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Project 8 and Neutrino Mass

A frequency based approach to measure the neutrino mass
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Paths to the Neutrino Mass Scale

Valerius



Karsten Heeger, Yale University  CERN, October 9, 2019 3

Neutrino Mass Constraints

Mezetto

mν measurable both by laboratory 
experiments and cosmology
a critical test of consistency
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Neutrino Mass Constraints

Mezetto

mν measurable both by laboratory 
experiments and cosmology
a critical test of consistency
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Neutrino Mass Constraints

Mezetto"consistency would be spectacular confirmation!"

mν measurable both by laboratory 
experiments and cosmology
a critical test of consistency
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Neutrino Mass Constraints

Mezetto“inconsistency would be major discovery”

mν measurable both by laboratory 
experiments and cosmology
a critical test of consistency
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Future of Cosmological Neutrino Bounds

Mertens
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Complementary Neutrino Mass Limits

cosmology

β/EC	decay	experiments	

normal	mass	ordering

inverted	mass	ordering

S.	Boeser	with	input	from	www.nu-fit.org
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Complementary Neutrino Mass Limits

0νββ	decay	experiments

β-decay/EC	experiments

β/EC	decay	experiment		
limits	correlate	with	the		
exposure	scale	required		
for	a	definite	observation		
of	0νββ	in	IMO	scenario.

normal	mass	ordering inverted	mass	ordering
approx.	current	reach

M. Agostini,  et al., Phys. Rev. D 96, 053001
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Neutrinos and Beta Spectrum

N → N’ + e-    some nuclei 
emit electrons!

Chadwick, 1914

Pauli, 1930

a hypothesis

first evidence of neutrino from 
continuous beta spectrum
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Neutrino Mass and Tritium Beta Decay Endpoint

Finite	neutrino	mass	modifies	the	decay	electron	spectrum!	

Idealized	situation:	
1. Super-allowed	β--decay	of	isolated	atom	
2. Single	neutrino	mass	state

Idealized	situation:	
1. Super-allowed	β--decay	of	isolated	atom	
2. Single	neutrino	mass	state

With	Coulomb	distortion	for	Tnuc	and	neutrino	mixing:	
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State-of-the-art Technology for T2: MAC-E filter
Magnetic	Adiabatic	Collimation	with	Electrostatic	filter		
A. Picard et al., Nucl. Instr. Meth. B 63 (1992)

Integral	measurement	with	
retarding	electric	field:	
Only	count	decay	electrons	
above	threshold	!
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Tritium spectrometers have been 
workhorse of endpoint 
measurements for decades

Complicated molecular
final states and
incomplete de-excitation
has yielded non-real
mass values

More recent improved
theory calculations
can correct select
previous results

Neutrino Mass from Tritium Experiments
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KATRIN Overview
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KATRIN

Drexlin, TAUP 2019
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KATRIN

Drexlin, TAUP 2019
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Direct Neutrino Mass Searches

Tritium experiments define the mass limit. Where will we be in 2030?

Schloesser
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Challenges for Sensitivity Beyond KATRIN

S.	Boeser	with	input	from	www.nu-fit.org

Source	intrinsic	limitation:	
Irreducible	excitation	of	ro-vibrational	initial	
and	final	states	of	T2	molecule.	

3H 3He

e-

3H
3H

Technical	challenges:	
1.	Statistical	nature	of	e-	scattering	in	gas	column	
2. e-	can	be	scattered	into	angular	acceptance	cone		
					of	the	MAC-E	filter	
3.	Rydberg	atoms	as	background	source
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Project 8: Cyclotron Radiation Emission Spectroscopy of T2



Karsten Heeger, Yale University  CERN, October 9, 2019 20

Project 8: Cyclotron Radiation Emission Spectroscopy of T2

Novel	approach:	J.	Formaggio	and	B.	Monreal,	Phys.	Rev.	D	80:051301	(2009)	
• Cyclotron	radiation	from	single	electrons	
• Source	transparent	to	microwave	radiation	
• No	e-	transport	from	source	to	detector	
• Highly	precise	frequency	measurement
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Small	but	readily	detectable	with	
state	of	the	art	detectors
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Project 8 in a waveguide with magnetic trap

Energy	resolution	vs.	frequency	resolution	

for	18.6	keV	electron

Frequency	resolution	vs.	observation	time

➝	Need	for	a	magnetic	(no	work)	trap!

83mKr	and	T2		
supply	line

To	cryogenic	
amplifier	+	
heterodyne	

mixing	stage	+	
signal	digitizer

⌫c ⇡ 27GHz ! �⌫c ⇡ 11 kHz

Pearson	Education	Inc

Double	magnetic	mirror	trap

1T
Tritium	compatible	CRES	cell
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Project 8: Single Electron Detection
First Detection of Cyclotron Radiation from single keV electron
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Project 8 - A Staged Approach



M.	Fertl Moscow,	8/26/2019

The newly assembled instrument

24Picture:	Alec	Lindman

Kr/T2	gas	handling		
system	attached

NMR	magnet	providing	background	magnetic	field

Insert	cryostat
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Project 8: A High Precision Measurement
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Project 8 Phase II: First Observation of Tritium Events
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Project 8 - The Future
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Project 8: Phase III
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Project 8: Phase III
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Atomic Tritium
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Phase IV Concept
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Towards the Future - Next Discoveries

Planning for discovery experiments!

mass hierarchy

keV sterile ν 

CP 

neutrino mass
relic ν 

0νββ
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Towards the Future - Next Discoveries

Planning for discovery experiments!

mass hierarchy

keV sterile ν 

CP 

neutrino mass
relic ν 

0νββ

“There	are	two	possible	outcomes:	if	the	result	
confirms	the	hypothesis	then	you’ve	made	a	
measurement.	If	the	result	is	contrary	to	the	
hypothesis	then	you’ve	made	a	discovery”,	
Enrico	Fermi.
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We have demonstrated Cyclotron Radiation Emission Spectroscopy as a 
novel technique with a promising future in a next-generation neutrino 
mass experiment

Phase I achieved few-eV resolution of 83mKr spectrum
• Approaching natural linewidth of 83mKr source

– Phase II tritium data taking ongoing
• Challenges of continuous spectrum measurement being met

R&D underway towards scaling CRES technique, atomic tritium for next 
generation endpoint measurement

Summary
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Project 8 Collaboration

P8 slides on behalf of collaboration
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