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What we know about neutrinos
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Neutrino mass puzzle
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Massive neutrinos
“Dirac” neutrinos 

“Majorana” neutrinos
No lepton number conservation!

The two descriptions are distinct and distinguishable only if mν≠0. 
Lecture 3 is how to tell the difference experimentally.
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Seesaw mechanism
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Experimentally, it is an open question whether neutrinos are 
Majorana or Dirac, but Majorana neutrinos are strongly preferred 
by theorists.  Seesaw mechanism can be used to explain small 
neutrino masses (see 2019 PDG). Type I seesaw mechanism 
(Gell-Mann, Ramond, Slansky and Yanagida, 1979):



How to weigh a neutrino?



Time of flight
Neutrino events from supernova 
1987a (Large Magellanic Cloud) 
were detected in KamiokaNDE, 
IMB, and Baksan observatories.

With a model for neutrino 
production, it is possible to look for 
smearing due to neutrino mass. 
Early analyses gave limits ~20 eV.

Improved supernova modeling and 
Bayesian statistical approaches do 
better:

< 5.7 eV @ 95% C.L.
Loredo and Lamb, PRD 65 (2002)



Decay kinematics
Look at the impact of 
non-zero n mass on the 
following decays.

ne: beta decay

nµ: pion decay*

nt: tau decay*

*thanks to Mike 
Shaevitz for next two 
slides, 2002 lectures at 
Lake Louise School



t decay

Current best limit from studies of 
the kinematics of t decays.

•Fit to scaled visible energy vs. 
scaled invariant mass.  Best limit

<18.2 MeV @ 95% C.L.
Aleph, EPJ C2 395 1998m=0

m=30 MeV



Pion decay
Current best limit from studies of the 
kinematics of p → µnµ decay.

•Pion decay in flight is limited in 
practice by momentum resolution.
•Pion decay at rest is limited by pion 
mass uncertainty.  This currently 
gives the best limits from PSI

<170 keV @ 95% C.L.
Assamagan et al., PRD (1996)

*Proposals exist to get this down to ~8 keV



Beta decay
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Beta decay limits

Mainz
Troitsk

MIBETA

Figure from J. Wilkerson, Neutrino 2012

3H (tritium)
Q = 18.6 keV 
t½ = 12.3 years
Super-allowed

187Re
Q = 2.47 keV
t½ = 4.5 x 109 years
Forbidden



Existing tritium results



Tritium gas sources
Gas sources give the best results, but 
we’re limited to using molecular tritium.
• Electronic excitations in T atoms
• Excitations in T2 gas

– Electronic: 20 eV
– Vibrational: ~0.1 eV
– Rotational: ~0.01 eV

• Beta spectrum depends on excitation 
energies Vk and probabilities Pk

• KATRIN needs 1% uncertainties on 
final state distribution.
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MAC-E filter
Magnetic Adiabatic Collimation and Electrostatic filter

The MAC-E filter allows measurement of integral spectrum with an adjustable 
threshold.  Only see the endpoint of the decay!
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Figure 8: Principle of the MAC-E-Filter. Top: experimental setup,
bottom: momentum transformation due to adiabatic invariance of
the orbital magnetic momentum ! in the inhomogeneous magnetic
field.

Therefore, in the presence of a missed experimental broaden-
ing with Gaussian width " one expects a shift of the result on#2($!) of Δ#2 ($!) ≈ −2 ⋅ "2, (37)

which gives rise to a negative value of#2($!) [18].
3.2.1. MAC-E-Filter. The significant improvement in the
neutrino mass sensitivity by the Troitsk and the Mainz
experiments are due to MAC-E-Filters (Magnetic Adiabatic
Collimation with an Electrostatic Filter). This new type of
spectrometer—based on early work by Kruit and Read [69]—
was developed for the application to the tritium +-decay at
Mainz and Troitsk independently [70, 71].The MAC-E-Filter
combines high luminosity at low background and a high
energy resolution, which are essential features to measure
the neutrino mass from the endpoint region of a +-decay
spectrum.

The main features of the MAC-E-Filter are illustrated
in Figure 8: two superconducting solenoids are producing
a magnetic guiding field. The +-electrons, starting from
the tritium source in the left solenoid into the forward
hemisphere, are guided magnetically on a cyclotron motion
along the magnetic field lines into the spectrometer yielding
an accepted solid angle of nearly 2,. On theway of an electron
into the center of the spectrometer the magnetic field -
decreases smoothly by several orders of magnitude keeping
the magnetic orbital moment of the electron ! invariant
(equation given in nonrelativistic approximation)! = .⊥- = const. (38)

Therefore nearly all cyclotron energy .⊥ is transformed into
longitudinal motion (see Figure 8 bottom) giving rise to a

broad beamof electrons flying almost parallel to themagnetic
field lines. This is just the opposite of the so-called magnetic
mirror ormagnetic bottle effect.

This parallel beam of electrons is energetically analyzed
by applying an electrostatic barrier created by a system of
one or more cylindrical electrodes. The relative sharpness
of this energy high-pass filter is only given by the ratio of
the minimummagnetic field -min reached at the electrostatic
barrier in the so-called analyzing plane and the maximum
magnetic field between +-electron source and spectrometer-max Δ.. = -min-max

. (39)

It is beneficial to place the electron source in a magnetic
field -S somewhat lower than the maximum magnetic field-max. Thus the magnetic mirror effect based on the adiabatic
invariant (38) hinders electrons with large starting angles at
the source and long paths inside the source to enter theMAC-
E-Filter. Only electrons are able to pass the pinch field -max
which exhibit starting angles /S at -S of

sin2 (/S) ≤ -S-max
. (40)

In principle, the pinchmagnet could also be installed between
the MAC-E-Filter and the detector, which counts the elec-
trons transmitted by theMAC-E-Filter, as long as the electron
transport is always adiabatically. Such an arrangement has
been realized at the KATRIN experiment.

The exact shape of the transmission function can be
calculated analytically. For an isotropically emittingmonoen-
ergetic source of particles with kinetic energy . and charge 1
it reads as function of the retarding potential 2 as3 (.,2)
= {{{{{{{{{{{{{{{
0 for . ≤ 12,1 − √1 − . − 12. ⋅ -S-min

for 12 < . < 12 + Δ.,1 − √1 − -S-max
for . ≥ 12 + Δ..

(41)

Figure 9 shows the transmission function of a MAC-E-
Filter at the example of the KATRIN experiment at its default
settings (see Section 4.4).

The +-electrons are spiralling around the guiding mag-
netic field lines in zeroth approximation. Additionally, in
non-homogeneous electrical and magnetic fields they feel a
small drift :, which reads in first order [70]::⃗ = (.⃗ × -⃗-2 − (.⊥ + 2.||)> ⋅ -3 (-⃗ × ∇⊥-⃗)) . (42)

The clear advantages of theMAC-E-Filter of large angular
acceptance and high energy resolution come together with
the danger to store charged particles in Penning, magnetic
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bottom: momentum transformation due to adiabatic invariance of
the orbital magnetic momentum ! in the inhomogeneous magnetic
field.
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neutrino mass sensitivity by the Troitsk and the Mainz
experiments are due to MAC-E-Filters (Magnetic Adiabatic
Collimation with an Electrostatic Filter). This new type of
spectrometer—based on early work by Kruit and Read [69]—
was developed for the application to the tritium +-decay at
Mainz and Troitsk independently [70, 71].The MAC-E-Filter
combines high luminosity at low background and a high
energy resolution, which are essential features to measure
the neutrino mass from the endpoint region of a +-decay
spectrum.

The main features of the MAC-E-Filter are illustrated
in Figure 8: two superconducting solenoids are producing
a magnetic guiding field. The +-electrons, starting from
the tritium source in the left solenoid into the forward
hemisphere, are guided magnetically on a cyclotron motion
along the magnetic field lines into the spectrometer yielding
an accepted solid angle of nearly 2,. On theway of an electron
into the center of the spectrometer the magnetic field -
decreases smoothly by several orders of magnitude keeping
the magnetic orbital moment of the electron ! invariant
(equation given in nonrelativistic approximation)! = .⊥- = const. (38)

Therefore nearly all cyclotron energy .⊥ is transformed into
longitudinal motion (see Figure 8 bottom) giving rise to a

broad beamof electrons flying almost parallel to themagnetic
field lines. This is just the opposite of the so-called magnetic
mirror ormagnetic bottle effect.

This parallel beam of electrons is energetically analyzed
by applying an electrostatic barrier created by a system of
one or more cylindrical electrodes. The relative sharpness
of this energy high-pass filter is only given by the ratio of
the minimummagnetic field -min reached at the electrostatic
barrier in the so-called analyzing plane and the maximum
magnetic field between +-electron source and spectrometer-max Δ.. = -min-max

. (39)

It is beneficial to place the electron source in a magnetic
field -S somewhat lower than the maximum magnetic field-max. Thus the magnetic mirror effect based on the adiabatic
invariant (38) hinders electrons with large starting angles at
the source and long paths inside the source to enter theMAC-
E-Filter. Only electrons are able to pass the pinch field -max
which exhibit starting angles /S at -S of

sin2 (/S) ≤ -S-max
. (40)

In principle, the pinchmagnet could also be installed between
the MAC-E-Filter and the detector, which counts the elec-
trons transmitted by theMAC-E-Filter, as long as the electron
transport is always adiabatically. Such an arrangement has
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MAINZ

• Quench condensed solid T2 source
• Early results (1994) showed systematic 

effects, traced to source film roughening 
transition (fixed by lowering temperature)

• 1995-1997 significant background 
reduction, signal improvement

• Best limit
< 2.2 eV @ 90% C.L.

Weinheimer et al., Phys. Lett. B 460219 (1999)



Speaking of anomalous results…

Nature 366, 29 - 32 (04 November 1993)
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KATRIN outlook

Leopoldshafen
November 2006

• Intense T2 source (1011 decays/second)
• Spectrum analysis with electromagnetic filter
• Design resolution 0.93 eV
• Design mb sensitivity: 0.2 eV/c2 at 90% C.L.
• 2015 commissioning revealed high backgrounds from 210Po
• Tritium commissioning began in May 2018! Stay tuned…



MIBETA and MARE
Bolometric measurements on 187Re

Community has moved on to 163Ho
Nucciotti, arXiv:1511.00968

Re

• ~15 eV sensitivity for MiBETA (2004)
• R&D by MARE collaboration

• Metallic Re (superconducting)
• Complex thermalization

• Dielectric AgReO4

• Long response time
• Low specific activity (105 pixels!)



Holmium decay
163Ho → 163Dy* + ne

ne

163Ho 163Dy*

Lusignoli and Vignati, Phys. Lett. B 697 (2011)

163Ho
Q = 2.83 keV 
t½ = 4750 years

De Rújula and Lusignoli, 
Phys. Lett. B 118 (1982) 429 

(some e-

omitted)



Holmium experiments
Holmium microcalorimetry, two competing 
experiments.

• HOLMES uses MKID sensor technology, 
ECHo uses MMCs

Big problems with the endpoint and theory

Heat sink
(sub-Kelvin)

Thermometer

Absorber

Thermal 
link

Radioisotope

Eliseev et al., PRL 115
(2015) 062501

Faessler et al., PRC 
91 (2015) 064302



A new approach:
Never measure anything but 
frequency.

-Arthur Schawlow

An electron in a magnetic 
field will radiate at:

Monreal and Formaggio, PRD 80 (2009)

Measure entire beta 
spectrum at once: 
Cyclotron Radiation 
Emission 
Spectroscopy (CRES)

fγ =
fc
γ
=
eB
2π

1
me + 1

c2 Eβ



CRES single electron detection

PRL 114, 162501 (2015)

83mKr source



Cosmic neutrino background

Next few slides stolen from a talk by Chris Tully at LNGS in 2017
for more on PTOLEMY, see arXiv:1902.05508



Cosmic neutrino background

Dicke, Peebles, Roll, Wilkinson (1965)

1 sec

per neutrino species 
(neutrino+antineutrino)

start of nucleosynthesis
n/p~0.15*0.74~0.11

Tn ~1.95K

Relic velocity depends on mass



Cosmic neutrino background



Neutrino capture

Electron energy

Original idea: Steven Weinberg in 1962, 
Phys. Rev. 128:3, 1457
JCAP 0706 (2007)015, hep-ph/0703075, 
Cocco, Mangano, Messina

Capture cross section * (v/c) ~ 10-44 cm2 (flat up to 10 keV)



A little bit of everything: PTOLEMY

Tritium Storage Cell
(Surface Deposition)

High Field Solenoid
Long High Uniformity 

Solenoid (~2T)

Accelerating
Potential

MAC-E filter
(De-accelerating

Potential)

Accelerating
Potential

RF Tracking
(38-46 GHz)

Time-of-Flight
(De-accelerating

Potential)

Cryogenic
Calorimeter
(σ~0.15eV)

Low Field
Region

e-

E0-18.4keV
0-1keV

(~150eV)

E0

E0+30kV

~50-150eV
below 

Endpoint

Princeton Tritium Observatory for Light, Early-universe, Massive-neutrino Yield

e- from Tritium start 
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(August 2, 2016)
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The Simons Foundation
The John Templeton Foundation



R&D Prototype @ Princeton University
(June 7, 2017)

Supported by:

The Simons Foundation
The John Templeton Foundation



Major challenges
• Reduce molecular smearing

• New source (Tritiated-Graphene 
or Cryogenic Au(111))

• Measure the energy spectrum directly 
with a resolution comparable to the 
neutrino mass
• High-resolution electron 

microcalorimeters
• Compress a 70m spectrometer length 

– KATRIN’s length – down to ~cm 
scale and replicate it at lower 
precision – final measurement from 
microcalorimeter
• New filter concept (Newtonian vs. 

Galilean)
• RF trigger system (Project 8 

development)
• G-FET as a potential trigger 

system

RAPID COMMUNICATIONS

PUJARI, GUSAROV, BRETT, AND KOVALENKO PHYSICAL REVIEW B 84, 041402(R) (2011)

the energy self-consistency and 0.005 eV/Å for the forces.
Further, to maintain the accuracy, integration over the Brillouin
zone was performed on regular 26 × 26 × 1 Monkhorst-Pack
grids. The band structure was plotted on the lines joining the
M , !, K , and M points, and the individual line segments
were sampled using 50 grid points each. The corresponding
precision was also maintained for the cell optimization carried
out using the Broyden-Fletcher-Goldfarb-Shanno (BFGS)
quasi-Newton algorithm. The convergence threshold on the
pressure was kept at 0.1 kBar. The computational unit cell
consisted of two carbons and two hydrogens. A vacuum space
of 12 Å was kept normal to the SSHGraphene plane to avoid
any interactions between the adjacent sheets.

It is worthwhile to review some properties of graphene
and graphane before we discuss SSHGraphene. Graphene is
a one-atom-thick sheet of sp2-bonded carbon atoms that are
densely packed in a bipartite crystal lattice. It has two atoms
per unit cell, which has the lattice parameter of 2.46 Å, with
a carbon-carbon bond length of 1.42 Å. Although graphane
is bipartite and hexagonal, its unit cell has four atoms (two
carbons and two hydrogens) and has a larger lattice parameter,
namely, 2.51 Å.13 In graphane every alternate carbon atom is
attached to a hydrogen atom from alternate sides of the plane.
In response to the addition of hydrogens, the carbon atoms are
displaced out of the plane toward hydrogen atoms. In short,
the carbon atoms in graphane are no longer planar.

The unit cell of SSHGraphene also contains four atoms, two
carbons and two hydrogens. We carried out full optimization
of the unit cell, including both the unit cell geometry and the
atomic positions. The optimized geometry of SSHGraphene
is shown in Figure 1. As seen from the figure, the cell is
similar to that of graphene, except that the lattice parameter
for SSHGraphene is now enlarged to 2.82 Å, which is larger
than graphane (2.51 Å) as well. Notice that the enhancement is
necessary in order to accommodate the hydrogen atoms, as the
unoptimized unit cell of graphene does not favor the complete
hydrogenation. The increase in the lattice parameter is due to
the increase in the carbon-carbon bonds, which is increased
from 1.42 (in graphene) to 1.63 Å. The increase in the bond
length upon hydrogenation is not surprising, as the same effect

1.09

1.63

Å

Å

FIG. 1. (Color online) Hexagonal structure SSHGraphene with
carbon and hydrogen atoms shown in darker and lighter shade,
respectively. The structure has the symmetry of graphene and the
carbon atoms are in a single plane (unlike graphane).

TABLE I. A comparison of graphene and SSHGraphene vs
graphone and graphane as reported in the literature.12,13 a is the
lattice parameter, and "E is the binding energy (eV).

SSHGraphene

Graphene Graphone12 Graphane13 HSE PBE

a (Å) 2.46 – 2.51 2.82 2.83
C-C (Å) 1.42 1.50 1.52 1.63 1.64
C-H (Å) – 1.16 1.11 1.09 1.08
"E/atom 9.56 – 6.56 5.90 5.54

is also seen in graphane. Similarly, as expected, upon single-
sided hydrogenation the carbon atoms remain in one plane with
the hydrogens forming another plane at 1.09 Å. This is a typical
bond length of C-H when bonded covalently. (In methane, for
example, the bond lengths are also 1.09 Å.) To summarize, a
comparison of (available) structural parameters of graphene,
graphone, graphane, and SSHGraphene are given in Table I. It
also shows the binding energy per atom, which is the signature
of energetic stability of the system. The binding energy for
SSHGraphene is calculated using the pseudoatomic energies of
carbon (EC) and hydrogen (EH) atoms and using "E = EC +
EH − ESSHGraphene, where ESSHGraphene is the total energy of
SSHGraphene. Thus, the higher the energy the more stable the
system. The binding energies for graphene and graphane are as
reported in the literature.13 The overall trend is quite straight-
forward. Graphene, having the smallest C-C bond, is the most
stable of all. Although not as stable as others, SSHGraphene is
still strongly bound. To put it in perspective, recall that benzene
has the binding energy 6.49 eV/atom while acetylene has 5.90
eV/atom,13 and both are among the most stable hydrocarbons.
Thus there is no doubt that SSHGraphene is indeed very stable.
Further, we studied the reaction pathway of the hydrogen
detachment using nudge-elastic-band method. Two cases were
considered: desorption of 50% H atoms (one H per primitive
cell) and desorption of effectively single H atom (one H from
2×2 unit cell). The potential energy landscapes obtained, see
Fig. 2, clearly depict one deep potential well at 1.08 Å. The
presence of the deep well and the absence of any other well
in the vicinity clearly favors the formation of SSHGraphene.
(More details in Supplemental Material.30) We would like to
mention that synthesis of the SSHGraphene may be similar to
graphane in which the hydrogen atoms are kinetically trapped
in the potential-energy minimum near the graphene plane.

It is well known that the graphene band structure is very
sensitive to deformations of any kind. As noted before, there
is a clear evidence that upon partial hydrogenation the band
gap of graphene is opened. It is thus easy to conjecture
that the SSHGraphene would be a semiconductor. However,
the most remarkable feature of SSHGraphene is that it is a
semiconductor with an indirect band gap. The band structure
of SSHGraphene shown in the upper part of Fig. 3 clearly
exhibits an indirect band gap. The value of the gap is 1.35 eV
for HSE and 1.89 eV for PBE functional. The qualitative nature
of band structure remains unchanged. This value of the band
gap is of interest as it lies in between the gapless graphene
and the rather wide band-gap graphane (3.5 eV by DFT and
5.4 eV by GW method31). Thus, SSHGraphene becomes a
preferred organic candidate for semiconductor based devices.

041402-2

Graphene

< 3eV binding 
energy



Summary
• Beta decay measurements are the best tool we have 

for a precise measurement of small neutrino masses.
• KATRIN, following in the footsteps of 

MAINZ/TROITSK, will begin taking data soon, bringing 
limits on mb to the 0.2 eV level.

• Bolometer experiments HOLMES and ECHo are also 
pursuing direct mass measurements in holmium.

• Radio frequency measurement developed by Project 8 
is another promising technique with some recent 
technical success.

• These experiments can also potentially probe the 
CNB.

• The future of the field is dependent on nuclear theory!


