
ν



ν

WIN 2017 

June 19th 2017 

Joseph A. Formaggio 

MIT

Weighing 
Neutrinos



After decades of searching, 

Atlas and CMS groups report 

discovery of the Higgs, 

completing the architecture of 

the Standard Model.

Discovery!
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Results are presented from searches for the standard model Higgs boson in proton–proton collisions
at

√
s = 7 and 8 TeV in the Compact Muon Solenoid experiment at the LHC, using data samples

corresponding to integrated luminosities of up to 5.1 fb−1 at 7 TeV and 5.3 fb−1 at 8 TeV. The search
is performed in five decay modes: γ γ , ZZ, W+W−, τ+τ−, and bb. An excess of events is observed above
the expected background, with a local significance of 5.0 standard deviations, at a mass near 125 GeV,
signalling the production of a new particle. The expected significance for a standard model Higgs boson
of that mass is 5.8 standard deviations. The excess is most significant in the two decay modes with the
best mass resolution, γ γ and ZZ; a fit to these signals gives a mass of 125.3 ± 0.4(stat.)± 0.5(syst.) GeV.
The decay to two photons indicates that the new particle is a boson with spin different from one.

© 2012 CERN. Published by Elsevier B.V.

1. Introduction

The standard model (SM) of elementary particles provides a re-
markably accurate description of results from many accelerator and
non-accelerator based experiments. The SM comprises quarks and
leptons as the building blocks of matter, and describes their in-
teractions through the exchange of force carriers: the photon for
electromagnetic interactions, the W and Z bosons for weak inter-
actions, and the gluons for strong interactions. The electromagnetic
and weak interactions are unified in the electroweak theory. Al-
though the predictions of the SM have been extensively confirmed,
the question of how the W and Z gauge bosons acquire mass
whilst the photon remains massless is still open.

Nearly fifty years ago it was proposed [1–6] that spontaneous
symmetry breaking in gauge theories could be achieved through
the introduction of a scalar field. Applying this mechanism to the
electroweak theory [7–9] through a complex scalar doublet field
leads to the generation of the W and Z masses, and to the predic-
tion of the existence of the SM Higgs boson (H). The scalar field
also gives mass to the fundamental fermions through the Yukawa
interaction. The mass mH of the SM Higgs boson is not predicted
by theory. However, general considerations [10–13] suggest that

✩ © CERN for the benefit of the CMS Collaboration.
⋆ E-mail address: cms-publication-committee-chair@cern.ch.

mH should be smaller than ∼1 TeV, while precision electroweak
measurements imply that mH < 152 GeV at 95% confidence level
(CL) [14]. Over the past twenty years, direct searches for the Higgs
boson have been carried out at the LEP collider, leading to a lower
bound of mH > 114.4 GeV at 95% CL [15], and at the Tevatron
proton–antiproton collider, excluding the mass range 162–166 GeV
at 95% CL [16] and detecting an excess of events, recently reported
in [17–19], in the range 120–135 GeV.

The discovery or exclusion of the SM Higgs boson is one of the
primary scientific goals of the Large Hadron Collider (LHC) [20].
Previous direct searches at the LHC were based on data from
proton–proton collisions corresponding to an integrated luminos-
ity of 5 fb−1 collected at a centre-of-mass energy

√
s = 7 TeV.

The CMS experiment excluded at 95% CL a range of masses from
127 to 600 GeV [21]. The ATLAS experiment excluded at 95%
CL the ranges 111.4–116.6, 119.4–122.1 and 129.2–541 GeV [22].
Within the remaining allowed mass region, an excess of events
near 125 GeV was reported by both experiments. In 2012 the
proton–proton centre-of-mass energy was increased to 8 TeV and
by the end of June an additional integrated luminosity of more
than 5 fb−1 had been recorded by each of these experiments,
thereby enhancing significantly the sensitivity of the search for the
Higgs boson.

This Letter reports the results of a search for the SM Higgs bo-
son using samples collected by the CMS experiment, comprising
data recorded at

√
s = 7 and 8 TeV. The search is performed in

0370-2693 © 2012 CERN. Published by Elsevier B.V.
http://dx.doi.org/10.1016/j.physletb.2012.08.021
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One would imagine as similar pattern would 

unfold for all particle discoveries.

Enrico Fermi 
1934 

(theory)

Wolfgang Pauli 
1930 

(proposal)

Reines & Cowan 
1956 

(discovery)

26 years



After all this time, are we 

fundamentally still stuck in this 

paradigm where neutrino masses 

remain unknown?
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So far, we now know that both 

“grande” and “zero” are ruled out. 

But the nature and even scale of 

neutrino masses remains an open 

question?

6

Arthur B. McDonald 
(Sudbury Neutrino Observatory)

Takaaki Kajita 
(Super-Kamiokande)



Neutrinos are odd little birds… 

To date, they remain the only 

particles whose essential 

Standard Model properties are 

still in question…

7

Do neutrinos violate 
CP? 

Are they their own 
anti-particle? 

Inverted or Normal 
ordering? 

What is their mass 
scale?



With oscillations 

established, the 

scale of neutrino 

masses can be 

probed with several 

techniques. 

  

Beta-decay 

(electron capture) 

measurements are 

the hardest to 

advance, but offer 

kinematic only 

constraints. 
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constraints. 

Gomez-Cadenas, J.J. et al. 
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Normal ordering

Inverted ordering
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Landscape Outlook

https://inspirehep.net/author/profile/Gomez-Cadenas%2C%20J.J.?recid=929460&ln=en


With oscillations 

established, the 

scale of neutrino 

masses can be 

probed with several 

techniques. 

  
CMB Only:

∑mν < 140-590 
meV

CMB + LSS:
∑mν < 120 meV

Future:
∑mν < 40-60 meV

Gomez-Cadenas, J.J. et al. 
Riv.Nuovo Cim. 35 (2012) 29

Normal ordering

Inverted ordering

Mainz/Troitsk Limits 

Cosmology 
Limits 

Landscape Outlook

https://inspirehep.net/author/profile/Gomez-Cadenas%2C%20J.J.?recid=929460&ln=en


Kinematic spectra from beta decay or electron capture embed 

the neutrino mass near the endpoint. 

Kinematic determination of neutrino mass (dispersion relation).

3H � 3He+ + e� + �̄e

Tritium beta decay

163Ho 163Dy*

νe

Holmium electron capture

163Ho + e� ! 163Dy⇤ + ⌫e



Kinematic spectra from beta decay or electron capture embed 

the neutrino mass near the endpoint. 

Kinematic determination of neutrino mass (dispersion relation).
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In both cases, 
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depends on the 
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  Predecessors: Mainz & Troitsk  (Limit mβ < 2 eV 90% C.L.)

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

⇓
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Modern-day Techniques

MAC-E Technique 
(KATRIN)

Magnetic Adiabatic 
Collimation with 

Electrostatic Filtering 

Commissioning 

Frequency 
(Project 8)

Radio-frequency 
spectroscopy for beta decay 

Commencing first tritium 
measurements 

Calorimetry 
(HOLMES, ECHO  

&  
NUMECS)

Bolometric 
measurement of 163Ho 

  Arrays in 
development 

no filter for events far from endpoint 
� needs large number of counts 
� needs large number of pixels 

 
 
 
 
 

Technology for large Number of Pixels 

needs 
 
~ 1010 counts  for m ~ 10 eV 
 
~ 1013 counts  for m ~   sub 1 eV 
 
 
 
 
 

 
technology to read  
out such large  
pixel numbers   
is available and proven  
 
 
 
 



MAC-E Filter  
Technique 

(KATRIN)

KATRIN

T2 ! (T · 3He+) + e� + ⌫̄e



MAC-E Filter  
Technique 

(KATRIN)

KATRIN

T2 ! (T · 3He+) + e� + ⌫̄e

Spectroscopic:  MAC-E Filter

Inhomogeneous magnetic guiding field. 

Retarding potential acts as high-pass filter 

High energy resolution  

(ΔE/E = Bmin/Bmax = 0.93 eV)

adiabatic transformation of e- momentum



The KATRIN Setup

1011 e- / second 1 e- / second

Tritium retention 
system 

(107 tritium flow reduction)

1011 Bq “Windowless” 
gaseous T2 Source 

(High field) High resolution 
electrostatic filter 

(3G low field)

Detector 
System 

 (High Field)

Adiabatic transport ensures high retention of phase space for decay 

Energy resolution scales as the ratio of minimum / maximum fields

�E

E
=

B
min

B
max

! 0.93 eV

μe μe μe μe μe



Sep. 2015 

Windowless Gaseous Tritium Source 

(WGTS) arrives on site.



Windowless Gaseous Tritium Source 

(WGTS) now fully installed and 

being commissioned.

Temperature stability specification 

of 30 mK/hour well exceeded.



Main analyzing spectrometer 

arrives on KIT site

Beyond KATRIN
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System now full installed: 

— Fully functional spectrometer 

— Inner wire electrodes 

— Earth-correcting coils 

— HV system and controls.



Resolution function of MAC-E Filter shown to perform better 

than specifications.

At -18.6 keV, better than  
50 meV resolution at single angle 

emittance 
Sharpest transmission function 

for a MAC-E filter

Transmission Function

Specification of voltage stability 
and performance exceeds 

specifications by ~ factor of 3.

specification



Various processes can contribute to the spectrometer background. 

  

Various spectrometer backgrounds were investigated in detail 

during two measurement phases (SDS1 & SDS2). 
KATRIN Experiment

XVII Int. Workshop on Neutrino Telescopes 
March 15, 2017

• Various processes can contribute to the spectrometer background 

• Spectrometer backgrounds were investigated in detail during two 
measurement phases (SDS1 & SDS2)
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KATRIN main spectrometer backgrounds
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Background rate about 50 times larger then design value (10 mcps), 

presumably due to ionization of Rydberg atoms by black body radiation. 

Rydberg atoms created in the decay of 210Pb and accompanying processes, 

enter the spectrometer volume where they are ionized by thermal 

radiation, thus creating low-energy electrons.

KATRIN Experiment
XVII Int. Workshop on Neutrino Telescopes  

March 15, 2017

• All previously known background processes are efficiently suppressed 

• Background rate about 50 times larger then design value (10 mcps), 
presumably due to ionization of Rydberg atoms by black body 
radiation
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KATRIN main spectrometer backgrounds
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First Light! 

Electrons sent from one end of the 

KATRIN experiment to the other 

(calibration source to detector). 

Major milestone in preparation for 

tritium data taking in 2017.



Projected 
Sensitivity

Neutrino Mass Goals 

Discovery:     350 meV (at 5σ ) 

Sensitivity:    200 meV (at 90% C.L.)

First gaseous Kr injection to 
begin this summer!

Statistical 
Final-state spectrum 

T- ions in T2 gas 
Unfolding energy loss 

Column density 
Background slope 

HV variation 
Potential variation in source 

B-field variation in source 
Elastic scattering in T2 gas 

σ(mv
2) 0 0.01 eV2 

Simulated 5-sigma signal



Calorimetry 

(ECHO, HOLMES & NuMECS)

Calorimetric Approach

no filter for events far from endpoint 
� needs large number of counts 
� needs large number of pixels 

 
 
 
 
 

Technology for large Number of Pixels 

needs 
 
~ 1010 counts  for m ~ 10 eV 
 
~ 1013 counts  for m ~   sub 1 eV 
 
 
 
 
 

 
technology to read  
out such large  
pixel numbers   
is available and proven  
 
 
 
 

163Ho + e� ! 163Dy⇤ + ⌫e
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technology to read  
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Cryogenic Bolometers

Temperature rise in cryogenic bolometers 
proportional to energy deposition & 

capacitance. 

Since capacitance drops as T3 in insulators/
superconductors, one can achieve high 

energy resolution.  

ALL energy is absorbed.  No issues with 
backscattering, final states, etc.



All experiments must meet the same challenges:   

• Good energy resolution 

• Fast timing (to minimize pileup) 

• Multiplexing

Same Isotope, Different Technologies

Metallic Magnetic 
Calorimeters

Transition 
Edge Sensors

ECHO Experiment

HOLMES, NuMECS

submitted to Journal of Instrumentation

98 100 102 104 106
Temperature [mK]
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Figure 3: Left: picture of the developed Mo/Cu TES with Au absorber placed alongside (side-car design).
Right: TES resistance as a function of the temperature. The critical temperature Tc is around 100 mK

163Ho produced in the reduction and distillation process. The implanter is integrated with a vacuum chamber
(the target chamber) which also allows a simultaneous gold evaporation to control the 163Ho concentration
and to deposit the final gold layer to complete the 163Ho embedding. Simulations are in progress to design
a beam focusing stage with the purpose of decreasing the beam size on the target, thereby improving the
geometrical efficiency of the implantation process.

The setting up of the laboratory in Genova where the embedding system will be hosted, is in progress.
The ion source and the magnet have been delivered by the end of 2016. The system commissioning will
start in 2017. Preliminary tests will be performed by using stable holmium or 166mHo. This initial phase
will allow to assess the efficiency of the entire process, from the neutron irradiated Er2O3 powder to the
detector absorber embedding. The target chamber is being set-up in Milano-Bicocca and it will be initially
used to tune the detector gold absorber fabrication process without holmium implantation. It will be finally
integrated with the implanter.

4 TES sensors optimization
HOLMES will use TES based microcalorimeters adapted from use in high-resolution soft X-ray spectroscopy
to this specific application. The single pixel will be Molybdenum-Copper bilayer TES on SiN membrane with
2 µm-thick gold absorbers, which ensures a 99.99998% (99.9277%) probability of stopping the electrons
(photons) coming from the decay of 163Ho. Development of the single TES pixel design may continue, but a
suitable protype has already been identified and proven.

The requirement of low pile-up probability sets strict constraints on the detector response. The decay time
is set by the ratio between the thermal capacity C of the absorber and the thermal conductance G toward the
bath. Since the heat capacity is constrained by requiring the full containment of the energy in the absorber,
the only way to increase the speed is to increase G. A series of different TES prototypes suspended on a SiN
membrane were produced and tested at the National Institute for Standard and Technology (NIST, Boulder,
Co, USA).

The selected design is a 125⇥ 125 µm2 Mo/Cu TES with three normal metal bars built on a SiN mem-

5

Mo/Cu TES

paramagnetic
sensor-(Au:Er)

absorber source

• Understanding of endpoint 

• Clean source extraction of 163Ho 

• Low background levels.



The Solar Puzzle Begins..

Removing Obstacles
3

FIG. 2. (color online) Schematic of the SHIPTRAP setup used for the determination of the Q-value of the electron capture in
163Ho. Note that while the ions perform cyclotron and magnetron revolutions in the same sense, their cyclotron phase image
is inverted during the cyclotron-to-magnetron conversion [30]. For details see text, dimensions not to scale.

putting a drop of 163Ho nitrate on a titanium plate and
letting it dry. The final Ho-sample contained about
1016 163Ho atoms. The use of a sample with just a
few micrograms of radioactive material for measuring
the mass difference of heavy nuclides with a sub-ppb
uncertainty is a unique feature of our experiment.

From the laser-ablation ion source 163Ho+ and 163Dy+

ions were alternately transferred into a preparation trap
for cooling and centering via mass-selective buffer-gas
cooling [35] and further transfered into a measurement
trap for cyclotron-frequency determination with the
PI-ICR technique [30, 32]. The distance between the
Ho and Dy samples on the target holder of the laser
ion source was about 30 mm and thus a simultaneous
irradiation of two samples and hence a simultaneous pro-
duction of 163Ho and 163Dy ions were excluded. Other
impurity ions were removed in the preparation trap with
the buffer-gas cooling technique [35] prior to the transfer
into the measurement trap. For the measurement of
the ion cyclotron frequency ”measurement scheme 2”
as described in detail in [30] was applied: in short,
the amplitudes of the coherent components of their
magnetron and axial motions were reduced to values of
about 0.01 mm and 0.4 mm, respectively, by simultane-
ously applying to the corresponding trap electrodes two
1-ms dipolar rf-pulses with certain amplitudes, initial
phases and the corresponding frequencies. These steps
were required to reduce to a level well below 10−10 a
possible shift in the cyclotron-frequency ratio of the
163Ho+ and 163Dy+ ions due to the anharmonicity of the
trap potential and the inhomogeneity of the magnetic
field. After these preparatory steps, the radius of the
ion cyclotron motion was increased to 0.5 mm in order

to set its initial phase of the cyclotron motion. Then,
two excitation patterns, called in this work ”magnetron
phase” and ”cyclotron phase”, were applied alternately
in order to measure the ion cyclotron frequency νc.
In the magnetron-phase pattern the cyclotron motion
was first converted to the magnetron motion with the
same radius. Then, the ions performed the magnetron
motion accumulating a certain magnetron phase. After
600 ms elapsed, the ions’ position in the trap plane
perpendicular to the magnetic field was projected onto a
position-sensitive detector by ejecting the ions from the
trap towards the detector [36]. In the cyclotron-phase
pattern the ions first performed the cyclotron motion
for 600 ms accumulating the corresponding cyclotron
phase with a consecutive conversion to the magnetron
motion and again projection of the ion position in the
trap onto the position-sensitive detector. The angular
FWHM of the magnetron and cyclotron phase spots
with respect to the trap-image center amounts to about
70 and 110, respectively. The difference between the
angular positions of the two phase images (see Fig. 2)
is a measure for the ion cyclotron frequency νc. One
measurement of the ion cyclotron frequency consisted
of a periodic sequence of the magnetron and cyclotron
pulse patterns with a period of about 800 ms and a
total measurement time of approximately 5 minutes. On
this time-scale and with the obtained uncertainty the
phase measurements can be considered to be performed
simultaneously.
Data with more than 5 detected ions (about ten loaded
ions) per cycle were rejected in the data analysis in order
to reduce a possible shift in the cyclotron-frequency
ratio of the 163Ho+ and 163Dy+ ions due to ion-ion
interactions. To eliminate a cyclotron-frequency shift

4

FIG. 3. (color online) (a) An examplary 5-hour measurement period of the cyclotron frequencies νc of the 163Dy+ and 163Ho+

ions. The ratio R5hour of the cyclotron frequencies νc of the 163Dy+ and 163Ho+ ions was obtained along with the inner and
outer errors [34] by fitting to the 163Ho+ frequency points a fifth order polynomial P1(t) and to the 163Dy+ frequency points a
polynomial P2(t) = R5hour ×P1(t). (b) The mass difference of 163Ho and 163Dy calculated from the cyclotron-frequency ratios
R5hour. The red line and the red shaded band are the average mass difference value and its uncertainty of the work reported
here.

due to incomplete damping of the coherent component of
the magnetron motion, the delay between the damping
of the magnetron and axial motions and the excitation
of the ion cyclotron motion was varied over the period of
the magnetron motion. The positions of the magnetron
and cyclotron phase spots were chosen such that the
angle between them with respect to the measurement-
trap axis did not exceed a few degrees. This procedure
reduced the shift in the ratio of the 163Dy+ and 163Ho+

ions due to the possible distortion of the ion-motion
projection onto the detector to a level well below 10−10

[30].
The cyclotron frequencies νc of the 163Dy+ and 163Ho+

ions were measured alternately for several days. The to-
tal measurement period was divided in 34 approximately
5-hour periods. For each of them the ratio R5hour of
the cyclotron frequencies νc of the 163Dy+ and 163Ho+

ions was obtained along with the inner and outer errors
[34] by simultaneously fitting a fifth-order polynomial to
the 163Ho+ frequency points and the same polynomial
multiplied by a further fitted frequency ratio R5hour to
the 163Dy+ frequency points (see Fig. 3(a)).
The final cyclotron-frequency ratio R is the weighted
mean of the R5hour ratios, where the inverse of the
squared maxima of the inner and outer errors of the
R5hour ratios were taken as the weights to calculate R.
The associated Birge ratio is 1.09.
Fig. 3(b) shows the mass difference of 163Ho and 163Dy

corresponding to the cyclotron-frequency ratios R5hour.
The final frequency ratio R with its statis-
tical and systematic uncertainties as well as
the corresponding mass difference of 163Ho and
163Dy are R=1.000 000 018 67(20stat)(10sys) and

∆m=2833(30stat)(15sys) eV/c2, respectively. The
systematic uncertainty in the frequency-ratio determi-
nation originates from the anharmonicity of the trap
potential, the inhomogeneity of the magnetic field, the
distortion of the ion-motion projection onto the detector,
and a possible presence of 163Dy in the Ho-sample [30].

Our result for the atomic mass difference of 163Ho and
163Dy deviates by more than seven sigma experimental
uncertainty from the accepted value of the Atomic-
Mass-Evaluation AME 2012 [1] while being in perfect
agreement with the microcalorimetric measurements: Q
= 2800(50) eV [24] and Q = 2800(80) eV [8] (see Fig. 1)
- the Q-values, which were not included in the AME
2012 [1]. Thus, on the level of the present accuracy
there are no unexpected deviations due to systematic
effects of cryogenic microcalorimetry or of the theoretical
description of the spectrum. With the obtained Q-value
and a foreseen number of acquired electron-capture
events of 1010 in the first phase of the ECHo experiment
(ECHo-1k) it will be possible to reach a statistical
sensitivity below 10 eV to the neutrino mass, which will
drastically, i.e., by more than an order of magnitude,
improve the present upper limit on the neutrino mass.
For the determination of the electron-neutrino mass
with sub-eV uncertainty, the Q-value must be deter-
mined with a substantially lower uncertainty, too. This
independently measured Q-value on the eV level will
remove any systematic uncertainties due to possible
solid-state effects. Mass-difference measurements with
correspondingly high accuracy will become possible with
the realization of the PENTATRAP [37, 38] and CHIP-
TRAP experiments [39]. Also the existing FSU-TRAP

Q-value measurement of Ho/Dy system

SHIPTRAP Qmeas 

2833 + 30 + 15 eV

Energy resolution & timing measurements.

J Low Temp Phys (2016) 184:910–921 915

Fig. 2 163Ho EC spectrum
measured with MMC detectors
[6] using 163Ho produced by
proton-induced spallation of Ta.
The data (dark blue histogram)
have been fitted using the
experimental detector response
convolved with the theoretical
spectrum (pink line). The fit
parameters can be found in [13].
In addition, structures due to a
contamination of 144Pm are
visible around 1.4 keV (Color
figure online)
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3.2 Analysis of the 163Ho Calorimetric Spectrum

The analysis of the spectrum shown in Fig. 2 revealed some aspects to be improved.
In addition to the lines expected for the electron capture in 163Ho, small peaks related
to the electron capture in 144Pm are visible at energies around 1.4 keV. The additional
small peaks between 0.220 and 0.320 keV are also due to the presence of 144Pm and
its decay to excited 144Nd. The nuclide 144Pm was part of the mass-separated beam of
ionized particles having mass 163U as ionized molecule 144PmF+. For the success of
the ECHo experiment it is important to remove the background in the spectrum due
to the presence of other unwanted radioactive nuclides in the 163Ho source.

In addition the shape of the MI-line shows a low energy shoulder due to the loss to
the substrate of hot phonons created during the first phase of the energy thermalization
in the absorber. To reduce this effect the contact area between absorber and sensor
needs to be reduced by the fabrication of a small number of stems between absorber
and sensor.

The analysis of the energy region around 450 eV hinted at the existence of structures
above the NI-line, which cannot be explained by background sources [6]. A very
likely reason for these structures is that a non-negligible fraction of electron capture
processes leads to higher order excited states in 163Ho. The theoretical description of
these processes and predictions of the effects in calorimetricallymeasured spectra have
been treated in several articles [14–17]. Figure 3 (left) shows the comparison between
the data and the predicted shape of the spectrum obtained with a convolution of the
theoretical spectrum calculated using the parameters provided in [15] and a Gaussian
detector response with a FWHM of 8 eV. While theory predicts structures to appear
in the spectrum for the correct energies (E4s5p = 439.8 eV, E4s5s = 458.3 eV), the
predicted amplitudes still do not agree with the data. More work is presently ongoing
to improve the theoretical models.
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Figure 6: Obtained energy (left) and time (right) resolutions for one class of the produced TESs by using a
55Fe X-ray source.

new design for increasing the resonators uniformity is in progress.
The µMUX16a has also been tested coupled with the first 4⇥6 TES array prototype developed at NIST.

The array accommodates different perimeter/absorber configurations in order to study the detector response.
An interface chip is used to provide a bias shunt resistor of Rshunt = 0.33 mW in parallel with each TES and
a wirebond-selectable Nyquist inductor, LN , placed in series to tune the pulse rise-times. The µMUX chip,
TESs and interface chips were placed inside a copper holder connectorized with two SMAs for the feedline
and a Micro-D for the bias and ramp lines. A X-ray source (55Fe) was mounted externally to the holder and
it irradiated the sensitive area of the detectors through a silicon collimator.

Tests were performed by using a two-channel system developed in Milano and based on commercial
components, that exploits homodyne technique. This system is an improved version of the one presented
in [18] with a faster ADC board ( fs = 250 MS/s) that allows to acquire fast detectors thanks to a ramp
demodulation rate of framp = 400� 500 kHz, which is the effective demodulated signal sampling rate. The
measured TESs were previously characterized at NIST with standard techniques. When operated at a bias
point that is 20% of the normal state resistance Rn (9mW) they showed a sensitivity to temperature a of 60,
a current sensitivity b of 1.8, and a noise parameter M of 1.5. The C and G thermal parameters resulted
around 0.8 pJ/K and 600 pW/K, respectively. Results obtained with the two-channel system developed in
Milano showed a 55Mn Ka1/Ka2 peak separation with an energy resolution of about 6 eV (figure 6, left) and
a noise level of about 5 eV. The same detector at NIST was measured with a more standard Time Domain
Multiplexer and showed an energy resolution of 4 eV. Work is in progress to further improve the cryogenic
set-up and match the TDM results.

The fast data acquisition system combined with the large-bandwidth resonators allowed to read out TES
signals with 16 µs of exponential rise time constant (' 35 µs 10% to 90%) (figure 6, right). This value is
higher than the one needed for HOLMES but it was limited only by the Nyquist inductor LN , in series to
the TES, and not by the TES itself. Preliminary results from measurements currently in progress show that
reducing the LN from 64 nH (8 turns) to 50 nH (6 turns) a rise time constant of 9 µs (' 20 µs 10% to 90%) is
achievable, fulfilling the HOLMES requirement.

In its final configuration HOLMES will realize a SDR multiplexed read-out exploiting the Reconfigurable
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Moving Forward

All experiments moving toward enough 
activity / detectors to have 1010 decay 
statistics:  eV scale! 

Pave the road for ~1000 pixel detectors 
(1016 decay statistics) needed for sub-eV 
scale reach. 

ECHO HOLMES NuMECS
Detector MMC TES TES

ΔE (FWHM) 2.3 eV 6.1 eV 7.5 eV

trise 0.13 us 10 us

Multiplexing RF RF RF
163Ho production 162Eu(n,Ɣ) 162Eu(n,Ɣ) natDy(p,xn)J Low Temp Phys (2016) 184:910–921 919

Fig. 5 Statistical sensitivity at
90 % C.L. for the electron
neutrino mass versus the
acquired statistics in the full
energy range of the 163Ho
spectrum. The curve corresponds
to the energy available to the
decay QEC and is calculated
considering a Gaussian detector
response with energy resolution
!EFWHM = 3 eV and an
unresolved pile-up fraction of
10−5 (Color figure online)
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of 10−5. The theoretical model for the description of the spectrum used to deduce
the sensitivity to the electron neutrino mass includes only the first-order excitation,
since, at the moment, there is still no precise description available of the effect due
to higher order excitations. The sensitivity curve has been calculated by comparing
the number of events expected in a well-defined ROI located symmetrically around
the QEC value for a spectrum with massless neutrinos and for massive neutrinos for
different values of the neutrino mass. For each set of parameters Ntot, fpu, !E we
look for the value of the neutrino mass which can be defined with 90 % C.L. Figure
5 clearly shows that more than 1014 events in the full spectrum range are required to
reach sub-eV sensitivity on the neutrino mass. In order to acquire such large statistic
in a reasonable time, a 163Ho activity larger than 1MBq is needed. Combining this
constraint with the wish for a low unresolved pile-up fraction below 10−5 and with a
typical detector response of 1 µs leads to a maximum activity in a detector of about
10 Bq which then leads to the conclusion that more than 105 single detectors are
needed to complete the measurement in a reasonably small number of years. For the
ECHo experiment, large arrays of metallic magnetic calorimeters are planned to be
used. These arrays, consisting of 100 to 1000 single pixels, will be read out using the
microwave SQUIDmultiplexing scheme [30,31]. This multiplexing scheme allows to
have a large bandwidth for each pixel, to preserve the fast rise-time, and a reduced
degradation of the detector performance with respect to the single pixel readout, to
preserve the energy resolution. The first chips, containing 64 pixels, have recently
been successfully produced and tested [31].

7 Conclusions and Outlook

The performance achieved by the MMCs with ion-implanted 163Ho shows that MMC
single pixels will be able to match the requirements for an experiment aiming to
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Frequency Approach
3H � 3He+ + e� + �̄e

“Never 
measure 

anything but 
frequency.”

• Source transparent to 
microwave radiation 

• No e- transport from 
source to detector  

• Highly precise frequency 
measurement 

B. Monreal and JAF, Phys. Rev D80:051301

M.	Fertl Washington	D.C.,	1/30/2017
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Project 8: Cyclotron radiation emission spectroscopy of T2
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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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Use frequency measurement of cyclotron 
radiation from single electrons:



Source ≠ Detector

“Never 
measure 

anything but 
frequency.”

B. Monreal and JAF, Phys. Rev D80:051301

Frequency Approach
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Use frequency measurement of cyclotron 
radiation from single electrons:
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Project 8: Cyclotron radiation emission spectroscopy of T2
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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

fc =
fc,0
�

=
1

2⇡

eB

me + Ekin/c2
⇡ 1

2⇡

eB

me

 
1� Ekin

mec2
+

✓
Ekin

mec2

◆2

+ . . .

!

P (17.8 keV, 90�, 1T) = 1 fW

P (30.2 keV, 90�, 1T) = 1.7 fW

Small	but	readily	detectable	with	

state	of	the	art	detectors

• Highly precise frequency measurement (~26 GHz). 

• Small, but detectable power emitted.
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Cyclotron frequency coupled directly to standard waveguide at 26 GHz, located inside 
bore of NMR 1 Tesla magnet.  

Magnetic bottle allows for trapping of electron within cell for measurement.

Copper waveguide

Kr gas lines

Magnetic bottle coil

Gas cell

Test signal 
injection port

Phase I Demonstration: 83mKr 

Waveguide insert with small magnetic 
trapping coil. 

Use 83mKr gas as calibration source; mono-
energetic lines at 17 keV and 30 keV. 

1-cm circular waveguide to 
contain the gas and detect 
the cyclotron radiation 

Filled with 83mKr gas 

1 T background magnetic 
field & a wider 5-mT 
magnetic trap 

Waveguide leads to 
cryogenic amplifiers

Phase 2: Tritium Demonstrator

B⃗

B field
5 mT

1 T

“Bathtub” Trap

130 mm

22

10 m
m



First Observation

11
Phys. Rev. Lett. 114, 162501 (2015)

Energy loss 
via cyclotron 
radiation

Scattering off 
of a residual 
gas molecule

Cyclotron frequency coupled directly to standard waveguide at 26 GHz, located inside 
bore of NMR 1 Tesla magnet.  

Magnetic bottle allows for trapping of electron within cell for measurement.

Phase I 
Demonstration: 83mKr 

CRES technique 
demonstrated 
through imaging go 
17 and 30 keV Kr 
lines. 

Energy resolution of 
3.3 eV (FWHM) 
achieved. 

Additional features 
(sidebands) also 
measured.

Natural line widths: 1.84 &1.4 eV; Observed FWHM 3.3 eV 
Separation is 52.8 eV 

Region of interest near the 30.4 keV lines 
(bins are 0.5 eV wide) 

Natural line widths: 1.99 &1.66 eV; Observed FWHM 3.6 eV 
Separation is 7.7 eV 

Region of interest near the 32 keV lines 
(bins are 0.5 eV wide) 

Energy Spectrum

15

arXiv:1703.02037 (to be published in J. Phys. G)

Phys. Rev. Lett. 114 (2015) 16, 162501



Phase II: Tritium & Kr Cell

Next stage will incorporate tritium with Kr as co-magnetometer. 

New 5-coil circular waveguide constructed, already in operation. 

Inject tritium through getter heating.  Initial tests with deuterium show good 
control of pressures. 

Aiming to inject first tritium this summer! 
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Trapping coilsWaveguide“Tickler” port & short Gas insert

Next stage will incorporate tritium with Kr as co-magnetometer. 

New 5-coil circular waveguide constructed, already in operation. 

Inject tritium through getter heating.  Initial tests with deuterium show good 
control of pressures. 

Aiming to inject first tritium this summer! 



Phase II: Tritium & Kr Cell

Next stage will incorporate tritium with Kr as co-magnetometer. 

Inject tritium through getter heating.  Initial tests with deuterium 

show good control of pressures. 

Aiming to inject first tritium this summer!

M.	Fertl Washington	D.C.,	1/30/2017

Tritium storage in metal getter

5

Successfully	tested	the	loading	and	release		
of	D2	from	a	SAES	St172	getter	sample:	
• Continuous	pumping	of	H2,	CO,	CO2,	H2O	

• Simple	pressure	regulation		
• Expect	similar	behavior	for	T2	
• Recapture	T2	at	room	temperature	

2.75”	CF
Compactified	version	built	and	under	test	

1.33”	CF

12Jun2017 Deuterium	Tests

Getter	Tests

Ø Increasing current by 0.5 Amps in each step. The written
Temperatures are from the current-Temp. curve from the manual.
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Looking forward 

Phase IV:  Atomic Tritium

While scalability is being tested, collaboration aims to switch 
from molecular tritium to atomic tritium. 

Take advantages of magnetic trapping to confine cold T and 
cleanly separate from T2 contamination.

ν2 , e
V2 Molecular

Atomic

D
egeneracy scale

Inverted

Project8 —

P H A S E  I V:  F I R S T  T R A P  D E S I G N S

Design challenges 

• 2T trapping 
contours outside 
all structures 

• large homo- 
geneous trap 
volume 

• manufacturing 
and operation 
stability

34

Blue whale

Daisy petals

1.2m

Preliminary designs for Ioffe trapping coils 

for tritium containment (under study).



Meander 

Absorber 

Source 

Sensor 

•Low temperature metallic magnetic calorimeters 
  
• Embedding of 163Ho source:  
   Æ ion implantation   @ ISOLDE-CERN 
 
• About 0.01 Bq per pixel  
 
• Two pixels have been simultaneusly measured 

ECHo : first detector prototype 

 
L. Gastaldo et al., Nucl. Inst. Meth. A, 711, 150-159 (2013) 

Fermi’s original challenge seems to emerge 

on the horizon… 

KATRIN is poised to commence tritium data 

taking. Improved limits (or discovery!) 

coming soon (first tritium 2018).  

ECHO, HOLMES and NuMECS currently aim at 

the eV scale are being constructed, with sub-

eV in their sights (eV scale next 3-5 yrs).  

Project 8 advances forward, with cross-hairs 

focuses at the inverted scale (2 eV by 2020).
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