 0.5 1 15 2 2.5 3 35 4 45
Time (ma)
5 1St trltlum —— Frequentist intervals
175 + Literature
] H SpeCtrumZUO" *  Best-fit result
1501 ~ 1502
] >
1% ) )
1251 04
: I '
1004 Sl
] —-200%
757 1 Tritum cata prn s po
-- Bayesian best fit End point (eV)
50 1o Bayesian quantiles H po
1 —— Frequentist best fit :
254 e Literature £

1 K E o Bayesian credible interval
] & 1o frequentist confidence interval

H
H

" 16500 17000 17500 18000 18500 19000 19500

In first tritium run using CRES, no background observed:

Reconstructed kinetic energy (eV)

PRL 131, 102502 (2023)
Courtesy: M. Fertl

Project 8: tritium  spectroscopy with CRES

Phase lll:

A future CRES experiment will
require large volumes and an
atomic tritium source

Field-shaping coil

Pinch coil =———>

Solenoid ——>

Halbach array

Cavity

Injection line

Atomic source
(not shown)

l . Magnetic guide

arXiv:2203.07349

Phase IV:

Eventually, Project 8 wants to
build an experiment with
sensitivity 0(40 meV)
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=== umersta EC with 13Ho cryogenic bolometers: ECHo
163Ho + e = 163Dy* + v, = 163Dy + y/e- + v, ECHo-100k baseline: multiplexing to read-out large # MMC

N ‘ | ‘ [ —Lorentzia[n broadening n umber Of deteCtO rS: 1 2000
EP/ C 79 (2019) 1026

— Mahan broadening _|

il activity per pixel: 10 Bg (2 x 1012 163Ho atoms)

Counts/5 eV

Present status:

High Purity 1¢3Ho source: available about 30 MBq

0.0 0.5 1.0 15 2.0 25 3.0
Energy/keV

lon implantation system: demonstrated, continuously optimized

ECHo: metallic magnetic calorimeters (MMCQ): Metallic magnetic calorimeters:

succesfull characterization of arrays with 1©3Ho

ECHo-1k phase:

e More than 1081%3Ho events have been acquired within the
sensitivity m(v,) < 20 eV

ECHo-1k phase:
—> a new neutrino mass limit = 20 eV is on the way

Important steps towards ECHo-100k have been demonstrated:

I data pixel 17 NEG
—— fit: Erwnm = 2.92 £ 0.04 eV

-illml S B NS S =S B -eu-_

= new ECHo-100k arra
10 om T e e : : !
s implantation of wafer scale
ECHo-100k phase:« - multiplexed readout
expected sensitivity: m(v,) = 1.5 eV

courtesy: Loredana Gastaldo

Qennergy l—;Oer:/n
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read-out: frequency multiplexing

m, statistical sensitivity 90% CL [eV]

20

64 channels

AE =3 eV
T, = 2 us

1Bq/TES

10

3Bq/ TES

- E(m,)ecy

1/N,,
5L RN
1 2 3 5 10 20 30
measuring time [month]
2 0 D | d
- fi
1 \‘ /=
T =
)
N

EC with 13Ho cryogenic bolometers: HOLMES

HOLMES: superconducting transition edge sensors (TES)
163Ho being implanted in gold absorber

Pmux
readout 2

e

4K

— 1nn NIST

0.6K
RF in — 3=
50mK
RF out «— 2
10mK
readout 4
N1
e lAt ~ 16 h
M1
First 1©3Ho spectrum
>
(] 1 2
o 0 N2 M2
E o1
o
O
101
10° |A| II |
0 500 1000 . 1500 2000 2500 3000 courtesy: A /VUCCiOtﬁ
nergy [eV]
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« KATRIN reached sub-eV sensitivity and has much more data, next data release planned for sommer,
Up to the end of 2025, KATRIN will have collected data fora m, < 0.3 eV sensitivity.

 From 2026 on, KATRIN will search for keV sterile neutrinos (with TRISTAN detector)

« R&D is starting for KATRIN*+ with the goal to cover completely the inverted mass ordering
using KATRIN as an R&D platform
3 major steps: differential detection, better energy resolution, atomic tritium source

« Project 8 (CRES-technology, similar QTNM) is opening a new road towards sub-eV neutrino mass sensitivity with
tritium

« Cryo-bolometers with '63Ho (ECHo, HOLMES) are both running experiments
Near (far) goals is to reach stepwise a (sub)eV-sensitivity with large arrays of multiplexed pixels

« Direct neutrino mass search with tritium at the extreme: towards CvB, R&D with PTOLEMY for the (very far) future
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