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Neutrinos in the Standard Model &(IT

» Neutrinos are the only electrically neutral fermions
* Neutrinos participate only in the weak interaction
* Neutrinos are massless in the Standard Model ...
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http://globalfit.astroparticles.es

Motivation: Why measure the neutrino mass? ﬂ(".

* Neutrino oscillations: Measure leptonic mixing matrix and squared-mass pattern

» Absolute neutrino mass not accessible through oscillations, but bears important relevance:

Massive neutrinos as Massive neutrinos as “misfits” Massive neutrinos as key to
“cosmic architects” of the Standard Model astrophysical processes
336 v/icm? in the Universe today New mass-generating mechanism? e.g., v as probes of fusion in the sun
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Three paths to the neutrino mass scale

Cosmology

Method: Evolution of structures
from the early Universe to today

odfGalaxy el
Redshift Survey ™=,

Interpretation within
NACDM cosmological paradigm

AT

Karlsruhe Institute of Technology

Nuclear/particle physics Nuclear/particle physics

Method: Search for neutrinoless
double beta decay

Method: Kinematics of weak decays

KATRIN,
Project 8,
QTNM, ...

KémllAl;(D[Zén

-
0%

Only relies on energy & momentum

Assume Majorana nature of v conservation

Only the kinematic method is independent of fundamental model assumptions.
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Three paths to the neutrino mass scale A“(IT

Karlsruhe Institute of Technology

Cosmology Nuclear/particle physics

Nuclear/particle physics
Sum of neutrino masses

Effective Majorana neutrino mass
M, = Zz m;

m%ﬁ = ‘Zz’ UeZimi‘z

Effective electron neutrino mass

mﬂ = Z |U62‘2

1.00 KATRIN 2022 90% CL
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The three methods probe different v-mass observables
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Neutrino mass from 3-decay kinematics A\‘(IT

dE
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electron energy E in eV

similar for

2, Ul \/EO_ > electron capture

Modern twist: mass eigenstates m,; and neutrino mixing matrix U

Key requirements:

» Strong B-decaying source
v Tritium: E; = 18.6 keV, T,, =123 yr
(4x108 atoms for 1 BQq)
v 18Ho: E,=28keV, T,,=4570yr
(2x101" atoms for 1 Bq)
« Excellent energy resolution
* Low background
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Experimental approaches

Spectroscopy method

integral: counting above threshold '\._\/
— electrostatic filter (MAC-E) (oo I
differential: frequency measurement .
— microwave detection (CRES) E———

differential: calorimetric measurement
— low-temp. sensors (MMC, TES)

AT

Karlsruhe Institute of Technology

Source technology

tritium: gaseous molecular (T2)
tritium: gaseous atomic (T)
tritium: surface-bound, quasi-atomic (T)

holmium: implanted

Combinations in varying states of development; offer complementing systematic uncertainties.
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Development and status of the field A“(IT
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The Karlsruhe Tritium Neutrino Experiment

katrin.kit.edu

» Experimental site: Karlsruhe Institute of Technology (KIT)
 International collaboration with ~150 members

« Technology: gaseous molecular tritium source
with electrostatic spectrometer (MAC-E filter)

» Target sensitivity: < 0.3 eV (90% CL)
(1000 days of measurement time)
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Working principle of KATRIN ﬂ(".

Overall: 70 m long beamline

Transport and Segmented

Tritium source pumping Main spectrometer detector
Rear wall and

electron gun q‘ 4

T, out

Caa eie e —
% CARAOLIK
ar s polf ol E
i“ D N
H

s ©
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* Guide electrons, Electron energy filter (MAC-E): Electron
*He circulate tritium in « Precision high-voltage (ppm level) counter
closed loop o Magnetic fields (0.1 mT — few T)

100 billion B-decays

: « Ultra-high vacuum (10-11 mbar in
per secon

1240 m3 recipient)
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Molecular final states Energy scale Magnetic fields
quantum-chemical - spectrometer potential - source
computations - source plasma - spectrometer
- surface conditions - detector
QuuO |
o0 Detection
efficiency
Energy loss by scattering Activity fluctuations _:: I E Background

y O sad
/. ﬁ O So——7 - tritium b
& ' . & @ concentration e b
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AT

Ingredients of precision v-mass measurement

Fit model is informed by theoretical and experimental inputs, with all key systematic
uncertainties determined by dedicated measurements.

- energy dependence

i - time structure due . (i
to trapped electrons

- column density

ormar(zes Raman signal
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Analysis methods

Fit of theoretical model:

r(qu) (cps)

18550 18560 18570 18580
qu (eV)

E,

AT
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(qU) x A e [ D(E;mZ, E)) « R(qU,E) dE + B

D(E) (cps eV™1)

qU

Fermi theory
+ molecular excitations

18570 18571 18572 18573 18574 18575
E (eV)

R(qU, E)

Spectrometer transmission
+ energy loss in the source

0 20 40 60 80
E-qU (eV)

e Free parameters: mf + O(10-100) nuisance parameters (most constrained via calibrations)

« Blind analysis: 1. independent teams, 2. “simulated twin” data sets, 3. model blinding

* Frequentist and Bayesian inference

12
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Neutrino-mass results from initial data

Count rate (cps)

Residuals (o)

Time (h)

101 4

100-

Spectrum 15 campaign
with 1o errorbars x 50

Spectrum 2"9 campaign
with 1o errorbars x 50

e

b’ . .
0.0 *% s :
—-2.51 Uniform Stat. Stat. and syst.
1c) st i
50- B 1% campaign
s 2" campaign
>l |
0— T T T
0 50 100

Retarding energy — 18574 (eV)
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PRL 123 (2019) 221802
1st campaign:

PHysicar |
REviEw
LETTERS [

* 522 hours (2 million electrons)
« Bestfitt m. = (—1.0f?:?) eV?

v

o Limit: m, < 1.1 eV (90% CL)

1st + 2nd campaign:

* 1266 hours (6.3 million electrons)

« Combined result: m? = (0.1 40.3) eV?

« Combined limit:  m, < 0.8 eV (90% CL)

Uncertainties strongly dominated by statistics.
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Systematic uncertainties (2nd campaign)

Poisson statistics
Bg overdispersion

Bg penning trap
Plasma

Bg qU dependence
Magnetic fields
Gas density
Molecular states
Rate fluctuations
Energy loss

0.00

AT

Karlsruhe Institute of Technology

0.111

0.074
0.066

0.013
0.012
0.011

0.004

0.290

Fully mitigated in
subsequent campaigns

Significantly reduced by
dedicated measurements

New theor. assessment

0.05 0.10

0.15

1 1 I 1
0.20 0.25 0.30

1o uncertainty on m2 (eVv?)

Here: status for initial data-taking. Substantial improvements from 3rd campaign on.

14
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Tritium-based neutrino-mass measurements A“(IT
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15 [Nat. Phys. 18 (2022) 160]

~100
Best fit m2 (eV?)

oA

Karlsruhe Institute of Technology

Instrument development
+ dedicated systematics experiments
+ theoretical model

Scale-up & further development
of MAC-E technique
with gaseous source

KATRIN (2022): first direct neutrino-mass
measurement to reach sub-eV sensitivity

Combined limit: m, < 0.8 eV (90% CL)
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Cumulative electrons in 40 eV range

Progress of data-taking and analysis

AT

Karlsruhe Institute of Technology
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Preview: Upcoming release

New data & analysis with many improvements, e.g.:

Background reduction by ~50% through Tritium source operated at high throughput
fiducialization: “shifted analyzing plane” and at elevated temperature (30K — 80K)
new co-circulation mode of 83mKr as powerful probe of

electric potential variation in source

smaller flux-tube volume => A. Marsteller et al., JINST 17 (2022) P12010

imaged onto detector 10~
=> A. Lokhov et aI., 0.0 X”’w__:___gg_____g___;g |
EPJ C 82 (2022) 258 7// 0 71 — - | Dedicated assay of
051 [ 4 = || molecular final-states
T I -t ey - | uncertainty (ab-initio
£ // M/ 1| calc. & simulation)
imi -ti ictri i S 7 8 9 10
Optlmlzed. scan-time distribution of 151 L parent consistent, daughter consistent | replaces conservative estimate
HV Set pOIntS / parent consistent, daughter KNM1 based on gaUSSian apprOX.
—2.01 -<#- parent KNM1, daughter consistent 3 . .
sél —+- parent KNM1, daughter KNM1 > S SChneldeWIHd et al"
EPJ C 84 (2024) 494

Penning-trap background eliminated by —————1
operating pre-spectrometer at low voltage convergence parameter O
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Preview: Upcoming release

AT

Karlsruhe Institute of Technology

Analysis of first 5 campaigns (statistics x 6, improved systematics and lower background)

Rate per pixel (cps)
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Going beyond KATRIN ﬂ(".

100 » KATRIN reach by 2025: < 0.3 eV (90% CL)
— KATRIN Distinguish between degenerate and
y Vz\ hierarchical neutrino mass scenarios
A7
—_— v N
E 107" technologiGeV;
E bEemm———— e
1072 E

1073 1072 1071 10°
m; (eV)

19 K. Valerius | Neutrino mass measurements



Going beyond KATRIN

10°
o KATRIN
v v,\
[ 'Vl
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AT

Karlsruhe Institute of Technology

» KATRIN reach by 2025: < 0.3 eV (90% CL)
Distinguish between degenerate and
hierarchical neutrino mass scenarios

= New technologies: < 0.05 eV
to cover inverted ordering

Going beyond KATRIN requires:

= New source concepts
(molecular > atomic tritium)

= New detector technologies
(differential, high-resolution measurement)

K. Valerius | Neutrino mass measurements
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Going beyond KATRIN

m sensitivity (eV) at 90% CL
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number of T atoms (at constant density)

KATRIN now:

AT

Karlsruhe Institute of Technology

integral, AE = 2.7 eV, bg = 0.1 cps

v Better use of statistics

v Lower background

Atomic tritium

v Avoid broadening
(~1eV)

v Avoid final-state
systematics of T,

Relative probability

ol AtomicT

@M
\n ‘ ‘/ \l
L | \
L
/|
1 1 1 | 1
10 -8 -6 -4 -2 0 2

T T T T T T

Relative Extrapolated Endpoint (eV)
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Sensitivity beyond KATRIN

Sensitivity on m, at 90% CL (eV)

0.2 A

0.1

0.06 -

integral, AE = 2.7 eV, bg = 0.1 cps
%
i molecular tritium
+ X x x X
+
+ . ..
atomic tritium
+
+
Preliminary S.Heyns *
200 100 050 0.30 010 005 0.01
Detector Resolution in Sigma AE, (eV)
4.710 2355 1.1770.706 0235 0118 0.024

Detector Resolution AErwnm (€V)

AT

Karlsruhe Institute of Technology

Differential measurement
» stat. uncertainty only: 30 eV range,1000 days
« tritium density ~KATRIN now, background-free

Started R&D programme towards KATRIN++

 atomic tritium source: cooperation with Project 8
(Mainz group) =» seed funding for test setup at
Tritium Laboratory Karlsruhe

« differential measurement: pursuing two options

« time-of flight via electron tagging
=» concept studies ongoing

* micro-calorimeter array (TES, MMC, ...)
=» test setup for detection of external
electrons, concept studies of electron transport

K. Valerius | Neutrino mass measurements
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ST

Experimental technique: frequency measurement =5.2%2%

Working principle: Cyclotron radiation emission spectroscopy (CRES)
Idea: B. Monreal and J. Formaggio, Phys. Rev. D 80 (2009) 429

e » [(B-electrons immersed in B-field emit EM radiation
A /A v SRV  Frequency encodes kinetic energy:
- 1 eB
B 2 f=

2T Me @cz

» For Exin=Qg=18.6keVand B=1T:
microwave radiation f=27 GHz, A~ 1 cm

« Radiation collected with antenna, waveguide,
or resonant cavity

K. Valerius | Neutrino mass measurements



The Project 8 experiment

Proof CRES concept:
v differential measurement with eV resolution

v “source = detector”, magnetic electron trap
PRL 114 (2015) 1162501; J. Phys. G 44 (2017) 05400

792 — A
N
I 790
= ()
N 788 -9
5 =
786
< )
) 5
1 784
] :
782
()
s )
o)
e 780 mid
L
778 —
Time (ms) ¥

‘ ./._.}l ""| | ) Paclﬂc I
BERKELEY LAB NAONRL

INDIA\!\ UNIVERSITY CASE

............ “(IT WESTERN
T iiiiNois A\ w.assz

First frequency-based v-mass limit:
v m(v) <155 eV (90% ClI)
¥ no background observed above endpoint
A. Ashtari et al. (Project 8 Coll.), PRL 131 (2023) 102502

—— Frequentist intervals

175 _: I + Literature

2009 .  Best-fit result

150 ” —~ 1502
1 >
] . )
125 ] N§ 0
(%) ] _ 2 |
£ 1007 150
R ~2002+
O ]
754
1 Triti dat: T T
i i B 18500 18600
] ---- Bayesian best fit End point (eV)
507 10 Bayesian quantiles P
§ —— Frequentist best fit I i
254 - Literature £y

Phasell

1 K Eo 1o Bayesian credible interval
04 H Elofrequentist confidence interval

16500 17000 17500 18000 18500 19000 19500
Reconstructed kinetic energy (eV)
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The Project 8 experiment '

ME-gun
Phase Il Major technology developments:

Cavity

» Large-volume (~10 m3 scale) cavity for CRES detection
=» resonance enhancement of electron signal

Multipole magnet
atom trap

» High-intensity source of cold atomic tritium

« Magneto-gravitational trap for tritium atoms

Cavity
termination

s Credit: L. Thorne Credit: A. Lindman
.

Solenoid magnet:
/ CRES field

4

‘/
"«#
« 7

—

’(ﬁ _

. Signal
Atoms / molecules in \_/A Readout

Mainz Atomic Test Stand (MATS) ‘ =

from Sebastian Boser & Martin Fertl K. Valerius | Neutrino mass measurements
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The Project 8 experiment

Phase Ill Sensitivity projection, 1-yr data:
200 meV for molecular source,
100 meV) for atomic) source

= R 7 cami I { i 7
B ﬁ - ’
1 | ok b’
— 1% 7
’

N : =3 . h;‘\‘*.
avity prototype and electron source

evelopment of c

~2030: Compatibility of CRES
and atom trapping demonstrated

2030s: First atomic tritium
neutrino-mass extraction

e e

Phase IV Ultimate goal: Cover inverted mass

ordering at 40 meV sensitivity
Snowmass paper, arXiv:2203.07349

Phase IV
= 10x Phase Il

C-pe

from Sebastian Boser & Martin Fertl

uysnH ‘| -1paId
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QTNM: Quantum Technologies for Neutrino Mass

Recent effort, addressing key challenges of CRES:

UNIVERSITY OF Swansea University

° Very small radiated powers ~ fw CAMBRIDGE Prifysgol Abertawe
* Need to observe ~1020 tritium atoms for ~year NPL QY Queen Mary
« Magnetic and electric fields seen by electron need to A

be constrained at extreme precision SOOI  VARWICK
Leverage quantum technologies: Storage ring concept instead of atom trap:

* Quantum-noise-limited microwave sensors LA L —,
for high-res & high efficiency CRES '

3)

» Magnetic field mapping (< 1 uT absolute ~
precision, ~1 mm spatial resolution) using

Rydberg states as quantum sensors

- Atom confinement avoiding
trap-loading losses

- Multiple CRES modules
along single storage ring?

from Ruben Saakyan & Seb Jones K. Valerius | Neutrino mass measurements



QTNM: Quantum Technologies for Neutrino Mass OTNM

. . - Quantum Technologies for
S Seee” Ve Neutrino Mass

CRES Demonstrator Apparatus (CRESDA)
Phased approach: CRESDAO — CRESDA Tritium — 100 meV — 50 meV — O(10 meV)

H/D/T atom supersonic beam Production & confinement
discharge source (30 K)

at density O(1012 cm-3)

- 2021-2025:
Basic technology demonstration

- Beyond 2025:
Tritium demonstrations at Culham

Magnetic o
state selector In]ec_non
region

—  NAREEN

Ring
characterisation

\Y - 2030-2040: Neutrino mass experiment
i at Culham or similar facility
1]
/4

characterisation

Test with H/D first,

180° permanent magnet Sy
but concept T-ready

hexapole guide
CRES region (66 Halbach arrays)

from Ruben Saakyan & Seb Jones
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Experimental technique:

micro-calorimetry with holmium

AT

Karlsruhe Institute of Technology

Working principle: Low-temperature calorimetry with 183Ho embedded in absorber

Idea: A. De Rujula and M. Lusignoli, Phys. Lett. B 118 (1982) 429

X-ray photons

IC

Hol60
zséa m

EC

29

Counts/0.01eV

10 L 1 1 1
00 05 10 15 20

163Ho — 163Dy* + v_

25 30
Energy / keV

ECHo:

Counts /0.1 eV

800

600

N
[=}
o

200

EPJ-ST 226 (2017) 1623

— m(v,)= 0 eVic?
——- m(v,)= 2 eVic®
—=-m(vy)=5 eV/c?

0
2.826 2.828

2.830
Energy / keV

2.832 2.834

HOLMES: Eur. Phys. ). C75 (2015) 112
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HEIDELBERG \\ S
NEUTRONS_
s ”R" FOR SCIENCE 7

The ECHo experiment ? s JeHo)

iy
%19

Detector technology: Metallic Magnetic Calorimeters (MMC)
[Fleischmann, Enss, Seidel 2005; Fleischmann et al. 2009; Gastaldo et al. 2013]; activity goal ~few Bq per pixel

10° C. Velte et al., EPJ C 79 (2019) 1026
T

— Lorentzian broadening
e ADsOTbET tOp

1 04 = Mahan broadening
Ho implanted area > 3 — Experiment
> S Absorber bottom [} 10 i
. S AU:Er sensor Z;
2] 2
2 107 F 4
=
[=]
o 1

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Energy [keV]
ECHo-1k phase (data analysis ongoing): fe8

w— Ho in Ag set-up

e present upper limit: m(ve) < 150 eV (95% CL) —— lta satistis”
e expected sensitivity: m(ve) ~ 20 eV

~108 events collected
ongoing studies:

- detector response

- theoretical spectrum

cumulative statistics
N w

ECHo-100k phase (started):
e expected sensitivity: m(ve) ~ 1.5 eV

o

P P A D R
W@ W @
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The ECHo experiment

ECHo-100k baseline: multiplexing to read out large number of MMCs
e Detector array of ~12000 pixels with activity of 10 Bq each

Current status:

e High Purity 63Ho source:
~30 MBq available, wafer-scale ion implantation demonstrated

e Metallic magnetic calorimeters:
reliable fabrication, successful characterization with 163Ho

e Multiplexing and data acquisition:
demonstrated for 8 channels, further scaling still to show

Timeline:
o Complete detector fabrication in 2024
o Start of data-taking in 2025 =» data collection and analysis 2026-27

from Loredana Gastaldo

ecD

6” wafer for ECHo-100k
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. inen HMLMES
The HOLMES experlment - oL scheeae nstimor % DEGLI STUDI

RSP R
Technology: Mo/Cu bilayer Transition Edge Sensors (TES) NIST 4

neureons, BIGOGE

[J. Low Temp. Phys. 184 (2016) 492], activity ~few 100 Bq per pixel FOR SCIENCE”

UNIVERS]

== ONVIIN

Current phase: 2x32 pixel array
 Low-activity implantation (~0.5 Bq)
* First holmium spectra measured
 Detector characterization

* Sensitivity m(ve) ~ 10 eV expected

Custom implanter at Genova:
multi-spot vs single spot irradiation

Array readout: microwave
SQUID multiplexing

32 from Matteo Borghesi K. Valerius | Neutrino mass measurements



The HOLMES experi

Technology: Mo/Cu bilayer Transi
[J. Low Temp. Phys. 184 (2016) 492

run without calibration source

H@{.MES

ment

tion Edge Sensors (TES)
|, activity ~few 100 Bq per pixel

Current phase: 2x32 pixel array

N1
103

M1

-
(e}
N

Counts /5 eV

10!

100

AEFWHJ\[ ~T7eV
LAt ~ 16 h  Low-activity implantation (~0.5 Bq)

 First holmium spectra measured

» Detector characterization
* Sensitivity m(ve) ~ 10 eV expected

Future phase: 1000 pixel array

 Adjust pixel activity based on
‘ J detector performance with 163Ho
il |

0 500 1000 1500 2000
Energy [eV]

2500 3000 * Sensitivity m(ve) ~ 1.5 eV expected

=» Explore potential for holmium-based sens. m(ve) ~ 0.1 eV
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|
Take-aways Stay uned

« Massive neutrinos represent physics beyond the Standard Model

« Kinematic measurements are a direct, model-agnostic way to determine the
absolute neutrino mass scale

* Current lead: KATRIN with integral MAC-E spectrometer and molecular tritium
— Initial data: m(v) < 0.8 eV, target sensitivity better than 0.3 eV
— R&D towards KATRIN++ has started

« Cyclotron resonance emission spectroscopy (differential): Project 8 & QTNM
— First neutrino mass limit: m(v) < 150 eV (Project 8)
— Next step: scaling up large-volume trap, develop atomic tritium source

« Low-temperature detectors for 1¢3Ho (differential): ECHO & HOLMES

— First neutrino mass limit: m(v) < 150 eV (ECHo), m(v) < 10 eV is in reach
— Next step: scaling up to high activity and large number of detectors
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Many thanks to:

* The ECHo Collaboration

« The HOLMES Collaboration
» The KATRIN Collaboration
* The Project 8 Collaboration

« The QTNM Collaboration

Stay tuﬂed‘.
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