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From	the	Zero	Gradient	
Synchrotron's	12-foot	
bubble	chamber	(1970).
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The	Standard	Model
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§ The	Standard	Model	of	particle	
interactions	describes	the	
interactions	of	all	the	particles	that	
make	up	matter
§ Now	complete	with	the	discovery	
of	the	Higgs

§ A	phenomenal	success
§ SM	has	predicted	the	existence	of	
every	particle	discovered	since	its	
inception

§ Properties	of	particles	and	their	
interactions	can	be	computed	to	
astounding	precision
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The	Rest	of	the	Story
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Image	Credit:	NASA,	
Jeff	Hester,	and	Paul	Scowen	
(Arizona	State	University)

§ The	Standard	Model	predicts	
particles	and	their	antiparticles	
should	be	produced	in	equal	
amounts
§ All	the	visible	matter	in	the	
universe	appears	to	be	made	up	
of	particles

§ Where	did	all	the	antimatter	go?
§ When	matter	and	antimatter	
meet,	they	annihilate,	leaving	
behind	only	energy

§ How	did	the	matter	survive	to	
form	our	galaxies,	solar	system,	
and	planets?

§ The	elusive	neutrino	may	hold	
the	answer!



The	little	neutral	one
§ No	electrical	charge
§ Very	small	mass
§ Doesn’t	feel	the	
strong	nuclear	
force

§ Only	interacts	via	
Nature’s	Weak	
Interaction

1	light-year

The	neutrino	can	travel	through	
astronomical	amounts	of	material	without	stopping,	
and	yet	they	are	the	most	abundant	matter	particle	in	the	universe
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Masses	of	the	
Particles	of	the	
Standard	Model
§ The	electron	is	the	lightest	of	
the	charged	fundamental	
particles

§ The	Higgs	boson	and	the	Top	
Quark	weigh	in	5	orders	of	
magnitude	heavier

§ The	neutrinos	are	at	least	5	
orders	of	magnitude	lighter
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*	Higgs

A.	de	Gouvea,	arXiv:0902.4656
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*	Higgs

Fruit	
Fly

Higgs	Boson	
125	GeV

Electron	
0.5	MeV

Neutrino
<1eV
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*	Higgs

In	fact,	we	don’t	know	
the	absolute	mass	of	
the	neutrinos



How	do	we	know	they	have	
any	mass	at	all?
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How	do	we	know	they	have	
mass?
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Evidence	for	oscillation	of	
atmospheric	neutrinos
Phys.	Rev.	Lett.	81	(1998)	1562-1567

Earth

Super	K

Super K measures flux 
of neutrinos from 
interactions in 
atmosphere vs. zenith 
angle

Expected number of 
muon neutrinos come 
from overhead, but too 
few from below

Neutrinos oscillate, or 
change flavor, as they 
travel, which only 
happens if neutrinos 
have mass



Particle	or	Wave?
§ Neutrinos	(and	in	fact	all	
subatomic	particles)	act	like	
waves

§ If	neutrinos	have	mass,	each	
flavor	is	a	combination	of	
different	waves,	oscillating	at	
different	frequencies

§ These	different	waves	interfere
§ the	flavor	of	the	neutrino	
changes	back	and	forth	as	the	
waves	constructively	and	
destructively	interfere

13Animation	courtesy	D.	Schmidt



Neutrino	Mass
§ Neutrinos	from	the	sun,	the	atmosphere,	nuclear	reactors,	
and	accelerators	all	oscillate

§ Oscillations	only	reveal	the	differences	in	masses	of	
neutrinos	(squared)

§ Three	neutrinos	means	two	mass	differences

14
Neutrino	mass	limit	~1	eV Big	mass	difference	

~0.05	eV
Small	mass	difference	

~0.009	eV

Human	Egg Grain	of	Pollen
Fruit	Fly



Mass	Ordering
§ But	how	are	they	ordered?

§ When	neutrinos	travel	through	matter,	there	are	a	lot	of	electrons	in	
the	way,	but	no	muons	or	taus.		Oscillations	into	electron	type	
neutrinos	are	enhanced	or	suppressed	depending	on	this	ordering.
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CP	Violation?

§ What	would	happen	if	we	turn	all	the	matter	into	antimatter?
§ Do	we	measure	the	same	oscillations?
§ We	can’t	turn	detectors	into	anti-detectors,	nor	can	we	change	the	
Earth	into	anti-Earth,	but	we	can	make	a	beam	of	anti-neutrinos	and	
compare	their	oscillations	to	what	we	measure	with	neutrinos

§ If	they	are	not	the	same,	it	might	give	us	a	clue	to	what	caused	our	
matter/anti-matter	assymmetry	problem! 16



NOvA

¨ Long-baseline	neutrino	oscillation	
experiment

¨ Study	neutrinos	and	antineutrinos	from	
NuMI	beam	at	Fermilab

¨ Functionally	identical	detectors
¤ ND	on	site	at	Fermilab
¤ FD	810	km	away	in	Ash	River,	MN
¤ Measurement	at	ND	is	directly	used	to	
predict	FD	(a	control) 17



Publications	and	PhDs

P. Vahle PAC 2020
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§ 5	Publications	+	1	submitted
§ arXiv:1806.0096	(2	cites)
§ Phys.Rev.D96	(2017)	no.	7,	072006	(19	cites)
§ Phys.Rev.Lett.	118	(2017)	no.	23,	231801	(83	cites)
§ Phys.Rev	Lett.	118	(2017)	no.	15,	151802	(83	cites)
§ Phys.Rev.D93	(2016)	no.	5,	051104	(102	cites)
§ Phys.Rev.	Lett.116	(2016)	no.	15,	151806	(167	
cites)

§ 19	PhDs,	5	since	last	summer
§ Dan	Pershey,	CalTech
§ Stefano	Tognini,	Universidade	Federal	de	Goias,	
Brazil

§ Fernanda	Psihas,	Indiana
§ Bio	Wang,	SMU
§ Luke	Vinton,	Sussex,	UK

268	collaborators	at	50	institutions	across	7	countries



Seeing	Neutrinos

Make	enough	neutrinos,	put	
enough	mass	in	their	way,	
sometimes	we	get	lucky	and	
detect	a	few.

§ ND:	Underground	at	Fermilab
§ FD:	In	Northern	Minnesota
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FD	Construction

Outfitted	FD

FD	Block	 ND	at	FNAL	



Searching	for	Neutrinos
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Searching	for	Neutrinos

22



Searching	for	Neutrinos
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NOvA’s	Latest	Results
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Current	data	does	not	
show	a	strong	
asymmetry	between	
neutrino	and	
antineutrino	
oscillations.		Expect	to	
run	until	2027	and	
collect	double	the	data.



Future	Prospects
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Photo	by	CERN

W&M	grad	students	and	
undergrads	at	CERN	(Switzerland)



Summary
§ The	quest	to	understand	neutrino	mass	is	well	underway
§ Neutrinos	could	hold	the	answers	to	multiple	unsolved	
puzzles	in	physics	and	cosmology

§ Neutrinos	may	yet	have	more	surprises	in	store	for	us
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Backup	Slides
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…and	change	their	flavor
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Phys.	Rev.	Lett.	89,	011302	(2002)	

SNO	Solar	Neutrino	Data



Neutrinos	Have	Mass!
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“for	the	discovery	of	
neutrino	oscillations,	
which	shows	that	
neutrinos	have	mass"



Neutrinos	Have	Mass!

§ νe, νμ, ντ↔ ν1, ν2, ν3
§ Flavor	States:	creation	
and	detection

§ Mass	States:	
propagation	

§ A	neutrino	created	as	one	
flavor	can	later	be	detected	
as	another	flavor,	depending	
on:
§ distance	traveled	(L)
§ neutrino	energy	(E)
§ difference	in	the	squared	masses	
(Δm2

ij=m2
i-m2

j)
§ The	mixing	amplitudes	(Uαj)
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What	we	know
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The	PMNS	Mixing	Matrix32

How	well	we	know	it
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From	M.	Tortola,	Neutrino2018	and	
deSalas	et	al,	1708.01186	(May	2018)
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The	PMNS	Mixing	Matrix33

What	we	don’t	know
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Is	it	really	45°? Is	there	CP	
violation?

Are	there	2	light	
and	1	heavy?

Or	1	light	and	
2	heavy?

The	Mass	Hierarchy

What	is	the	
absolute	mass?

Are	there	more	than	3?

Are	neutrinos	their	own	
antiparticles?

Why	is	the	mixing	
bigger	than	in	
quarks?
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The	PMNS	Mixing	Matrix34

Why	do	we	care?
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The	Mass	Hierarchy
20	years	on,	we	are	still	
exploring	how	massive	
neutrinos	fit	into	the	
Standard	Model.		
Discrimination	among	models	
hinges	on	precision	
measurements	and	answers	
to	these	questions.

CP	violation	in	neutrinos	may	help	us	understand	the	matter-antimatter	
asymmetry	of	the	universe.



Oscillations
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P(νµ →νµ ) = 1− sin
2 2θ( )sin2 (1.27Δm2L / E)

Phys.	Rev.	Lett.	100	(2008)	221803

Phys.	Rev.	D95	(2017)	072006

Experiments	measuring	
neutrinos	from	the	sun,	
from	the	atmosphere,	from	
nuclear	reactors	and	from	
accelerators	all	observe	
neutrino	oscillations

Daya	Bay

A.	Aurisano,	
Neutrino2018



How	do	we	measure	the	
absolute	neutrino	mass?

36



Cosmological	Bounds

§ Neutrinos	are	the	second	most	abundant	particle	in	the	Universe
§ Cosmological	data	limit	sum	of	neutrino	masses	<0.1-0.7eV
§ Model	dependent	and	degenerate	with	other	quantities

37

Figure	from	
Universe,	Tenth	Edition

NASA/WMAP	Science	Team

See	PDG	Review,
	C.	Patrignani	et.	al.,
	Chin.	Phys.	C40	100001	(2016)

Measuring	the	lightest	particles	with	the	Cosmos?



The	little	neutral	one
§ No	electrical	charge
§ Very	small	mass
§ Doesn’t	feel	the	
strong	nuclear	
force

§ Only	interacts	via	
Nature’s	Weak	
Interaction

1	light-year

Pauli’s	particle	should	travel	through	
astronomical	amounts	of	material	without	stopping 38



Dear	Radioactive	Ladies	and	Gentlemen,

39

n0→p++e-



…I	have	hit	upon	a	desperate	remedy…

…so	far	I	do	not	dare	to	publish	anything	about	
this	idea,	and	trustfully	turn	first	to	you,	dear	
radioactive	people,	with	the	question	of	how	
likely	it	is	to	find	experimental	evidence	for	
such	[a	particle]…
	 	 	 	 	
	 	 	 	 	 --Signed,	W.	Pauli

Dear	Radioactive	Ladies	and	Gentlemen,

40

n0→p++e-+ν



Measuring	the	Neutrino	Mass
§ Look	at	the	endpoint	of	the	electron	energy	
distribution

§ The	heavier	the	neutrino,	the	less	energy	there	is	for	
the	electron

41

Zoom	in

arXiv:1307.0101



Current	Direct	Limit
§ Look	at	Tritium	decays:

§ Maximum	electron	energy	
with	no	neutrino	mass	is	
18.6	keV

§ Mainz	neutrino	mass	
experiment	limits	neutrino	
mass	to	<	2.8	eV

42

Phys.Lett.B	460	(1999)	219–226	
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KATRIN
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The	Karlsruhe	Tritium	Neutrino	Experiment

Taking	Tritium	Data	as	of	2018!

D.	Parno,	Neutrino	2018

Prelim
inary

Detector	vessel	arrives	
in	Karlsruhe
(2006)

Advances in High Energy Physics 27
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Figure 26: (a) Discovery potential of KATRIN as function of time for di)erent neutrino masses. (b) Upper limit on neutrino mass at 90%
C.L. as a function of time.

of the large-scale test units have opened the possibility
to substantially reduce the systematic e)ects during the
long-term measurements with the ,nal con,guration, thus
improving the neutrino mass sensitivity of the experiment.

Beginning at the source-related components, an impor-
tant breakthroughwas the veri,cation of the novel beam tube
cooling system. In a dedicated setup, consisting largely of
original components, the WGTS demonstrator, a tempera-
ture stabilization of the 10m long beam tube ofΔ"/" of≈10−4
was achieved by using two-phase neon .uid as cooling agent.
/is is one order ofmagnitude better than speci,ed. Together
with the achieved pressure stabilisation of the inner loop
mock-up of Δ$/$ of ≈10−4, this opens up the possibility of
reduced systematic errors from column density .uctuations
(this is one of the largest overall systematic errors). At present
the WGTS demonstrator is being reassembled to the ,nal
WGTS cryostat./e ,nalWGTS assembly at KIT is expected
to be completed by the end of 2014. Further progress has been
made with regard to tritium analytics (LARA setup), as well
as the design of the rear section which will include extensive
control and monitoring units.

Major progress has also been achieved in the,eld of large-
scale tritium retention. A1er the successful commissioning
of the DPS2-F cryostat, ,rst tritium retention measurements
with a beam tube at room temperature have yielded exper-
imental .ow suppression factors which are in very good
agreement with corresponding MC simulations. Due to the
malfunction of a protective diode of the superconducting
magnet system of DPS2-F, a new magnet safety concept
for all s.c. solenoids has been designed. /is concept is
currently being implemented for WGTS and CPS, as well as
a fail-safe di)erential pumping section. /e manufacture of
the cryopump CPS is well under way with assembly works
expected to be ,nished by the end of 2013.

In the spectrometer section, the extensive measurement
program with the prespectrometer facility has given impor-
tant insights into background reduction techniques, precision
electromagnetic layout, vacuum technologies, and high volt-
age stability. At present the prespectrometer is ready for beam
line integration.

/e main spectrometer together with its external air coil
system and its inner electrode system, which was completed
at the beginning of 2012, is currently being prepared for test
measurements. /ese measurements will be focused ,rst on

extensive background studies, with the objective to remove
any remaining small-scale Penning traps, to quantify the
contribution of cosmic muon induced background and to
study its signature by making use of external muon detectors.
An important aspect of the background studies will be the
identi,cation of background due to stored electrons follow-
ing nuclear decays, and the optimisation of active and passive
background reduction techniques to limit the spectrometer
background to a level of <10−2 cps. Another important task
will be to map the transmission properties of the spectrome-
ter with an angular-selective electron gun. In all these inves-
tigations the recently commissioned focal plane detector sys-
tem with its excellent properties will be of vital importance.
Finally, the extensive so1ware developments for simulation
and analysis tools are in an advanced state and the so1ware
packages are continually being re,ned and extended.

A1er integration of all source-related and spectrometer-
related components, the ,rst runs in the ,nal KATRIN
con,guration are expected in the second half of 2015.

5. New Approaches

While spectrometer experiments based on the MAC-E ,lter
principle [70] currently provide the highest sensitivities
in direct neutrino mass experiments, there are alternative
approaches that aim for comparable performance and better
scalability in the study of weak decays.

A very recent development is promoted by the Project
8 team (see Section 5.1) where tritium technology from the
KATRIN experiment is used in conjunction with microwave
antennas to detect coherent cyclotron radiation emitted by
individual decay electrons in a magnetic ,eld. /e aim is
to extract a %-decay spectrum without the need for a large
electrostatic spectrometer.

Most of the work on alternative experimental methods
is, however, focused on using microcalorimeters to study
rhenium %-decays (see Section 5.2) or holmium electron
capture decays (see Sections 5.3 and 5.4)./emain advantage
of using microcalorimeters lies in the source = detector
principle that allows to measure the complete decay energy
(excluding the energy carried away by the emitted neutrino)
as opposed to only measuring the kinetic energy of the decay
electrons. On the other hand the comparably slow signals
produced by calorimetric detectors bring the challenge of
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NOvA
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Detector	Technology
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16	Cell	
PVC	Extrusion

3.9cm
6.0cm

15.6m

Scintillator	cell	with	
looped	WLS	Fiber

APD
Ü PVC+Liquid	Scintillator

Ü Mineral	Oil
Ü 5%	pseudocumene

Ü Read	out	via	WLS	fiber	to	APD

Ü Layered	planes	of	orthogonal	views



How	do	you	make	a	neutrino	
beam?
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Making	a	Neutrino	Beam

π-

π+

Target Focusing	Horns

2	m νμ

νμ120	GeV	
p+	from	
MI

Eν ≈ 0.43
Eπ

1+ γ 2θν
2

¨ NOvA	is	14	mrad	off-axis,	sees	a	narrow	
band	beam	peaked	at	2	GeV
¤ Near	(but	slightly	above)	oscillation	
maximum

¤ Few	high	energy	NC	background	events
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Making	a	Neutrino	Beam
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T2K	Event	Counts

50

§ T2K	observe	fewer	appeared	electron	
antineutrinos	than	expected	for	any	value	
of	delta	CP
§ Expect	6.5	events	with	no	disappearance
§ Distribution	of	angle	and	momentum	also	
more	consistent	with	background	spectra	
than	appearance	spectra

§ CP	Conserving	values	outside	the	2	sigma	
region	for	both	hierarchies

§ Bayes	factor	of	NH/IH	is	7.9

M.	Wascko,	Neutrino2018



MINOS+	and	OPERA

51

§ Opera	final	results:
§ 10	tau	neutrino	
candidates

§ 6.1sigma	evidence	of	
appearance

§ 20%	measurement	of	
mass	splitting	agrees	with	
disappearance	
measurements
Phys.	Rev.	Lett.	120,	211801
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KATRIN
§ KATRIN	promises	a	direct	limit	an	order	of	magnitude	
better	than	current	limit

§ Discovery	if	neutrino	mass	is	around	0.4	eV
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Figure 26: (a) Discovery potential of KATRIN as function of time for di)erent neutrino masses. (b) Upper limit on neutrino mass at 90%
C.L. as a function of time.

of the large-scale test units have opened the possibility
to substantially reduce the systematic e)ects during the
long-term measurements with the ,nal con,guration, thus
improving the neutrino mass sensitivity of the experiment.

Beginning at the source-related components, an impor-
tant breakthroughwas the veri,cation of the novel beam tube
cooling system. In a dedicated setup, consisting largely of
original components, the WGTS demonstrator, a tempera-
ture stabilization of the 10m long beam tube ofΔ"/" of≈10−4
was achieved by using two-phase neon .uid as cooling agent.
/is is one order ofmagnitude better than speci,ed. Together
with the achieved pressure stabilisation of the inner loop
mock-up of Δ$/$ of ≈10−4, this opens up the possibility of
reduced systematic errors from column density .uctuations
(this is one of the largest overall systematic errors). At present
the WGTS demonstrator is being reassembled to the ,nal
WGTS cryostat./e ,nalWGTS assembly at KIT is expected
to be completed by the end of 2014. Further progress has been
made with regard to tritium analytics (LARA setup), as well
as the design of the rear section which will include extensive
control and monitoring units.

Major progress has also been achieved in the,eld of large-
scale tritium retention. A1er the successful commissioning
of the DPS2-F cryostat, ,rst tritium retention measurements
with a beam tube at room temperature have yielded exper-
imental .ow suppression factors which are in very good
agreement with corresponding MC simulations. Due to the
malfunction of a protective diode of the superconducting
magnet system of DPS2-F, a new magnet safety concept
for all s.c. solenoids has been designed. /is concept is
currently being implemented for WGTS and CPS, as well as
a fail-safe di)erential pumping section. /e manufacture of
the cryopump CPS is well under way with assembly works
expected to be ,nished by the end of 2013.

In the spectrometer section, the extensive measurement
program with the prespectrometer facility has given impor-
tant insights into background reduction techniques, precision
electromagnetic layout, vacuum technologies, and high volt-
age stability. At present the prespectrometer is ready for beam
line integration.

/e main spectrometer together with its external air coil
system and its inner electrode system, which was completed
at the beginning of 2012, is currently being prepared for test
measurements. /ese measurements will be focused ,rst on

extensive background studies, with the objective to remove
any remaining small-scale Penning traps, to quantify the
contribution of cosmic muon induced background and to
study its signature by making use of external muon detectors.
An important aspect of the background studies will be the
identi,cation of background due to stored electrons follow-
ing nuclear decays, and the optimisation of active and passive
background reduction techniques to limit the spectrometer
background to a level of <10−2 cps. Another important task
will be to map the transmission properties of the spectrome-
ter with an angular-selective electron gun. In all these inves-
tigations the recently commissioned focal plane detector sys-
tem with its excellent properties will be of vital importance.
Finally, the extensive so1ware developments for simulation
and analysis tools are in an advanced state and the so1ware
packages are continually being re,ned and extended.

A1er integration of all source-related and spectrometer-
related components, the ,rst runs in the ,nal KATRIN
con,guration are expected in the second half of 2015.

5. New Approaches

While spectrometer experiments based on the MAC-E ,lter
principle [70] currently provide the highest sensitivities
in direct neutrino mass experiments, there are alternative
approaches that aim for comparable performance and better
scalability in the study of weak decays.

A very recent development is promoted by the Project
8 team (see Section 5.1) where tritium technology from the
KATRIN experiment is used in conjunction with microwave
antennas to detect coherent cyclotron radiation emitted by
individual decay electrons in a magnetic ,eld. /e aim is
to extract a %-decay spectrum without the need for a large
electrostatic spectrometer.

Most of the work on alternative experimental methods
is, however, focused on using microcalorimeters to study
rhenium %-decays (see Section 5.2) or holmium electron
capture decays (see Sections 5.3 and 5.4)./emain advantage
of using microcalorimeters lies in the source = detector
principle that allows to measure the complete decay energy
(excluding the energy carried away by the emitted neutrino)
as opposed to only measuring the kinetic energy of the decay
electrons. On the other hand the comparably slow signals
produced by calorimetric detectors bring the challenge of
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Figure 26: (a) Discovery potential of KATRIN as function of time for di)erent neutrino masses. (b) Upper limit on neutrino mass at 90%
C.L. as a function of time.

of the large-scale test units have opened the possibility
to substantially reduce the systematic e)ects during the
long-term measurements with the ,nal con,guration, thus
improving the neutrino mass sensitivity of the experiment.

Beginning at the source-related components, an impor-
tant breakthroughwas the veri,cation of the novel beam tube
cooling system. In a dedicated setup, consisting largely of
original components, the WGTS demonstrator, a tempera-
ture stabilization of the 10m long beam tube ofΔ"/" of≈10−4
was achieved by using two-phase neon .uid as cooling agent.
/is is one order ofmagnitude better than speci,ed. Together
with the achieved pressure stabilisation of the inner loop
mock-up of Δ$/$ of ≈10−4, this opens up the possibility of
reduced systematic errors from column density .uctuations
(this is one of the largest overall systematic errors). At present
the WGTS demonstrator is being reassembled to the ,nal
WGTS cryostat./e ,nalWGTS assembly at KIT is expected
to be completed by the end of 2014. Further progress has been
made with regard to tritium analytics (LARA setup), as well
as the design of the rear section which will include extensive
control and monitoring units.

Major progress has also been achieved in the,eld of large-
scale tritium retention. A1er the successful commissioning
of the DPS2-F cryostat, ,rst tritium retention measurements
with a beam tube at room temperature have yielded exper-
imental .ow suppression factors which are in very good
agreement with corresponding MC simulations. Due to the
malfunction of a protective diode of the superconducting
magnet system of DPS2-F, a new magnet safety concept
for all s.c. solenoids has been designed. /is concept is
currently being implemented for WGTS and CPS, as well as
a fail-safe di)erential pumping section. /e manufacture of
the cryopump CPS is well under way with assembly works
expected to be ,nished by the end of 2013.

In the spectrometer section, the extensive measurement
program with the prespectrometer facility has given impor-
tant insights into background reduction techniques, precision
electromagnetic layout, vacuum technologies, and high volt-
age stability. At present the prespectrometer is ready for beam
line integration.

/e main spectrometer together with its external air coil
system and its inner electrode system, which was completed
at the beginning of 2012, is currently being prepared for test
measurements. /ese measurements will be focused ,rst on

extensive background studies, with the objective to remove
any remaining small-scale Penning traps, to quantify the
contribution of cosmic muon induced background and to
study its signature by making use of external muon detectors.
An important aspect of the background studies will be the
identi,cation of background due to stored electrons follow-
ing nuclear decays, and the optimisation of active and passive
background reduction techniques to limit the spectrometer
background to a level of <10−2 cps. Another important task
will be to map the transmission properties of the spectrome-
ter with an angular-selective electron gun. In all these inves-
tigations the recently commissioned focal plane detector sys-
tem with its excellent properties will be of vital importance.
Finally, the extensive so1ware developments for simulation
and analysis tools are in an advanced state and the so1ware
packages are continually being re,ned and extended.

A1er integration of all source-related and spectrometer-
related components, the ,rst runs in the ,nal KATRIN
con,guration are expected in the second half of 2015.

5. New Approaches

While spectrometer experiments based on the MAC-E ,lter
principle [70] currently provide the highest sensitivities
in direct neutrino mass experiments, there are alternative
approaches that aim for comparable performance and better
scalability in the study of weak decays.

A very recent development is promoted by the Project
8 team (see Section 5.1) where tritium technology from the
KATRIN experiment is used in conjunction with microwave
antennas to detect coherent cyclotron radiation emitted by
individual decay electrons in a magnetic ,eld. /e aim is
to extract a %-decay spectrum without the need for a large
electrostatic spectrometer.

Most of the work on alternative experimental methods
is, however, focused on using microcalorimeters to study
rhenium %-decays (see Section 5.2) or holmium electron
capture decays (see Sections 5.3 and 5.4)./emain advantage
of using microcalorimeters lies in the source = detector
principle that allows to measure the complete decay energy
(excluding the energy carried away by the emitted neutrino)
as opposed to only measuring the kinetic energy of the decay
electrons. On the other hand the comparably slow signals
produced by calorimetric detectors bring the challenge of
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