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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


• Special focus: development efforts at Mainz


• Summary
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Neutrino primer
• Neutrinos are Standard Model particles
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Neutrino primer
• Neutrinos are Standard Model particles


• Interesting properties:


1. Oscillation
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Neutrino primer
• Neutrinos are Standard Model particles


• Interesting properties:


1. Oscillation


2. Mass ordering
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Neutrino primer
• Neutrinos are Standard Model particles


• Interesting properties:
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2. Mass ordering
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Neutrino primer
• Neutrinos are Standard Model particles


• Interesting properties:


1. Oscillation


2. Mass ordering


3. Lepton number conservation
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Neutrino primer
• Neutrinos are Standard Model particles


• Interesting properties:


1. Oscillation


2. Mass ordering


3. Lepton number conservation


4. Absolute mass scale
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Neutrino primer
• Neutrinos are Standard Model particles


• Interesting properties:


1. Oscillation


2. Mass ordering


3. Lepton number conservation


4. Absolute mass scale


5. … 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
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1. Cosmic microwave background 


2. Supernove time-of-flight


3. Neutrino-less double beta decay


4. Single beta decay
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Neutrino mass measurement methods
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1. Cosmic microwave background 


2. Supernove time-of-flight


3. Neutrino-less double beta decay


4. Single beta decay

1.
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Neutrino mass measurement using Tritium
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Neutrino mass: current status?
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• No measurement yet  set upper limit


• Current limits:


• Cosmology (DESI + Planck): 


• Neutrino-less double beta decay (Kamland-Zen): 


• Single beta decay (KATRIN): 

→

∑ mi ≤ 0.13eV (0.16eV) for NH (IH)

mββ ≤ 28 − 122 meV

mβ ≤ 0.45 eV

Full 1000-day 
dataset collected, as of last 

week!

PSI colloquium (2025-10-30)

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
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What if it’s not enough?
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Next generation experiment: Project 8
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• Goal neutrino mass sensitivity: 
 @ 90% C.L.


• Differential measurement of electron 
energies using Cyclotron Radiation 
Emission Spectroscopy (CRES)


• Beta decay source is atomic tritium


• Webpage:

mβ ≤ 0.04 eV

PSI colloquium (2025-10-30)

Mainz, Troitsk

KATRIN (Goal)

Inverted Ordering

Normal Ordering

Project 8 with T2
Project 8 with T

Ultimate required 
mass sensitivity

Other experiments cannot 
separate curves

KATRIN (First results)
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Next generation experiment: Project 8
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Source: Snowmass 2021
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Next generation experiment: Project 8
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Next generation experiment: Project 8
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• First detection of single  electrons 
using CRES: PhysRevLett.114.162501


• First results with tritium ( ): 
PhysRevLett.131.102502


• 


• Background rate: 


• Resolution: 54.3 eV FWHM


• Effective volume: 

83mKr

T2

mβ ≤ 155 eV (152 eV)

≤ 3 × 10−10 cps/eV

1.20 ± 0.09 mm3 eV

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.162501
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.102502
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Largest sensitivity gains:


• Molecular atomic tritium


• Scale up CRES volume

→

Path to full-scale experiment:
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1. Atomic source preparation
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1. Atomic source preparation

Density: 1e17 tritons/m^3


Temperature: ~1mK


Purity: 1e-4 molecular contamination

Key performance parameters:
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1. Atomic source preparation (status)

Cooling:

ECR
HABS

ECR-like 
(cryo)

Dissociation:

Li MECB Demonstrator:

2

Thermometer 1 Thermometer 2 Thermometer 3

Develop beam diagnostics, optical cooling to ~1K MECB section (cool to mK) 

Li	source

T~800K T~10K T~1mK

Trapping:

Magneto-
gravitational

MECBAccommodator
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Atom 
source 
R&D at 
Mainz
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• Surface cooling concept


• Challenge: recombination


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


• Estimated LN2 cooling needed 
(COMSOL)


• First prototype ready for tests


• Model gas dynamics with Sparta

31PSI colloquium (2025-10-30)
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2. Detection scheme

PSI colloquium (2025-10-30)

Points of Contact to Other WGs
•Simulations 

•Sensitivity 

•Magnetic fields: 

•Trapping coils studies  L/D 

•CRES magnet size  Cavity size 

•Atomic tritium 

•Vacuum system & Cryogenics 

•Calibrations 

•Cold RF, DAQ 

•PTER

↔
↔

Michael Huehn

4m

C
re

di
t>

 M
 H

ue
hn

Planned final-
phase cavity:

“Lossless” 
superconducting 

transfer to quantum 
amplifier 

Tritium atoms
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2. Detection scheme
• “Cavity CRES Apparatus” (CCA) to demonstrate 

feasibility of design on electron data


• Pumpdown in progress!

Not pictured: MRI magnet
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2. Detection scheme: future
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Summary
• State of neutrino mass physics


• Crucial R&D for Project 8 in progress


• Next CRES demonstrator (“CCA”) soon 
operational


• Atomic diagnostic tools development at Mainz:


• Flux, via mass spectrometry & calorimetry


• Atom cooling prototype ready to test

PSI colloquium (2025-10-30)

Project 8?
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 Aya Surface cooling concept
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FIG. 3. Data and fits of the 17.8 keV 83mKr 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.

expense of a broader peak width of 54.3 eV (FWHM).
This deep-trap configuration is also used for data acquisi-
tion with tritium, making these 83mKr extracted param-
eters inputs for the tritium analysis: B=0.9578104(13)T
is used directly, while Aj requires corrections for small
di↵erences in scattering environment between data sets.

The 83mKr data are also used to measure the frequency
variation of e�ciency E and detector response elements
I and Aj . By varying the background magnetic field in
steps of 0.07mT over a range of ±3.2mT using the field-
shifting solenoid, deep trap 83mKr 17.8-keV data (Fig. 4)
are produced at a range of frequencies in the region of in-
terest. The “notch” in detection e�ciency at 25.93GHz
arises from electron interactions with the TM01 cavity
mode due to reflections from waveguide elements. Elec-
trons in resonance with this mode lose energy to cy-
clotron radiation faster than in free space [42, 43], which
increases frequency chirp (track slope) of the CRES sig-
nal and reduces the e�ciency of the event reconstruc-
tion procedure, which has been optimized for the non-
enhanced slopes. In addition to the frequency-dependent
e↵ects described above, the e�ciency E for tritium data
also includes an analytic term that directly depends on
electron energy, in order to account for the radiated
power [37]. Detection e�ciencies are determined with
uncertainties of 2–6%. The e�ciency E and the depen-
dence of Aj on frequency, which are derived from these
field-shifted 83mKr data, are passed as inputs to the tri-
tium data analysis, while variations in I were found to
have negligible impact.

The electron spectrum from tritium beta decay extends
out to its endpoint of E0 = 18574.01±0.07 eV [22, 24, 44].
All three DAQ frequency windows were used simulta-
neously to record around the endpoint, with the com-
bined analysis window spanning 16.2–19.8 keV (25.81–

FIG. 4. The 17.8 keV 83mKr conversion electron line recorded
in the deep trap with varying magnetic background fields (red
to blue). The gray curve shows the e�ciency response to
frequency variation, extrapolated from single trap data. The
green curve is corrected for energy dependence and shows the
relative e�ciency predicted for tritium data.

25.99GHz). Over the 82-live-day data-taking period, us-
ing the high-statistics deep trap configuration, 3770 dis-
tinct tritium events were recorded.
The tritium analysis follows Eq. 3, where the under-

lying spectrum Ytritium [45] here is an approximated �

spectrum [46] convolved with the final state distribution
of the 3HeT+ decay product [23]. A flat background
component is included as a free fit parameter. Approx-
imations are made to the instrumental resolution I and
energy-loss L to reduce computing time, to account for
di↵erences in scattering environment, and to include an
explicit parameter � describing instrumental resolution
width. The approximate model produces correct cover-
ages and no biases for ensembles of Monte Carlo data
generated with an un-approximated model.
The endpoint and neutrino mass limit are determined

using both Bayesian and frequentist analyses validated
with Monte Carlo studies. Separate fits were performed
to measure E0 (with m� constrained near 0 eV) and con-
strain m� (with E0 floating). The frequentist analysis
best-fit interval for m2

� was constructed using the proce-
dure in [47], and was converted to the m� limit using the
Lokhov-Tkachov method [48].
Fig. 5 shows the measured tritium spectrum and fits,

with results summarized in Tab. I. The endpoint and
mass values are consistent with each other and with lit-
erature values. No counts were detected above the end-
point, setting a stringent upper limit on backgrounds of
3⇥ 10�10 counts/eV/s. The endpoint uncertainty con-
tributions are listed in Tab. II. Statistical uncertainty
dominates the uncertainty budget, with determination
of systematic e↵ects also statistics-limited.
These results highlight the capabilities of the

frequency-based CRES technique. Krypton calibration
data demonstrate its inherently high resolution, enabling
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