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Neutrino oscillations 
(And by fiat neutrino 

masses) are now firmly 
established departures 

from the original 
prediction of the 
Standard Model. 

So, what else can we 
learn from the fact that 
neutrinos have mass?
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Are they massive the same as other 
particles?

Well, surely it’s the same 
mechanism (something about the Higgs maybe)?

Ok, surely you can tell me how 
much they weigh?

No, definitely not.

Jury’s out on that.

Well…
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Neutrino oscillations 
can only tell us about 
neutrino mass 
differences 

Not the mass scale 
itself. 

For that, you need a different method.

*ChatGPT’s version of “weighing neutrinos”



Cosmological Constraints
0𝜈ββ Obsevation

There are other ways to 
measure the mass scale. 

You can take advantage of 
the neutrinos from the early 
universe to constrain masses 

(cosmology) 

Or look at extremely rare 
decay processes  

(0𝜈ββ) 

However, these all carry 
model dependencies.   

These are indirect methods
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relation between energy and momentum.



First suggested by Francis Perrin in 1933 

“On peut essayer de d ́eduire de la forme des spectres continus d’ 
́emission une indication sur la valeur de cette masse inconnue...”  

[One could attempt to deduce from the shape of the continuous 
emission spectra an indication of the value of this unknown mass... ] 
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“On peut essayer de d ́eduire de la forme des spectres continus d’ 
́emission une indication sur la valeur de cette masse inconnue...”  

[One could attempt to deduce from the shape of the continuous 
emission spectra an indication of the value of this unknown mass... ] 

Enrico Fermi independently came to the same conclusion in his 
seminal 1934 paper on weak decay. 

“Arriviamo cosi a concludere che l a massa del neutrino e uguale a 
zero o, in ogni caso, piccola in confronto della  
massa dell'elettrone (~) ...”  

[We thus conclude that the mass of the neutrino is equal to zero or, in 
any case, small enough in comparison to the mass of the electron.] 



In his paper, 
Fermi already sketches 

out how to do this.

I ragazzi di via Panisperna. 

https://it.wikipedia.org/wiki/Ragazzi_di_via_Panisperna
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The Basic Idea…

The information about the neutrino mass comes from the 
distortion of the decay energy spectrum.

Start with a radioactive 
isotope 

(My favorite, tritium)

Really zoom in at its 
maximum energy

Then measure the outgoing 
electron’s energy
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We are going to see this graph a few times,  
so it is worth a minute… 

These thin lines come from 
oscillation measurements 
(Thin  ⟹ Precise)

This split comes from 
ambiguity in mass 
ordering

This shows the electron 
neutrino mass  
(what we measure) ⟹

This shows the lightest 
neutrino mass state



We are going to see this graph a few times,  
so it is worth a minute… 

Degenerate

Inverted ordering

Normal ordering

Since we don’t know 
which neutrino is 
“lightest”, there is an 
ordering ambiguity 

(Or they might be all 
about the same) 



We are going to see this graph a few times,  
so it is worth a minute… 

Beta decay measurements 
rule out above this line

While cosmology 
rules out in this 
direction

Beta decay 
measurements  
(& cosmology) 
squeeze what’s 
allowed. 

Note that there 
exists a “floor” for 
what beta decay can 
measure. 



The π√2 Magnetic 
Spectrometer

Single Electron Expected Signal

• Bergkvist constructs first tritium source 
experiment in Stockholm. 

• Double focusing spectrometer; first to fully 
tackle energy resolution, energy loss and final 
states coherently. 

• Achieved best limit of the time (mν < 55 eV).

9 

Karl Eric Bergkvist 
opens the era of 
professional n-mass seeking 

Bergkvist perfectionates the optics 
of the p√2 magnetic spectrometer 
to its very limits, improving luminosity 
by 103 at still high resolution of 0.1%. 
 
Any parameter is checked by control 
experiments and analysis. 
 
Final electronic states of the daughter 
are considered for the first time  
(by a simple average excitation 
energy) 

curved B-lines 
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E0 

   Recorded spectrum and resulting Kurie plot  
  

The data clearly separate from the dotted line calculated for mn = 67 eV 
Aanalysis yields an upper limit: mn < 55 eV  (V(mn

2) ≈ 3000 eV2) 
 

Finally Bergkvist emphazises that substantial improvements of this limit would become very hard 
Nevertheless the show went on: 

Present limit on V(mn2) ≈ 3 eV2;                                      expected at KATRIN: ≈ 0,0 3eV2 

 



Los Alamos

• Robertson, Bowles, Wilkerson 
and others at Los Alamos 
devise the first gaseous tritium 
source experiment to 
circumvent earlier issues seen 
with solid state sources. 

• Their limit of 27 eV rules out a 
previous signal for neutrino 
mass.  Sets stage for gaseous 
sources in future designs.

• Building on rich history and 
experience of direct neutrino mass 
measurements.

• Game slightly easier (you know one, 
you know them all).

• Future experiments will push limits to 
the sub-eV level.

Los Alamos T2 Experiment

History of Tritium 
Experiments

• Building on rich history and 
experience of direct neutrino mass 
measurements.

• Game slightly easier (you know one, 
you know them all).

• Future experiments will push limits to 
the sub-eV level.

Los Alamos T2 Experiment

History of Tritium 
Experiments



  Mainz & Troitsk 

The Mainz Neutrino Mass Experiment 
Phase 2: 1997-2001

After all critical systematics measured by own experiment
(inelastic scattering, self-charging, neighbor excitation):

m2() = -0.6 ± 2.2 ± 2.1 eV2   m()< 2.3 eV  (95% C.L.)

C. Kraus et al., Eur. Phys. J. C 40 (2005) 447

⇓



3H2  

18.5 keV 

𝛕1/2 12.3 yrs

163Ho  

2.83 keV 

𝛕1/2 4570 yrs

115In  

155 eV 

𝛕1/2 4.4x1014 yrs

187Re  

2.5 keV 

𝛕1/2 4.5 Gyrs

Choice of Sources

135Cs  

440 eV 

𝛕1/2 1.5x106 yrs



135Cs and 115In look attractive for their low endpoint and because decays can be tagged.   
But they suffer from minuscule branching ratios. 

Other new ultra-low β/EC targets, such as 76As and 155Tb, currently under study. 

Issues with 187Re make it impractical. 

Tritium and holmium are the top candidates of study for now. 
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But they suffer from minuscule branching ratios. 

Other new ultra-low β/EC targets, such as 76As and 155Tb, currently under study. 

Issues with 187Re make it impractical. 

Tritium and holmium are the top candidates of study for now. 

Amount needed 
to see 1 event 

per day in last eV
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𝜇-calometer
Energy Spectra

Electron Capture

Using micro-calorimeters doped with 
radioactive material to measure endpoint. 

(They use 163Ho instead of tritium) 
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Energy Spectra

Electron Capture

Using micro-calorimeters doped with 
radioactive material to measure endpoint. 

(They use 163Ho instead of tritium) 

𝜇-calometer



New (!) results from Neutrino 2024:

New (preliminary) 
limits from ECHO:   

mβ ≦ 19 eV

New (preliminary) 
limits from HOLMES:   

mβ ≦ 28 eV



Calorimetric 
(Cryogenic Bolometers)

Electromagnetic Filtering 
(MAC-E Filters)

Frequency-Based 
(Cyclotron Radiation Emission 

Spectroscopy)



Electrostatic 
potential (U)

Magnetic Adiabatic Collimation w/ 
Electrostatic Filtering 

(only electrons with enough energy can overcome potential barrier)

High Magnetic 
Field (Bs)

High Magnetic  
Field (Bs)

Low Field 
BA



1011 e- / second 1 e- / second

μeμe μeμeμe

High Magnetic 
Field (Bs)

High Magnetic  
Field (Bs)

Low Field 
BA

Tritium Injection and 
Retention System

Spectrometer

Electron 
detector

Magnetic Adiabatic Collimation w/ 
Electrostatic Filtering 

(only electrons with enough energy can overcome potential barrier)



In order to get high energy 
resolution, you need a large ratio 

of magnetic fields. 

But magnetic field lines are 
conserved, so the tighter you 

squeeze on one end, the larger 
they are on the other. 

How much bigger?



This big.



A long journey in the 
making…



A long journey in the 
making…



Statistical 
Uncertainty

Potential Variation

•Plasma potential 
•qU variations

Data taking started 
in May 2019 and 
continues to this day.

Experiment relies on 
esquisite control of 
many systematic 

uncertainties.



For the first time  

the eV scale is broken!



New (!) results from Neutrino 2024:
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Remember that plot I showed you earlier? 

KATRIN already limits 
the electron neutrino 
mass to 800 meV/c2 

Will reach ~300 meV/c2 
by 2025. 

But what if it’s lower? 

? ? ?



Calorimetric 
(Cryogenic Bolometers)

Electromagnetic Filtering 
(MAC-E Filters)

Frequency-Based 
(Cyclotron Radiation Emission 

Spectroscopy)



Inspiration: 

“Never measure anything but frequency!” 

Arthur Schawlow, co-inventor of the laser 
and 1981 Nobel Prize winner 



Cyclotron Radiation 
Emission Spectroscopy 

(CRES)

A. L. Schawlow O. Heaviside

Use radiation from 
cyclotron motion to 

measure energy of electron. 

Frequency of radiation  

⇣ 
Kinetic energy
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Microwave  
radiation

Advantages of CRES
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Frequency measurement 

Transparancy to microwave radiation  

Differential spectrometer 

Compatible with atomic tritium  

Low background 
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A moment to acknowledge the Project 8 collaboration…



What does a 
“typical” event 
look like?

<latexit sha1_base64="Ko9CfAl0znK4Kr0RPQSC4fMZQAA="></latexit>

fc =
fc,0
�

=
1

2⇡

eB

me + Ekin/c2



What does a 
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What does a 
“typical” event 
look like?

sudden onset of power

En
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 (
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V

)
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What does a 
“typical” event 
look like?

sudden onset of power

Radiative energy loss

En
er

gy
 (

ke
V

)
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What does a 
“typical” event 
look like?

sudden onset of power

Radiative energy loss

energy changing gas collisions

En
er

gy
 (

ke
V

)
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Rare moments in physics

*Brent VanDevender as he watches 30.2 keV CRES electrons come in.



Rare moments in physics

*Brent VanDevender as he watches 30.2 keV CRES electrons come in.



ESR
 m

agnetom
eters

trap coils
calibration port

w
aveguide term

inator

gas inlet

B
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What does the 
apparatus look like?

Concept Reality



How did we do?

Ashtari Esfahani et al 
Phys. Rev. Lett. 131, 

102502 (2023)

83mKr 
Spectrum

15

Measuring Detector Response

• Start with model for the 
underlying 83mKr lineshape

• Add instrumental resolution

§ Magnetic field inhomogeneity

• Add 1st-order scattering

§ Scattering + missed tracks

• Compare with calibration data

• Detector response is well 
understood

August 30, 2023Noah S. Oblath -- Results from Project 8 Phase II -- TAUP 2023

Ashtari Esfahani et al.
arXiv 2303.12055  
Accepted to PRC 

1st Tritium 
Spectrum!

Energy resolution on 83mKr: 1.66 eV 

(That’s a frequency measurement 
 of 3 parts per million)

First CRES mass measurement:  
mβ < 155 eV 

(And no background seen!)



Project 8 Phase II 
Spectrometer 

(To scale) 



Project 8 Phase II 
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(To scale) 
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What next?

More* (!) Atoms

*ChatGPT’s version of “large cavity”



Greater volume and efficiency can be 
gain if we switch to low freq. cavities: 

Open-ended cavity with 
appropriately  loaded Q 
   
Atom trapping magnet at 
cavity walls 
   
Solenoid to provide CRES field   

Pinch coils provide electron 
trapping 

More (!)
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Goals: 

Sensitivity to mβ < 40 meV/c2  

Measure neutrino mass or 
exclude inverted hierarchy 

Simultaneous sensitivity to 
active and sterile neutrinos 

Towards the neutrino mass “floor”;  
finally fulling Fermi’s prediction
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Goals: 

Sensitivity to mβ < 40 meV/c2  

Measure neutrino mass or 
exclude inverted hierarchy 

Simultaneous sensitivity to 
active and sterile neutrinos 

Towards the neutrino mass “floor”;  
finally fulling Fermi’s prediction





This is truly an exciting time to study 
neutrinos.



This is truly an exciting time to study 
neutrinos.

New experiments may finally answer 
the question: “How much does a 

neutrino weigh?”



This is truly an exciting time to study 
neutrinos.

New experiments may finally answer 
the question: “How much does a 

neutrino weigh?”

And fun new ways to learn cutting 
edge techniques.



Thank you for your time.


