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Cosmic Neutrino Background
Decoupling in the Early Universe

· Oldest, slowest & most abundant 
neutrinos in the universe

Dicke, Peebles, Roll, Wilkinson (1965 )
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Using Galaxy Scans
to predict the
Relic Neutrino
Sky
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Simulation

50 meV neutrino mass Ą CNB w/ ~10% anisotropies
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Detection Method
Endpoint Structure of the Tritium Beta -Decay
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Gap (2ά ) constrained to 
m < ~200 meV
from precision cosmology

Neutrino mass
ά πȢτυ Ὡὠ
[KATRIN 2024, tritium beta -decay]

Вά πȢρς Ὡὠ
[Planck 2018, CMB+BAO]

ά πȢπυ Ὡὠ 
[ɝά  oscillation lower bound]

Relic neutrinos
Neutrino momentum ~ 0.17 meV
For ά  = 50 meV,
KE = p2/2m
      = (0.17 meV)2 /100 meV
      = 0.3 meV

Electron flavor expected with 
m > ~50 meV
from neutrino oscillations



· Atomic tritium hugely favorable to molecular gaseous form

· Limited by technology until recently

· Atomic tritium on graphene:

· Initial state dictated by many-body effects (phonons, thermal/ZPM)

· Final state is much more crowded (3He+ states, vibrational modes, 

            electronic excitations, é)

· Requires precise control of theoretical uncertainties

· Uncertainty principle (~0.5 eV) makes flat graphene unsuitable for CNB detection

· Substrates enabling delocalization under study

Tritium on Graphene
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[2504.13259]

PRD 106, 053002 (2022)

(Angelo Esposito, Sapienza)



· 3He+ bound or ionized final state

· Three models for final Helium potential w.r.t. electronic density:

· Sudden: same as tritium at equilibrium position

· Semi-sudden: assuming tritium at same position as the helium

· Adiabatic: Born-Oppenheimer, system relaxes

· Bound 3He+ states at end of spectrum form a discrete step structure

· Features of steps are sensitive to ά , can fit with O(50 meV) resolution + statistics

Tritium on Graphene: Neutrino Mass
(Andrea Casale, Columbia)
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PTOLEMY

ÅCompact, scalable design 

ÅAtomic tritium on graphene

ÅRF-tagging and background reduction

ÅA new type of EM spectrometer

ÅTES microcalorimeter detector

ÅPhase -0 (now -2027): Technology validation

ÅLNGS demonstrator (now under construction)

ÅConceptual Design Report

ÅPhase -1 (2027 -): Neutrino mass measurement proposal

Å3-yr physics run, 1-10 ug tritium

Å50 meV resolution

Å150 meV sensitivity
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Pontecorvo (nee Princeton) Tritium Observatory for L ight Early-universe M assive-neutrino Yield
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· 2017 : 40% graphene hydrogenation (graphane)
· 2022 : ~90% hydrogenation, free-standing nanoporous graphene
· 2024 : 100% monolayer graphene hydrogenation

· H2 gas thermal cracking into H
· Indirect signatures:
· sp2 Ÿ sp3-like
· ɸ-plasmon quenching
· band gap opening

· Direct: 
· C-H stretching mode at 350 meV

· Electron transmission through graphene ï transparent after 3 keV

Solid State Tritium Target 
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(Alice Apponi, Roma3, [2504.10238] ) EELSXPS [A. Apponi et al., Carbon (2023)]



· Estimate pitch angle of electrons from longitudinal 
bouncing motion in uniform field region (~1 T)

· Extreme background reduction

· Project 8 results: < 3x10-10 /eV/s (90% CL)
· < 1 event per eV in 100 years!

· LNGS test: 1 T permanent magnet and 83mKr gas
· Zero-deadtime FFT on RF-SoC DAQ at Nikhef

RF tracking and background reduction

Z

B

Scale length: O(12 cm)

(Federico Virzi, LNGS)
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(Nicola Rossi, LNGS; Pascal Bos, Michael Naafs, Nikhef)



A New Type of EM Spectrometer

ÅConsider: cyclotron drift motion of charged particles in a magnetic field

ÅOrbital magnetic moment ï the ñfirst adiabatic invariantò

ÅNature wants to conserve flux

ÅUse specific arrangement of drifts to facilitate energy-draining

ÅDrifts and work ï ExB cannot , Gradient-B can

ExB Drift Gradient-B Drift

ExB Drift Boost Induced E can  do work

In the stationary reference frame of the particle:



A New Type of EM Spectrometer

ÅGradient-B by itself ï nothing to do work against

ÅAdd ExB ï transports to lower B region and  provides electric 
potential against which work can be done

ÅAdiabatic invariant determines energy drain relative to B 

ÅMore precisely, balance drift components to control energy drain , 
trajectory

ÅEquations in backup slides
ExB+V -V

ExB drift (in uniform B)
would follow equipotential lines

Gradient-B drift counterbalances
one component of ExB drift

Trajectory becomes a line
z

y



Energy Resolution

ÅEnergy filtering is set by adiabatic invariant

ÅExponentially bounded resolution set by form of B

ÅReproduced/validated in several groups

ÅNo explicit time -dependence (phase space conserved)

ExB+V -V



Experimental Realization: Magnet Design

ÅHow to construct the magnetic field?

ÅñLet the geometry do the work for youò

ÅDefinition of curvature

ÅRecycle flux from dipole field with iron 
extensions to constrain flux and field curvature



Experimental Realization: Magnet Design

Princeton prototype

LNGS demonstrator ï ASG Superconductors + Suprasys

LNGS iron yoke, coils



Experimental Realization: Transverse Drift Filter

LNGS demonstrator

(Andi Tan, Princeton)



Princeton slow drift and filter setup

· Demonstrate slow ExB drift control for transport and injection

· C-14 source and APD readout

· Varying voltage shifts and asymmetric configurations

(Mark Farino, Andi Tan, Princeton)
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ÅMotivation: reduce longitudinal KE before  entering filter region

ÅPlace graphene on permanent magnet (~1.5 T) in fringe field region (~0.1 T)

ÅMiniature MAC -E

ÅTransverse momentum collimated into longitudinal

ÅLinear collimation factor in B via adiabatic invariant

ÅEffectively a pitch angle range compression (90 Ą 27)

Target Injection: Collimated Electron Emission with 
Permanent Magnet

18.6 keV electrons
pitch 5, 25, 45, 65, 85



Transmission Function

ÅN = 652,800 endpoint electrons (18.6 keV)

Å1 mm radius ~25 ng 50% loaded tritium

ÅEntirely static configuration ï acceptance not yet optimized

Å~10% transmission efficiency for good pitches (N=81,600), 

~5% over all pitches (N=652,800)

ÅPitch angle approaches 90 at end of filter as desired



Interface to Microcalorimeter

ÅElectrostatic lensing to guide electrons to TES microcalorimeter

ÅEinzel lens ï 3 rings of varying voltage

ÅEM optics optimization in progress

ÅAlternative measurement with electrostatic analyzer



Measurement: TES Microcalorimeter

· Goal for electron resolution: ǧEe  = 0.05 eV @ 10 eV

· First electron detections with TES via carbon nanotube 
emission

· <1 eV gaussian resolution @ 90-100 eV

(Mauro Rajteri, Carlo Pepe, INRiM; Benedetta Corcione, Sapienza)
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LNGS Demonstrator

· Magnet delivery expected EOY 2025

· Field map at CERN

· ~2.5 m long electric field cage for target injection, 

RF, filter

· Experimental validation of:

· Electron injection

· Transport into high -field RF region

· Filter concept O(100 eV)

· Electrode system, high voltage control

· MCP or silicon drift detector
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ÅPhase -0 (now -2027): Technology validation
ÅLNGS demonstrator (now under construction)
ÅConceptual Design Report



Sensitivity to the Neutrino Mass

Å3-yr run with 1 ug: ~150 meV exclusion @ 90% CL

ÅNo systematics included ï likely 2x optimistic

ÅSensitivity band reflects theory model variation

ÅPhase -1 (2027 -): Neutrino mass measurement proposal
Å3-yr physics run, 1-10 ug tritium
Å50 meV resolution
Å150 meV sensitivity (Leonardo Parna, GSSI)


