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Decoupling in the early universe
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Using Galaxy Scans _ Simulation

to predict the TE AR N o o of 003
Relic Neutrino 5 =

-176166 pK 157773

Fractional variations in neutrino capture rates

Time Since the Big Bang T
o 0.919818 R/R 107943
(Billions of Years)

50 meV neutrino mass - CNB w/ ~10% anisotropies

G. Zhang and C. Tully [2103.01274] [2201.01888] (Highlight article: Journal cover)



Cosmic Neutrino Background

cosmological neutrinos

Oldest, slowest & most abundant neutrinos in the universe
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(1962)  Basic concepts for relic neutrino detection: Steven Weinberg
(2007)  Applied for the first time to massive neutrinos: Cocco, Mangano, Messina
(2021)  Revisited w.r.t. uncertainty principle: Cheipesh, Cheianov, Boyarsky

3H "_'

-

o ~ 1044 cm?
Ty =12.32y
Eong = 18.57 keV
A~ 0(10%) Bq

Neutrino momentum ~ 0.17 meV

For m, = 50 meV,

KE = p?/2m
= (0.17 meV)? /100 meV
= 0.3 meV

Ultra-Cold!

Event rate (yr-! eV-)

Detection Concept
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CNB Detection Requires: PTOLEMY:
few x 10°° energy resolution set by m, 104X 102

KATRIN ~ 104 (current limitation)

[Phys. Rev. 128:3, 14571
[JCAP 06, 015]
[Phys. Rev. D 104, 116004]

What do we know?

Gap (2m) constrained to

m < ~200 meV
from precision cosmology

Electron flavor expected with

m > ~50 meV
from neutrino oscillations

Neutrino mass

m, < 0.8 eV [KATRIN 2022]
Ym < 0.12 eV [Planck 2018]
mg = 0.05 eV [AmZ, limits]

(compact filter) x (microcalorimeter) 6



Tritium on Graphene

(See Angelo Esposito and Valentina Tozzini’s talks)

Initial state dictated by many-body effects PI,{D 106, 058002 (2022)
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Tritium on Graphene: Neutrino Mass
(See Angelo Esposito’s talk)

Bound 3He* states at end of spectrum form

. Andrea Casale, Sapi
a discrete step structure (Andrea Casale, Sapienza)
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PTOLEMY Block Diagram
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Solid state tritium target

Alice A ¥
(See Alice Apponi’s talk) (Alice Apponi, Romas)
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Power [unnormalized]

RF tracking with CRES (Project 8)

(See Federico Virzi’s talk)

(Federico Virzi, LNGS)

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

K = 18.6 keV
f.=27.03 GHz

P =117 fW =173 ¢eV/ms

Test with ~1 T permanent magnet and Kr gas source at
LNGS

Antenna designs, closed-loop test at Nikhef

Pitch-angle algorithm based on distance-matching between
central peak and sidebands
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Electromagnetic filters: MAC-E

MAC-E filter / /

Magnetic Adiabatic Invariance
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u= A _ constant
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Electromagnetic filters: Transverse Drift

Transverse Drift filter

Magnetic Adiabatic Invariance

u= p—l = constant

qB

No Collimation: -VB 1L B
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Electromagnetic filters: Transverse Drift

ExB drift acts as transport, Gradient-B uxVyB(z) i a8y I .
drift does work to drain KE Vg (2)|x,y=0 = - = - y =— For pitch 9o:

B(z B.. '\ g\
Reduction of internal rotational q9B(z) qDx 1
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B, Buos(l) o )

y
Vsl Dboyrli= "5 = = o5 = i 1) =0,
B} B} Bx B = —Bn si X -z/A
Set E, x B drift equal to Grad-B drift to el (_1) :
produce linear trajectory transverse to B
Potential i long traject b _ A Rt -
otential increases along trajectory, = N g s Y izl
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ExB drift (in uniform B) follows equipotential lines PTOLEMY Collaboratlon PPNP 106 (2019) 120-131




Electromagnetic filters: Transverse Drift

diagram for pitch 9o

(no longitudinal component)
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Transverse drift filter performance: energy selector

Exponential rate of energy drain

Drifts not balanced for particles with
incorrect transverse KE (pitch)

Perf. improves as B2 for a fixed filter
dimension

 18.6 keV @ 1T = ~10€eV (in 0.4m)
 18.6 keV @ 3T > ~1eV (in 0.6m)

Trajectories o

Output Energy
Sample 101/101

Time 1.28598e-07 s
Maximum (Solver) 190845 eV

Yy position Transverse Kinetic Energy
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PTOLEMY Collaboration, JINST 17 (2022) Po5021
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Transverse Drift Filter: Magnet Design

Magnetic flux recycled through iron extensions to sa

“Let the geometry do the work for you” .

constrain growth of field line radius 9B, . \\| AB
N\ R
Exponential decay parameter A is equal to T\ 8
radius of curvature of field lines __-"Ysa _
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First realized experimentally at Princeton,
scaled up design for LNGS demonstrator
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(Andi Tan, Princeton)

PTOLEMY Collaboration, JINST 17 (2022) Po5021




Princeton slow drift and filter setup

Demonstrate ExB drift control
C-14 source and APD readout

Proof-of-concept filter (and in
reverse, injection) aiming for ~2
order of magnitude reduction in KE

(Andi Tan, Princeton)

Iron Extensions

(Mark Farino, Princeton)
P 7 N e

Event Rates with/without C-14 Filter Electrodes

~ —— No C-14 Source

—— C-14 Source |_|
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Max Amplitude (V) 18




1,25

1,00

0,75

0,50

0,25 |

0,00 |

-0,25

Goal for electron resolution: AE, = 0.05eV @ 10 eV

First characterizations done with optical photons
Latest reported: AE = 0.114 eV @ A = 1540 nm (0.8 eV)

Continued work to improve energy resolution
T. — material, bilayer (proximity effect), annealing

C — material, volume (area & thickness), T,

a - deposition, edges, wiring material

Electron source work in progress: photoemission and

field emission

4 wire measurement, [ = 100 nA
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Measurement: Microcalorimeter
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~ 100 mK cold bath (refrigerator)

Au 30 nm

SiN, 500 nm

SiN, 500 nm

Thermal bath

—e—n=1
~—n=2
Telectrical= 0-08 us
e hEd To= 47 1S

L Il 1 1 1 1 Il 1 =
0 20 40 60 80 100 120 140 160
time (us)

-

20x20 um (T20)

[ ———

(Mauro Rajteri, Carlo Pepe, INRiM)
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LNGS demonstrator setup

(Andi Tan, Princeton)

Magnet under commisssion for delivery by EOY 2024
Field parameters show good agreement with simulation, meets
requirements for transverse drift filter

~2.5 m long electric field cage for target injection, RF, filter

Permanent magnet based target injection
Uses principles of MAC-E filtering to reject low pitch electrons
Enables large pitch angle cuts
See also Federico Virzi's talk

BX [TESLA]

(Chris Tully, Princeton)




Transfer function, aperture, and sensitivity

2=0:tom — Taperture=lom

Geometric aperture studies completed with analytical filter fields o e

0.8 —

Zero-field transition to microcalorimeter under study

0.6 —

Efficiency

0.4 —

Transfer function simulations with LNGS demonstrator setup
underway

0.2 —

0.0 —

SenSitiVity Stlldies With theOI'y input and LNGS demonstrator 18595 18600 18605 18610 18615 18620

Initial T [keV]

resolution in progress

Mass-exposure capacity of LNGS demonstrator under study

I o —




PTOLEMY Timeline

Physics Validation Run

CNB Anisotropy Map

Full Scale Prototyping Full CNB Sensitivity
Initial Experimental Challenges
Science Run
Preliminary Phase

I
1/2026! 1/2029 1/2032 1/2035: 1/2038 1/2041

1/2011  1/2014  1/2017  1/2020 | E
1 1 |
| | ! I
Princeton Magnet Operation € : E :
I I
Target Selection ¢ | | !
| |
I 2
' Full Sensitivity Upgrade

I I

I I

I I

I I

I I

I I

I I

1 |

First Operational Spectrometer ¢ :

|

Energy Resolution @ 50 meV ¢ :

|
@ Full Scale Technical Design Report

I
I
:
€ Superconducting Coil Operation
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