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QTNM Consortium

Vision: build a demonstrator apparatus for determining 
neutrino mass via CRES from tritium β-decay 
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• The nature of neutrino mass – the same 
mechanism as other fermions, or not?

• How do the neutrino eigenstates mix and 
is there an asymmetry between 
neutrinos and anit-neutrinos?

• The most 
abundant fermion 
in the universe.

• Neutrino mass 
from cosmology. 



Absolute Neutrino Mass Determination
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• Isotope? Simple atomic state & nuclear transition, low-Q : tritium.

• Atomic or molecular?

• Effective electron neutrino mass:

• Sensitive to mass eigenvalues and 
ordering.

• A tiny fraction of the total decay spectrum 
is sensitive to the neutrino mass.

• Integral vs. differential spectrum 
reconstruction.



KATRIN
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Figure 3: KATRIN neutrino-mass result obtained in this work (five measurement campaigns,
purple) compared to previous KATRIN results (first campaign, green, and combined first and
second campaigns, blue).

Beyond the neutrino-mass investigation, the high-statistics and high-precision �-decay spec-
trum measured by KATRIN is used to search for physics beyond the Standard Model of elemen-
tary particles, such as sterile neutrinos (55) and Lorentz-invariance violation (56), and to probe
for the local neutrino overdensity (57).
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(Monreal and Formaggio, 2009)

A. Schawlow: “Never 
measure anything but 

frequency!”

Mildly relativistic at end-point:  

Frequency:



Project 8
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36

for each bin is the mean of the ✏k posterior. For most
bins, the e�ciency posteriors are similar to the priors,
due to the limited statistical power of tritium data. The
exception is the low-energy bins in Fig. 30, where the tri-
tium data pulls the ✏k distributions away from the best
estimates from field-shifted 83mKr data.

The frequentist confidence intervals for the endpoint
E0 and neutrino mass squared m2

� are shown in the inset,
with the literature values for the endpoint energy [72, 73]
and neutrino mass [8] close to the 1� contour. The shape
of the contours for m2

� < 0 and the lower limit given in
the third row of Tab. IX depend on the choice of function
for the non-physical regime, here chosen to be Eq. 20.

FIG. 30. Results: Measured tritium beta-decay spectrum
with Bayesian and frequentist fits, as well as endpoint inter-
vals from each analysis. (Inset) Frequentist neutrino mass
and endpoint contours. The literature sources for the end-
point energy are [72, 73] and for the mass the source is [8].

B. Background limit

Zero counts were observed in the spectrum above the
tritium endpoint energy. From this a background limit of
3⇥ 10�10 eV�1 s�1 at 90% C.L. is obtained. If the back-
ground is energy independent and Poisson distributed
with a mean number µ of events in the 50-eV wide anal-
ysis window �E defined below in Eq. 23, then the prob-
ability of there being a single background event in the
window and zero events in the 1050 eV (21 bins) above
the endpoint is

P =
µ1e�µ

1!

µ0e�21µ

0!
. (22)

The probability maximizes at 1.7% for µ = 1/22 = 0.045.
The bulk of the probability is for zero events in the anal-
ysis window; numbers > 1 are highly improbable. In the
following section, Sec. XC, we compare the experimental
limit on the neutrino mass with the prediction of an ana-
lytic model. The analytic model assumes Gaussian statis-

tics. A mean Gaussian rate of b =4.7⇥ 10�11 eV�1 s�1

for the background reproduces the probability in the
analysis window for the sensitivity calculation.

C. Neutrino mass sensitivity

Project 8 has developed and made extensive use of a
simple analytic model for predicting the sensitivity of dif-
ferential spectrometers to neutrino mass. In the model,
the size of the neutrino mass m� is deduced from the
count rate in a part of the spectrum of width�E contigu-
ous with the endpoint. The width of this “analysis win-
dow” is optimized with respect to the background rate
b, energy resolution �Eres, and any other contributions
to line broadening such as the final-state distribution in
molecular T2 beta decay. Systematic contributions from
imperfect knowledge of the resolution contributions are
added in quadrature with the statistical contribution. A
complete description of the model may be found in [7].
The analytic sensitivity prediction model can now be

confronted with data (for the first time) in Phase II. Ta-
ble XI lists relevant parameters. We first calculate the
e↵ective volumes Ve↵ from the magnetic field B and the
range of pitch angles that can be accommodated with-
out exceeding a modulation index of 1, or equivalently
an axial amplitude of 2.8mm (see Tab. I).
Only a subset of electrons trapped within this axial

range is detectable above the noise threshold, mainly be-
cause electrons at larger radii couple less strongly to the
propagating TE11 waveguide mode. We compute detec-
tion e�ciencies by generating simulated tracks in all 4
traps, selecting the subset with average minimum pitch
angles of 89.37 degrees (see Tab. I), and passing those
events through triggering and T&ER (track and event
reconstruction) processors. These e�ciencies are corre-
lated and the net detection e�ciency is not simply the
product of the two. The results are in Fig. 31.
The density (hydrogen equivalent) found from track

length data is 2.09⇥ 1017 m�3, with an e↵ective T2 den-
sity of 7.45⇥ 1016 m�3 from mass spectrometer data.
The balance is inactive hydrogen, with a small amount
of helium that is treated as hydrogen for these purposes.
The standard deviation in the neutrino mass is taken
from the frequentist analysis of the Phase II data. It
is derived with the endpoint energy E0 and background
b floating, which is the assumption made in deriving
the sensitivity curves. We use only the positive side of
the 1-standard-deviation uncertainty range of the data
point, because the best-fit value is in the positive, physi-
cal regime. Negative fit values require a functional form
to be chosen for the negative regime [7].
In Fig. 32, we compare the measured sensitivity from

the Phase II analysis described above to the predicted
sensitivity for this apparatus and running time. For the
theoretical curves, the analysis window�E is the quadra-
ture sum of

p
b✏3

0
/r ' 22 eV and the resolution, about

50 eV FWHM, where r is the rate in a small interval ✏0

arXiv:2303.12055

132 mm

• Energy resolution : 1.7 eV  (83mKr)

• Volume×efficiency = 1.2 mm3

• T2 density ~ 8×1010 cm-3 (molecular)

• 82 days run time

• mβ < 155 eV (90% C.L.)



QTNM at a Glance 1/2
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• Atomic source with high number density 
– aiming for 1012 cm-3.

• Supersonic beams with low internal 
temperature suitable for 
guiding/trapping.

• Detailed investigation of atom formation 
and beam dynamics.



QTNM at a Glance 2/2
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• Magnetic field calibration and mapping 
will be vital for energy resolution. 

• Demonstrated ~1μT absolute 
precision using novel atomic 
techniques.

Absolute static-field magnetometry, magnetic 
gradiometry, and vector electrometry with circular 
Rydberg atoms  PRA 107 (2023)

Zhao et al., Supercond. Sci. Technol. 36 (2023)

Chapman et al., IEEE Superconductivity 34 (2024)

Superconducting Low-inductance Undulatory Galvanometer 

Superconducting Kinetic Inductance Para-Amp



Sensitivity Studies
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• Neutrino mass sensitivity for different exposures and experimental parameters.
• Quantify the requirements to reach 50 meV sensitivity → an order of magnitude beyond current 

constraints (KATRIN) and fully covering the IO region.
• Is there a pathway towards a guaranteed measurement down to 9 meV?
[publication in preparation]

• BSM physics programme using the whole spectrum → advantage of CRES technique.
Sensitivity of future tritium decay experiments to New Physics JHEP03 144 (2023)



International Partnership
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• Consortium agreement between QTNM and 
Project-8.

• Very successful exchange programme.
• The best technologies from both projects will 

come together for a large-scale experiment.
• Putting the UK on the map as a potential 

host site.



Quantum Simulators : Big Picture
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Astrophysical System

Laboratory Analogue

• Mapping between 
systems (e.g. at 
Lagrangian level) 

• Non-linear systems, 
difficult to model.

• May be confounding 
laboratory factors 
(boundary conditions, 
noise sources).

• Laboratory 
measurements of 
system properties.

• Test physics 
understanding and 
modelling/simulations.

• Confidence in applying 
those models to 
astrophysical and/or 
cosmological systems.



QSimFP
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Quantum Vacuum:
False Vacuum Decay

Quantum Black Hole:
Black hole ring-down

St Andrews

Cambridge, Newcastle 
and UCL

KCL and Newcastle

Nottingham & RHUL

Cambridge

Vision



QSimFP : Research Milestone 1/2
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• Numerical simulations with realistic treatment of atoms, experimental boundary and initial conditions.  
• Modelling of optimal trapping potential for experiment, capitalising Cambridge’s box-trap.
• Identification of magnetic field stability requirements for Cambridge experiments.
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DMD potential shaping
Cambridge Experiments

UCL/Cambridge/Durham/Newcastle

arXiv:2311.02156 Hyperfine states of bosonic condensates 39K/41K



QSimFP : Research Milestone 2/2
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Quantum vortex of superfluid 4He

10mm

• Acoustic & surface wave excitations on 
irrotational quantum vortex → analogy with 
fields on a curved spacetime → black-hole 
physics. 

• Spectroscopy and wave analysis of the 
surface.

• Challenge models with experimental data.

Rotating curved spacetime signatures from a 
giant quantum vortex
Nature 628 (2024) 



QSimFP Consortium
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• 27 QTFP funded 
researchers + 48 
partners.

• 50/50 split between 
quantum technology 
and fundamental 
physics experts. 

• Important 
international partners: 
Perimeter Institute, 
Canada, Germany, 
Austria. 

• A rich engagement 
programme.



Quantum Simulators (Quest-DMC)
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• Superfluid 3He phase 
diagram → in particular 
the transition between 
3He-A and 3He-B

• Simulation of phase changes in liquid helium.
• Nucleation : intrinsic, extrinsic (e.g. radiation 

induced, surface imperfections). 
• A model for phase changes in the early 

universe.

Described in Science 340 (2013) 



Quantum Simulators (Quest-DMC)
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Nanofluidic platform for studying the first-order phase 
transitions in superfluid helium-3
arXiv:2401.06079

• A new cryogenic platform 
established and 
characterized for studying 
phase transition in 
superfluid 3He.



Broader Impacts
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• Techniques applied to other experiments/research-areas:
- Precision tests (e.g. using Rydberg positronium for anti-gravity tests).
- High-precision magnetometry & electrometry. 
- Underpinning theoretical work across all of the topics presented here.

• Many contributions to summer & winter schools in UK and internationally.

Patent Application: fluid 
surface optical  
measurements 
(developed for quantum 
vortex experiments).
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Para-amps: reliable fabrication of thin-film 
(NbN) para-amps for quantum electronics.

School visit: to 
a quantum 
simulator lab. 

Teaching material: 
neutrino physics 
lesson plans and 
associated materials 
for schools.



Perspectives
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Common successes of QTNM and Quantum Simulations:
• Science!
• Creation of new inter-disciplinary research communities.
• Capacity building in the UK : new labs and experiment-theory collaborations.
• Great platforms for early career researchers to gain skills in QT and related 

areas, as well as for public engagement. 

• QTNM
• Exploit the CRES Demonstration Apparatus, and further demonstrate the 

unique technologies we have developed. 
• Tritium runs in a second phase, with ~eV scale neutrino mass sensitivity.
• Deepen the partnership with Project-8, defining a pathway to 40 meV.

• Quantum Simulations
• Exploit the platforms that have been successfully constructed across the 

country. Develop new partnerships (e.g. MIT).
• Experimental innovations : higher dimensionality (2+1 → 3+1); seeded FVD.
• Theoretical innovations : new simulation tools, perhaps using QCs.

Very exciting scientific prospects for both areas in future phases of QTFP. 
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Thank You!

Big thanks for material and discussions:
Silke Weinfurtner (Nottingham University)
Andrew Casey (RHUL)
Ruben Saakyan (UCL)
Seb Jones (UCL)


