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Outline

* A primer on neutrinos
* Neutrino mass measurement methods
 The Project 8 experiment
* Overview
 R&D progress towards full-scale experiment
o Special focus: development efforts at Mainz

 Summary
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Neutrino primer

* Neutrinos are Standard Model particles
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Neutrino primer

PMNS mixing
| | matrix
* Neutrinos are Standard Model particles ,[
* |nteresting properties:
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Neutrino primer

* Neutrinos are Standard Model particles

* |nteresting properties: |
Eigenstate v,

1. Oscillation =

| Eigenvalue m;,
2. Mass ordering
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Neutrino primer

* Neutrinos are Standard Model particles

* Interesting properties: normal hierarchy (NH) inverted hierarchy (IH)
. " mg m2
1. Oscillation I — Z s
Amzol
. ”
2. Mass ordering A2
ATn?Ltnl
)
Am?Z | |
2 Z
s Vy Vr
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Neutrino primer

* Neutrinos are Standard Model particles
* |nteresting properties:

1. Oscillation

2. Mass ordering

3. Lepton number conservation
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Neutrino primer

* Neutrinos are Standard Model particles

o |nteresting properties: normal hierarchy (NH) inverted hierarchy (IH)
m? m”

1. Oscillation Aviy

] A’/Tz,ﬁtm -
2. Mass ordering AmZ,,

| I
Am?2

3. Lepton number conservation I

4. Absolute mass scale
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Neutrino primer

Neutrinos are Standard Model particles
* |nteresting properties:
1. Oscillation
Mass ordering
Lepton humber conservation

. Absolute mass scale

SN SIS

... Steriles? Interaction cross-section? Mass mechanism? Influence on
large-scale structure of the universe”? New astronomy tool? Etc...
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Neutrino mass measurement methods

1. Cosmic microwave background
Supernove time-of-flight

Neutrino-less double beta decay

L DN

Single beta decay
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Neutrino mass measurement methods

e e

1. Cosmic microwave background
Supernove time-of-flight

Neutrino-less double beta decay

L DN

Single beta decay

count rate (arbitrary units)

E (keV)
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Neutrino mass measurement using Tritium
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count rate (arbitrary units)
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Neutrino mass: current status?

* No measurement yet — set upper limit

e Current limits:

. Cosmology (DESI + Planck): 2 m; < 0.13eV (0.16eV) for NH (IH)

- Neutrino-less double beta decay (Kamland-Zen): mg; < 28 — 122 meV

» Single beta decay (KATRIN): m; < 0.45 eV

Full 1000-day
dataset collected, as of last

week!
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.111.083518
https://arxiv.org/pdf/2406.11438
https://www.science.org/doi/10.1126/science.adq9592

What if it’s not enough?
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Next generation experiment: Project 8

10*
Other experiments cannot
separate curves

* (Goal neutrino mass sensitivity:
my < 0.04 eV @ 90% C.L.

Mainz, Troitsk—w

Mass of v, (meV)
"
|
I
I
I
|
|
I
I
I
I
|
I
I
I
|
L
&)
|
I

KATRIN (First results) —”

e Differential measurement of electror
energies using Cyclotron Radiation -
Emission Spectroscopy (CRES) eSS S s _Project 8 with T

v — Project 8 with T

 Beta decay source is atomic tritium - Normal Ordering
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Next generation experiment: Project 8

grad-B A
motion
cyclotron
motion
* axial
motion
|
01T :
r I gb
CVC — —~ __Bm - ‘ M F |
2 m, + Efc? !
1 GHz
18.6 keV
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Next generation experiment: Project 8
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Next generation experiment: Project 8

—— Frequentist intervals
1754 B , +  Literature
E 1 T T 200%4 4 Bestfit result
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Next generation experiment: Project 8

175_5 .  Frequentiot mervats * First detection of single 83MKy electrons
1| ,| * |Literature using CRES: PhysRevl ett.114.162501
. | 200 *  Best fit result
150_‘ “\ .JL Q 150% - . . iy
AN N d o First results with tritium (T»):
125~ A PhysRevLett.131.102502
£ 100- I ~ 1507
> { ~2007- . my < 155 eV (152 eV)
° 75_; f  Tritium data ' '
1 ---- Bayesian best fit 18500 . 18600 . <L 3 10—1()
50 - 1 Bayesian quantiles { Endpoint (eV) « Backgroundrate: < 5 X cps/eV
—— Frequentist best fit I ‘ H
O e e : + Resolution: 54.3 eV FWHM
1 K Ep 1o Bayesian credible interval
04 H £ lofrequentist confidence interval

+ Effective volume: 1.20 £ 0.09 mm3 eV
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Reconstructed kinetic energy (eV)
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.102502
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Path to full-scale experiment

Largest sensitivity gains:

Multipole Magnet
Multipole Magnet

e Molecular — atomic tritium

Low Field

 Scale up CRES volume

‘:)
R

Hot atoms

evaporate as ~—

Quadrupole
Quadrupole

confining field drops Y
Signal
Readout

Cracker Accommodator Nozzle

2500 K 160 K 10K

Ay
o/ecu/a F tritium

recirculation and supply Magnetic Multipole Cooler & Slower
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1. Atomic source preparation

10

Probability (arb.)

Atomic T
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1. Atomic source preparation
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1. Atomic source preparation

10

Key performance parameters:

Density: 1e17 tritons/mA3

Temperature: ~1mK

Probability (arb.)

Purity: 1e-4 molecular contamination

Atomic T
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1. Atomic source preparation (Mainz)

Mass spectrometry:

m/z = 1 Signal at 16.5 [eV] and 0.002 [sccm] of Hydrogen

= 1 ® Meanm/z =1 readings 1600
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1. Atomic source preparation (Mainz)

J

» Surface cooling concept g [ ¢

* Challenge: recombination

L 4 1
Credit Formaggio 202 |

Credit: F. Piermaier

» Surface cooling at recombination
minimum (~150K):

y (RECOMBINATION PROBABILITY PER BOUNCE)
o, o) 50..

] ' ) | | | ] 1 1 i 0
280 240 200 160 20 80

» Estimated LN2 cooling needed
(C O M SO L) Angular Distribution of Particles
SN —— Fitted Tschersich Distribution | [
. i il N I Simulated Data

* First prototype ready for tests 2ol B

§ 0.04 \ Vo
. . g‘c-w« \\\ ' /P t #I

« Model gas dynamics with Sparta ... \ e

o AL
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2. Detection scheme

Solenoid: CRES field

Halbach / loffe: Planned final-
/ atom trap phase cavity:

¥ Cavity walls
4dm
N

Cavity termination

electron trap

ANVANS

", | T _p “Lossless”
" superconducting
transfer to quantum
amplifier

Tritium atoms

Field from pinch coils >
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2. Detection scheme

o “Cavity CRES Apparatus” (CCA) to demonstrate
feasibility of design on electron data

' gas inlet

 Pumpdown in progress! cavity and
electron trap

electron gun

amplifiers
(4 K)

Not pictured: MRl magnet
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2. Detection scheme: future

1000 Phase IV: 10 copies of “Filot”
@ Sensitivityto mg=0.04 eV

Phase |l final: " Pilot”

®_ Sensitivitytomg=0.1 eV
—
™
é 1 Phase lll mid-scale: -
O Low-Frequency Apparatus (LFA) % Atomic tritium
c ® YrLFAwith Li beam, then source and
LFA+ with atomic Tbeam cooling
- I development
— Sensitivity to
g mg=0.2-0.4 eV
0.001
Phase ||
Limit set:
me<152 eV
n
Phase lll precision: .
*Cavity CRES Apparatus (CCA)

0.5 2.0

1.0 15
Energy resolution FWHM (eV)

Larisa Thorne (Johannes Gutenberg University Mainz) PSI colloquium (2025-10-30) 34



—200 -100 0
1 1 1

Summary PPN pu—

Tokyo (1991)

Zurich (1992) - : @

Mainz (1993) -
o State of neutrino mass physics Boing (1963) -

Livermore (1995) -

Troitsk (1995) HOH

e Crucial R&D for Project 8 in progress

Mainz (1999) - | | @

Troitsk (1999) : .

* Next CRES demonstrator (“CCA”) soon o 209 .
operational Trotsk (2011) - .

KATRIN (2019) —C—

KATRIN (2021) - e

* Atomic diagnostic tools development at Mainz:  «wmweomines (| e
Project8? = = = = ° =
* Flux, via mass spectrometry & calorimetry :

Best-fit m* (eV?)

e o © u § & ©

 Atom cooling prototype ready to test
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Thank you.




Deep trap frequency - 25 GHz [MHZz]
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—— Shallow trap data 2
] 1.
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FIG. 3. Data and fits of the 17.8keV ®*™Kr conversion
electron K-line, as measured in the shallow (high-resolution)
and the deep (high-statistics) electron trapping configura-
tions. The shallow trap exhibits an instrumental resolution of

1.66+£0.16 eV (FWHM), while the deep trap provides direct
calibration of the tritium data-taking conditions.

—— Frequency response only | 1.50

—— Full &(E) efficiency -1.25
_1.5- 9
- -1.00 &
: Q
©1.2- 2
: —o.75§
8 Q
5 0.9 -0.50 @
: 2
-0.25 ©
306 &

r

840 SéO 880 900 920 940 960 980 1000
Frequency - 25 GHz [MHZz]

~3.0 |

~15 0.0 1.5 3.0
Background field shift [mT]

FIG. 4. The 17.8keV **™Kr conversion electron line recorded
in the deep trap with varying magnetic background fields (red
to blue). The gray curve shows the efficiency response to
frequency variation, extrapolated from single trap data. The

green curve is corrected for energy dependence and shows the
relative efficiency predicted for tritium data.
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