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• Beta decay of neutron-rich nucleus

• Anti-neutrino escapes; electron’s kinetic energy 
encodes neutrino mass

• Tritium:   

•

• Fraction in last eV: 

• Well-understood final state distribution

τ1/2 = 12.3 yr

2.9 × 10−13

3

Neutrino Mass Measurement with Endpoint Method

ν̄e

e−

Kinetic Energy - Q [eV]
0.4− 0.35− 0.3− 0.25− 0.2− 0.15− 0.1− 0.05− 0

C
ou

nt
 ra

te
 [a

.u
.]

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16  = 0 eVνm

 = 0.2 eVνm

mβ = 0 eV
mβ = 0.2 eV

C
ou

nt
s

Energy [keV]

3H 3He

• Beta decay of neutron-rich nucleus

• Anti-neutrino escapes; electron’s kinetic energy 
encodes neutrino mass



Pranava Teja Surukuchi, Neutrino 2026 June 23, 2026

• Atomic electron capture by a proton-rich 
nucleus

• Neutrino escapes; de-excitation energy of the 
daughter nucleus encodes neutrino mass

• : 
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• Fraction in last eV: 

• Precise modeling required; significant 
recent progress
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• Atomic electron capture by a proton-rich 
nucleus

• Neutrino escapes; de-excitation energy of the 
daughter nucleus encodes neutrino mass

• Beta decay of neutron-rich nucleus

• Anti-neutrino escapes; electron’s kinetic energy 
encodes neutrino mass

163
66 Dy* → 163

66 Dy + EC

https://holmes1.mib.infn.it/holmes/
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Neutrino Mass Measurement with Endpoint Method

β decay and EC use the same endpoint physics to directly probe the neutrino mass
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mβ
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Requirements for a Sensitive Neutrino Mass Experiment

Physics Reports 914, 1-54 (2021)
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Requirements for a Sensitive Neutrino Mass Experiment

• The number of events in a optimally chosen analysis window provides 
the uncertainty on the neutrino mass

Neutrino mass 
square uncertainty 

Optimized energy window

Total detected event rate

Measurement time

background rate

Energy broadening 
contribution i

Uncertainty on energy 
broadening contribution i

Physics Reports 914, 1-54 (2021)

Analysis energy window (ΔE)

Physics Reports 914, 1-54 (2021)
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• The number of events in a optimally chosen analysis window provides 
the uncertainty on the neutrino mass

• Experimental requirements for  decays and EC:

• High statistics ( )

• Low backgrounds

• Low energy broadening near the endpoint

β

∝ N−1/4
mβ

mβ

mβ
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Requirements for a Sensitive Neutrino Mass Experiment

• The number of events in a optimally chosen analysis window provides 
the uncertainty on the neutrino mass

Neutrino mass 
square uncertainty 

Optimized energy window

Total detected event rate

Measurement time

background rate

Energy broadening 
contribution i

Uncertainty on energy 
broadening contribution i

Physics Reports 914, 1-54 (2021)

Analysis energy window (ΔE)

Physics Reports 914, 1-54 (2021)
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Going Beyond the Current State of the Art

• Two very different approaches being actively pursued

• Shared features:  source=detector, differential measurement

• Different: detector technologies, isotopes

Cryogenic  
Microcalorimetry

Cyclotron Radiation Emission Spectroscopy  
(CRES)
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Microcalorimetric Approach with Ho163

• Electron-capture source ( Ho)163
Source

Nature Physics 20, 921–927, 2024
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Courtesy of L. GastaldoA. Nucciotti (NuMass 2026)



Pranava Teja Surukuchi, Neutrino 2026 June 23, 2026

• Electron-capture source ( Ho) embedded in a cryogenic absorber for full containment163
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• Electron-capture source ( Ho) embedded in a cryogenic absorber for full containment

• Energy measured as heat at ~100 mK: Need microcalorimeters (100 m)

• Intrinsically differential

• Good energy resolution 

• Compact and scalable

• Cryogenic calorimeters are inherently slow 

• Pileup is a major concern

• Scaling is done through multiplexed arrays

163
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HOLMES Experiment

• 64 (48 active) pixels with implanted 163Ho total activity of 15 Bq

• Experiment duration: 2 months

• Spectrum with  events (above 300 eV) 

• Energy resolution ΔEFWHM  = 6 ± 1 eV

• Background rate:  1.7 ± 0.1 10-4 events/(eV pixel day)

6 × 107

⟨ ⟩
× ⋅ ⋅

Transition 
Edge 
Sensor



Pranava Teja Surukuchi, Neutrino 2026 June 23, 2026 7

HOLMES Experiment

• 64 (48 active) pixels with implanted 163Ho total activity of 15 Bq

• Experiment duration: 2 months

• Spectrum with  events (above 300 eV) 

• Energy resolution ΔEFWHM  = 6 ± 1 eV

• Background rate:  1.7 ± 0.1 10-4 events/(eV pixel day)

6 × 107

⟨ ⟩
× ⋅ ⋅

eV/c2 (90% C.I.)mβ < 27

Transition 
Edge 
Sensor



Pranava Teja Surukuchi, Neutrino 2026 June 23, 2026 7

HOLMES Experiment

• 64 (48 active) pixels with implanted 163Ho total activity of 15 Bq

• Experiment duration: 2 months

• Spectrum with  events (above 300 eV) 

• Energy resolution ΔEFWHM  = 6 ± 1 eV

• Background rate:  1.7 ± 0.1 10-4 events/(eV pixel day)

6 × 107

⟨ ⟩
× ⋅ ⋅

eV/c2 (90% C.I.)mβ < 27

Transition 
Edge 
Sensor



Pranava Teja Surukuchi, Neutrino 2026 June 23, 2026 7

HOLMES Experiment

• 64 (48 active) pixels with implanted 163Ho total activity of 15 Bq

• Experiment duration: 2 months

• Spectrum with  events (above 300 eV) 

• Energy resolution ΔEFWHM  = 6 ± 1 eV

• Background rate:  1.7 ± 0.1 10-4 events/(eV pixel day)

6 × 107

⟨ ⟩
× ⋅ ⋅

eV/c2 (90% C.I.)mβ < 27

Improved analysis with better spectral modeling ongoing

Transition 
Edge 
Sensor
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HOLMES+ 3 year program (2025-2027)

Slide from A. Nucciotti (NuMass 2026)
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ECHO-1k Results

Background analytical function parametersΔ𝐸𝐹𝑊𝐻𝑀

• 57 pixel with implanted 163Ho total activity of 46 Bq

• 9 background pixels

• Experiment duration: 6 months

• Spectrum with  events (above 100 eV)

• Energy resolution ΔEFWHM = 6.95 ± 0.16 eV (MII line)

• Background rate: 9.1 ±1.3 10-6 events/(eV pixel day)

2 × 108

× ⋅ ⋅

Courtesy of L. Gastaldo

Metallic 
Magnetic 
Calorimeter
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ECHO Phases

ECHo-100k 
Activity per pixel: 10 Bq
Number of detectors: 12000
Readout: microwave SQUID multiplexing

m( e) < 1.5 eV (90% C.L.)ν
R&D for detector optimization 
and multiplexing

Courtesy of L. Gastaldo
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ECHO Phases

ECHo-100k 
Activity per pixel: 10 Bq
Number of detectors: 12000
Readout: microwave SQUID multiplexing

m( e) < 1.5 eV (90% C.L.)ν
R&D for detector optimization 
and multiplexing

ECHo-LE  (2026 - 2030)
Activity per pixel ~10 Bq/pixel
Number of detectors: 20000 Multiplexed readout
ΔEFWHM  < 5 eV
fpu< 10-6

b < 10-6 /eV/detector/day

14
 m

m

Improved chip design for higher 
fabrication yield
Galvanization of second absorber layer

10 wafers * 40 chips * 60 pixels
  

Multiplexed readout: microwave SQUID multiplexing
Single HEMT amplifier and 2 coaxes 
to read out 400 detectors

25 cryogenic readout lines for 20000 detectors 

• Full-scale readout electronics system ready for 
production of 15 units (12000 detectors)

• Real-time digital signal processing firmware is ready

Courtesy of L. Gastaldo
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• Full-scale readout electronics system ready for 
production of 15 units (12000 detectors)
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 eV/c2 (90% C.L.)mβ < 0.8
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Cyclotron Radiation Emission Spectroscopy (CRES)

ν̄e
3H 3He

e−

• Place beta decay (of tritium) electron in uniform magnetic field

B
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Cyclotron Radiation Emission Spectroscopy (CRES)
• Place beta decay (of tritium) electron in uniform magnetic field

• It undergoes cyclotron motion and emits cyclotron radiation 

• Place beta decay (of tritium) electron in uniform magnetic field

B
Cyclotron 
radiation 

Cyclotron 
motion 
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Cyclotron Radiation Emission Spectroscopy (CRES)
• Place beta decay (of tritium) electron in uniform magnetic field

• It undergoes cyclotron motion and emits cyclotron radiation 

• Keep the electron for long enough time to measure the cyclotron frequency

• Place beta decay (of tritium) electron in uniform magnetic field

• It undergoes cyclotron motion and emits cyclotron radiation 

• Place beta decay (of tritium) electron in uniform magnetic field

B
Cyclotron 
radiation 

Cyclotron 
motion 

Receiver

Magnetic  
trap 
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Cyclotron Radiation Emission Spectroscopy (CRES)
• Place beta decay (of tritium) electron in uniform magnetic field

• It undergoes cyclotron motion and emits cyclotron radiation 

• Keep the electron for long enough time to measure the cyclotron frequency

• Cyclotron frequency has one-to-one relation with the electron kinetic energy

• Measure the kinetic energy of many such electrons to build a spectrum

• Place beta decay (of tritium) electron in uniform magnetic field

• It undergoes cyclotron motion and emits cyclotron radiation 

• Keep the electron for long enough time to measure the cyclotron frequency

• Place beta decay (of tritium) electron in uniform magnetic field

• It undergoes cyclotron motion and emits cyclotron radiation 

• Place beta decay (of tritium) electron in uniform magnetic field

fc =
q⟨B⟩

2π(me + Ekin)

B

CRES event topology
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Cyclotron Radiation Emission Spectroscopy (CRES)
• Place beta decay (of tritium) electron in uniform magnetic field

• It undergoes cyclotron motion and emits cyclotron radiation 

• Keep the electron for long enough time to measure the cyclotron frequency

• Cyclotron frequency has one-to-one relation with the electron kinetic energy

• Measure the kinetic energy of many such electrons to build a spectrum

• Place beta decay (of tritium) electron in uniform magnetic field

• It undergoes cyclotron motion and emits cyclotron radiation 

• Keep the electron for long enough time to measure the cyclotron frequency

• Place beta decay (of tritium) electron in uniform magnetic field

• It undergoes cyclotron motion and emits cyclotron radiation 

• Place beta decay (of tritium) electron in uniform magnetic field

fc =
q⟨B⟩

2π(me + Ekin)

B

CRES event topology

Decay creates  
electron
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Cyclotron Radiation Emission Spectroscopy (CRES)
• Place beta decay (of tritium) electron in uniform magnetic field

• It undergoes cyclotron motion and emits cyclotron radiation 

• Keep the electron for long enough time to measure the cyclotron frequency

• Cyclotron frequency has one-to-one relation with the electron kinetic energy

• Measure the kinetic energy of many such electrons to build a spectrum
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• It undergoes cyclotron motion and emits cyclotron radiation 
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B

Energy loss to 
cyclotron radiation

CRES event topology
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Cyclotron Radiation Emission Spectroscopy (CRES)
• Place beta decay (of tritium) electron in uniform magnetic field

• It undergoes cyclotron motion and emits cyclotron radiation 

• Keep the electron for long enough time to measure the cyclotron frequency

• Cyclotron frequency has one-to-one relation with the electron kinetic energy

• Measure the kinetic energy of many such electrons to build a spectrum

• Place beta decay (of tritium) electron in uniform magnetic field

• It undergoes cyclotron motion and emits cyclotron radiation 

• Keep the electron for long enough time to measure the cyclotron frequency

• Place beta decay (of tritium) electron in uniform magnetic field

• It undergoes cyclotron motion and emits cyclotron radiation 

• Place beta decay (of tritium) electron in uniform magnetic field

fc =
q⟨B⟩

2π(me + Ekin)

B

Energy loss to 
cyclotron radiation

Energy loss to scatters

CRES event topology
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Cyclotron Radiation Emission Spectroscopy (CRES)
• Place beta decay (of tritium) electron in uniform magnetic field

• It undergoes cyclotron motion and emits cyclotron radiation 

• Keep the electron for long enough time to measure the cyclotron frequency

• Cyclotron frequency has one-to-one relation with the electron kinetic energy

• Measure the kinetic energy of many such electrons to build a spectrum

• Place beta decay (of tritium) electron in uniform magnetic field

• It undergoes cyclotron motion and emits cyclotron radiation 

• Keep the electron for long enough time to measure the cyclotron frequency

• Place beta decay (of tritium) electron in uniform magnetic field

• It undergoes cyclotron motion and emits cyclotron radiation 

• Place beta decay (of tritium) electron in uniform magnetic field

fc =
q⟨B⟩

2π(me + Ekin)

B

Electron escapes  
from the trap

CRES event topology
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Cyclotron Radiation Emission Spectroscopy (CRES)
• Place beta decay (of tritium) electron in uniform magnetic field

• It undergoes cyclotron motion and emits cyclotron radiation 
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Cyclotron Radiation Emission Spectroscopy (CRES)
• Place beta decay (of tritium) electron in uniform magnetic field

• It undergoes cyclotron motion and emits cyclotron radiation 
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q⟨B⟩
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B

CRES event topology

• Source = detection volume => no transportation of tritium

• Differential spectrum measurement

• Enables large amount of atomic tritium

• Superior resolution and low background
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• Source = detection volume => no transportation of tritium

• Differential spectrum measurement

• Enables large amount of atomic tritium

• Superior resolution and low background

• Detect and precisely reconstruct faint radiation (~aW—fW)

11

Cyclotron Radiation Emission Spectroscopy (CRES)
• Place beta decay (of tritium) electron in uniform magnetic field

• It undergoes cyclotron motion and emits cyclotron radiation 

• Keep the electron for long enough time to measure the cyclotron frequency

• Cyclotron frequency has one-to-one relation with the electron kinetic energy

• Measure the kinetic energy of many such electrons to build a spectrum

• Place beta decay (of tritium) electron in uniform magnetic field

• It undergoes cyclotron motion and emits cyclotron radiation 

• Keep the electron for long enough time to measure the cyclotron frequency

• Place beta decay (of tritium) electron in uniform magnetic field

• It undergoes cyclotron motion and emits cyclotron radiation 

• Place beta decay (of tritium) electron in uniform magnetic field
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CRES event topology

• Source = detection volume => no transportation of tritium

• Differential spectrum measurement

• Enables large amount of atomic tritium

• Superior resolution and low background
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Quantum Technologies for Neutrino Mass
Part of Quantum Technologies for Fundamental Physics programme in the UK  
• Addressing key challenges of CRES technology 

Courtesy of R. Saakyan
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Quantum Technologies for Neutrino Mass
Part of Quantum Technologies for Fundamental Physics programme in the UK  
• Addressing key challenges of CRES technology 

Valve

Copper holder

Observe O(1019) T-atoms x yr(s) 
➢Cryogenic supersonic atomic T source
➢Magnetic confinement in a storage ring 
➢Multiple CRES modules 

A A S Amad et al 2025 New J. Phys. 27 105006

Courtesy of R. Saakyan

https://doi.org/10.1088/1367-2630/adc624
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CRES Demonstration Apparatus
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Employing Phased Approach 

• 2021- 2025: CRESDA0. Key technologies 
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• 2026 - 2030: CRESDA-Tritium.  System 
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• 2030 - …: Neutrino mass experiment
•   100 meV  50 meV and beyond 
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See poster by N. Higginbotham:
“Machine-Learning-Driven Signal Processing and Event 

Reconstruction for Cyclotron Radiation Emission 

Spectroscopy in QTNM"

https://doi.org/10.1088/1367-2630/adc624
https://doi.org/10.1088/1367-2630/adc624
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PTOLEMY

Content from F. M. Pofi  at NuMass 2026

ve + 3H → 3He + e−

3H → 3He + e− + ve

• Aims to detect the cosmic neutrino background (relic neutrinos) via capture on atomic tritium

• Also targets a direct neutrino-mass measurement
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PTOLEMY

Content from F. M. Pofi  at NuMass 2026

ve + 3H → 3He + e−

3H → 3He + e− + ve

• Aims to detect the cosmic neutrino background (relic neutrinos) via capture on atomic tritium

• Also targets a direct neutrino-mass measurement

See C. Tully’s talk on Thursday



Pranava Teja Surukuchi, Pitt Colloquium, Feb 2023
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Inverted

Normal

KATRIN (Science 388, 6743, 180–185)

KATRIN sensitivity
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Phase II: First Neutrino Mass Limits with CRES

PRL 131, 102502 (2023)

• First T2 beta decay spectrum measurement 
using CRES 

• Measured end point energy in agreement with 
prediction
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• No events past end point => Background rate 
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≤ 3 × 10−10eV−1s−1 (90 % CL)

≤ 155 eV (90 % CI)
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Reaching Inverted Ordering with Project 8

Project 8 is pursuing two major R&D efforts:

1. Atomic tritium source development

2. Large, highly-resolved CRES detector

• Project 8 Phase-II measurement limited by statistics => Increase the volume

• Energy resolution is the dominant systematic => Improve energy resolution 

• Molecular tritium final states contribute to energy broadening => Use atomic tritium 

• Maintain low backgrounds by maintaining high SNR
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Atomic Tritium R&D

3H 3H
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Molecular Tritium  
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Accommodator

3H

Atomic Tritium  
(~8 K)

Evaporative Cooling 
+ 

Magnetic Quadrupole 
Guide

3H

Atomic Tritium  
(~few mK)

3H

Trapped Atomic Tritium  
(~few mK)

Tritium Recirculation and 
Purification
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Tritium Recirculation and 
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Dissociate high flux of T2 to T

Demonstration of dissociation of H2
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PRA:112, 033311

Cooling by bouncing off of cold surfaces Letting the hot atoms evaporate 
 by adiabatically dropping the 

magnetic fields

Slowing beams by transverse perturbations 

Accommodation  

Evaporative cooling 

1. Production: High flux of dissociated tritium atoms 

2. Cooling: Low-loss cooling to ~mK temperatures

1. Production: High flux of dissociated tritium atoms 
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https://journals.aps.org/pra/abstract/10.1103/7dkb-pc56
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Trap T atoms without recombination using a high-order multipole trap with steep walls
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High-Flux Atomic Source for the Project 8 Neutrino Mass Experiment

W. Pettus, E. Novitski, H. Robertson, B. Foust, M. Wynne, J. Oueslati
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Phase-II 
26 GHz waveguide

 < 155 eVmβ

Volume Scaling with Resonant Cavities
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Phase-II 
26 GHz waveguide

 < 155 eVmβ

Resonant cavities to scale the CRES volume

Volume Scaling with Resonant Cavities
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Cavity CRES Apparatus (CCA) 
26 GHz cavity with 83mKr

Demonstrate improved resolution with resonant cavity

Phase-III

13 cm

Volume Scaling with Resonant Cavities
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Cavity CRES Apparatus (CCA) 
26 GHz cavity with 83mKr

Demonstrate improved resolution with resonant cavity

Phase-III

13 cm

Volume Scaling with Resonant Cavities

Cyclotron Radiation Signal Characterization and Noise 
Modeling in Resonant Cavities for Project 8

R. Mueller, W. Van De Pontseele, M. Brandsema, L. de Viveiros
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Cavity CRES Apparatus (CCA): CRES with Cavity

• First demonstration of CRES in a resonant cavity with improved resolution

MRI Magnet Provides 1T 
Background B-Field

Electron gun for calibration

Resonant  
cavity

13 cm

Thermal 
shield

Trap coils

Commissioning ongoing!

cavity room temperature  
characterization

Temperatures during the 
first cooldown
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Improving Energy Resolution: Reconstruction

Trap coils

𝜃 = 90°
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Frequency

Cavity 
bandwidth

𝑓𝑐

𝐵 𝐵̂ H. Binney

fc =
q⟨B⟩

2π(me + Ekin)
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Improving Energy Resolution: Detector Design and Calibrations

We expect 0.3 eV resolution in the 
CCA thanks to design, calibration, and 
reconstruction improvements, enabling 
separation of the 83mKr N2-32 and 
N3-32 lines (~0.67 eV)

Phase II resolution
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Experimental Outlook

Cavity CRES Apparatus (CCA) 
26 GHz cavity with 83mKr

Demonstrate improved resolution with resonant cavity

13 cm

Phase III
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Experimental Outlook

T. Weiss

Low Frequency Apparatus for the Project 8 Experiment:

a frontier direct kinematic neutrino mass experiment

E. Novitski, N. Oblath

Phase III

Low Frequency Apparatus (LFA) 
0.02 T, 560 MHz Cavity

Operate with Li beam, later upgrade to T

mβ sensitivity ~ 0.3–0.7 eV
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Experimental Outlook

Atomic T pilot 
150 MHz Cavity

mβ sensitivity ~0.1eV

Final step in Phase III

T. Weiss

Phase III
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See Posters for Many More Skipped Details

Low Frequency Apparatus for the Project 8 Experiment:

a frontier direct kinematic neutrino mass experiment

E. Novitski, N. Oblath

Event Reconstruction for sub-eV Energy Resolution

in the Project 8 Neutrino Mass Experiment

H. Binney, V. Sharma, J. Pena, P. Slocum

Cyclotron Radiation Signal Characterization and Noise 
Modeling in Resonant Cavities for Project 8

R. Mueller, W. Van De Pontseele, M. Brandsema, L. de Viveiros

High-Flux Atomic Source for the Project 8 Neutrino Mass Experiment

W. Pettus, E. Novitski, H. Robertson, B. Foust, M. Wynne, J. Oueslati

Superconducting Readout and Parametric Amplifiers for Neutrino Mass Measurements

W. Van De Pontseele, J. Wang, Z. Disler, C. Denney

Optical Thermometry of Thermal Atomic Sources for Next-Generation Neutrino Mass 
Measurements 

B.Mucogllava, M. Röllig. M. Fertl

Machine-Learning-Driven Signal Processing and Event Reconstruction 
for Cyclotron Radiation Emission Spectroscopy in QTNM

N. Higginbotham

Determination of the Atomic Fraction in Intense Hydrogen Beams for Future Neutrino 
Mass Experiments 

A. El Boustani, C. Rodenbeck, M. Schlösser, S. Böser

Towards High-Resolution Spectroscopy of Low-Energy Electrons with 
Transition-Edge Sensors in the PTOLEMY Experiment 

Benedetta Corcione
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The Path Forward for Direct Neutrino Mass Experiments

Inverted Ordering

Normal Ordering 
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The Path Forward for Direct Neutrino Mass Experiments

Inverted Ordering

Normal Ordering 

• A new generation of source-in-detector, differential 
experiments, using cryogenic microcalorimetry and 
CRES, is targeting sensitivities beyond the reach of 
current experiments

• Project 8 is charting a path towards the inverted 
ordering


