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Scale-Invariant Power Spectrum
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End of Inflation

Matter/Radiation

First n’s?



First Neutrinos in the Universe

Sphaleron corresponds to an unstable configuration of fields, which, after 
a small perturbation, decays to the vacuum by emission of many particles. 
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The sphaleron solution  is known 
explicitly and its energy is 

𝐸 ~
𝑚𝑊

𝛼𝑊
 ~  9 𝑇𝑒𝑉  

3

1

1
1L=

B=
1/3

1/3
1/3 1/3

1/3

1/3

1/3

1/3

1/3

D(B - L)=0
Conserved

D(B - anti-B)>0
Baryogenesis

D(L - anti-L)>0

Balance Drowned 

in Relic Neutrinos

𝜈𝐿

𝑢𝐿
2/3

𝑑𝐿
−1/3

𝑑𝐿
−1/3

+

= 0



Higgs Vacuum Bubbles
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https://cerncourier.com/a/electroweak-baryogenesis/

Imagine that regions with non-zero <vev> cause 

Spacetime to grow rapidly overtaking the space with 

zero <vev>: Like gas bubbles in boiling water

First-Order Phase Transition?

- Sphaleron process not suppressed by mW

outside of Higgs vacuum bubbles

- A minimum of 3 mass generations needed to 

have CP violating phases in the mass matrices

<vev>=0

<vev>≠0

Or Second-Order Phase Transition?

https://cerncourier.com/a/electroweak-baryogenesis/


Cosmic Neutrino Background
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Dicke, Peebles*, Roll, Wilkinson (1965)

1 sec

Radiation ~1/a4

Matter 

~1/a3

*
Cosmology's Century (2020)

Neutrinos 48.8%
Photons

18.6%

Electrons/Positrons 32.6%

Neutrino Decoupling

(t=1 second)

https://press.princeton.edu/books/hardcover/9780691196022/cosmologys-century
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Dicke, Peebles*, Roll, Wilkinson (1965)

1 sec
nn = 112/cm3

Number density:

Tn ~ 1.95K
Temperature:

neutron/proton ratio

@start of nucleosynthesis

Time of decoupling:

tn ~ 1 second

Non-linear distortions 

Villaescusa-Navarro et al (2013)

Velocity distribution:

<vn> ~ Tn /mn

Radiation ~1/a4

Matter 

~1/a3

*
Cosmology's Century (2020)

~50% of the Total Energy Density

of the Universe

Cosmic Neutrino Background

https://press.princeton.edu/books/hardcover/9780691196022/cosmologys-century


Our Biggest Fan
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FRS145: Big Bang Cosmology From the Ground Up

December 7, 2023



Nucleosynthesis Chain
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Protons/Neutrons scrambled until the 

temperature drops below ~0.7 MeV

Neutrons decay with a lifetime of 888 sec

Photodissociation of Deuterium slows 

down at temperatures below ~0.08 MeV 

at roughly 120 seconds into BBN

(g,n)

deuterium photodissociation 

if too hot

(n,e−)
(e+,n)
+ b-decay



BBN Predictions
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Time-scale set by Hubble 

expansion rate set by 

photon/neutrino radiation 

energy density



Superposition of Sound Waves
10/15/2019, 17*58c8c4c802- 4b76- 49da- b80a- 0fb8d02c62b7 2,095×1,242 pixels

Page 1 of  1ht tps:/ /www.cosmos.esa.int /documents/387566/425793/2015_SMICA_CMB/c8c4c802- 4b76- 49da- b80a- 0fb8d02c62b7?t=1423083319437
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https://www.cosmos.esa.int/documents

Radiation ~1/a4

Matter 

~1/a3

Acoustic Waves

Primordial 

Perturbations



Cosmic Tightrope
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Ω = 1

Flatness problem revisited

Friedmann eq.

Inflation sets initial cond |⌦− 1| < δ

⌦=
X

⌦i = 1 +
k

(aH )2

decreases during inflation

⌦− 1 < 10− 60

✸

We sit here at 

4x1017 sec
Ω − 1 < 10−18

Ω − 1 < 10−5

Nucleosynthesis:

Recombination:

Today:

Ω − 1
< 3 × 10−3

Initial condition

We can ask, how close to W = 1 did the Universe need to be 

in order for Spacetime to be flat today?

Answer:  The tiny dark energy density (assuming it is a constant) that was completely 

negligible in the early Universe had to be so accurately accounted for at the end of 

inflation W = 1 that it would be precisely 69% of the total critical density today.

How about the energy density from neutrino mass?



Flatness Problem
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Cosmic Elements
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Fig. 5. Evolut ion of the background densit ies from the t ime when Tν = 1 MeV (soon

after neutrino decoupling) unt il now, for each component of a flat ΛMDM model

with h = 0.7 and current density fract ions ΩΛ = 0.70, Ωb = 0.05, Ων = 0.0013 and

Ωcdm = 1 − ΩΛ − Ωb − Ων . The three neutrino masses are dist ributed according

to the Normal Hierarchy scheme (see Sec. 2) with m1 = 0, m2 = 0.009 eV and

m3 = 0.05 eV. On the left plot we show the densit ies to the power 1/ 4 (in eV units)

as a funct ion of the scale factor. On the right plot , we display the evolut ion of the

density fract ions (i.e., the densit ies in units of the crit ical density). We also show on

the top axis the neutrino temperature (on the left in eV, and on the right in Kelvin

units). The density of the neut rino mass states ν2 and ν3 is clearly enhanced once

they become non-relat ivist ic. On the left plot , we also display the characterist ic

t imes for the end of BBN and for photon decoupling or recombinat ion.

where τeq = 2(
√

2− 1)
√

aeq is the value of the conformal t ime at equality. At

low redshift (typically z < 0.5), the cosmological constant density takes over,

causing a departure from the above solut ion, with an accelerat ion of the scale

factor. Finally, if we include the effect of small neutrino masses, the solut ion

is also slight ly modified, since the non-relat ivist ic t ransit ion of each neutrino

species amounts in convert ing a fract ion of radiat ion into matter. This can

be seen in Fig. 5, where we plot the evolut ion of background densit ies for a

ΛMDM model in which the threeneutrino masses follow theNormal Hierarchy

scheme (see Sec. 2) with m1 = 0, m2 = 0.009 eV and m3 = 0.05 eV.

4.3 Gauge transformations and Einstein equations

In the real Universe all physical quant it ies (densit ies, curvature...) are func-

t ions of t ime and space. Thanks to the covariance of general relat ivity, they

can be described in principle in any coordinate system, without changing the

physical predict ions. The problem is that in order to obtain simple equa-
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Individual neutrino 

contributions assuming 

Normal Hierarchy and 

m3 = 0.05 eV, 

m2 = 0.009 eV, 

m1 = 0

J. Lesgourgues

Photons

Neutrinos

Cold DM

Baryons

=
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= Normalized Expansion 

Factor

= Neutrino 

Temperature

Matter-

Radiation 

Equality

At least 1% Ωbaryon

Saved by the bell?



Present Universe W=1
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Dark Energy

Dark Matter

Free H and He

Stars

Neutrinos

Other Elements



Neutrino Sky Modeling
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Willem Elbers, Carlos S. Frenk, Adrian 

Jenkins, Baojiu Li, Silvia Pascoli, Jens 

Jasche, Guilhem Lavaux, Volker 

Springel

Where shadows lie: 

reconstruction of anisotropies 

in the neutrino sky 
https://arxiv.org/abs/2307.03191
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Figure 1: Slices of the expected neutrino (top) and dark mat ter (bot tom) densit ies with

right ascension 100◦ ≤ α ≤ 260◦ within r ≤ 250Mpc, assuming mν = 0.06eV. The white

dots are galaxies from the 2M++ catalogue. From Earth, one would see a def cit in neutrino

f ux along lines of sight that intersect massive st ructures, due to the t rapping of neutrinos in

the surrounding neutrino clouds.

the clustering on small scales, since otherwise the same phase informat ion would give rise

to structures that dif er somewhat from the observat ions. We therefore take the following

approach. When increasing mν , we decrease Ωcdm such that Ωm = Ωcdm + Ωb + Ων is

f xed. In addit ion, we modify the primordial scalar amplitude As, such that the non-linear

power spectrum at z = 0 is f xed at the non-linear scale knl = 1Mpc−1. Note that Pcb, the

power spectrum of cold dark mat ter and baryons, is the relevant power spectrum, given that

halos are primarily biased with respect to the cold mat ter, as opposed to the total mat ter

density [71–73]. To achieve this in pract ice, we perform a small number of calibrat ion runs

and iterat ively select values of As that sat isfy this condit ion.

– 5 –

Fabian Zimmer, Camila A. Correa, Shin'ichiro Ando

Influence of local structure on relic neutrino abundances and 

anisotropies
https://arxiv.org/abs/2306.16444

https://arxiv.org/abs/2307.03191
https://arxiv.org/abs/2306.16444


Relic Neutrino Sky Map
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Line-of-Sight

Line-of-Sight

Line-of-Sight

http://arxiv.org/abs/2103.01274
Tully, Zhang, 

“Multi-Messenger Astrophysics with the Cosmic Neutrino Background”, JCAP 06 (2021) 053
https://iopscience.iop.org/article/10.1088/1475-7516/2021/06/053

First citation came from Jim Peebles

Simulation

http://arxiv.org/abs/2103.01274
https://iopscience.iop.org/article/10.1088/1475-7516/2021/06/053


Non-Standard Thermal History:

Re-thermalization of Neutrinos 

in the LCDM Desert
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Daniel Aloni, Melissa Joseph, Martin Schmaltz, Neal Weiner

Dark Radiation from Neutrino Mixing after Big Bang Nucleosynthesis

https://arxiv.org/abs/2301.10792

What if the post-BBN 

history of relic neutrinos 

are not as we expect 

and neutrinos have a 

non-trivial influence on 

the dark sector?

This would change 

how many we would 

detect today.

https://arxiv.org/abs/2301.10792


Cosmic Neutrino Background
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Produce from RMP 92, 

045006.

Hydrogen

Chlorine

Gallium
Deuterium + Cherenkov

• Neutrinos have been 
measured for more 
than 60 years.

• Previous methods 
have energy 
thresholds in ~MeV 
for charged and 
neutral current 
scattering or capture 
on Gallium, Chlorine, 
etc.



Cosmic Neutrino Background
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• The CNB is shown for a 

minimal mass spectrum 

here for 0, 8.6, and 50 meV, 

producing a blackbody 

spectrum plus two 

monochromatic lines for 

nonrelativistic neutrinos with 

energies corresponding to 

their masses.

• Detection requires a 

reaction with no threshold.

Produce from RMP 92, 

045006.

Hydrogen

Chlorine

Gallium
Deuterium + Cherenkov
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Tritium β-decay

(12.3 yr half-life)

Neutrino capture on Tritium

Detecting sub-eV Neutrinos



Detecting CNB Using Capture 

on Tritium
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• Steven Weinberg laid out basic concepts for CNB detection in 1962

• Cocco, Mangano, Messina applied to massive neutrinos in 2007

3H → 3He + 𝑒− + ഥ𝜈𝑒
3H + 𝜈𝑒 →

3He + 𝑒−

Phys Rev 77, 402–403 (1950).
JCAP 2019, 047–047 (2019). 



Detection Concept: Neutrino Capture
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Idea for relic neutrino detection originated in a paper by Steven Weinberg in 

1962 [Phys. Rev. 128:3, 1457] applied for the first time to massive neutrinos in 

2007 by Cocco, Mangano, Messina  [DOI: 10.1088/1475-7516/2007/06/015]

Gap (2m) constrained to 

m < ~200meV
from precision cosmology

What do we know?
Electron flavor expected with 

m > ~50meV
from neutrino oscillations

CnB Detection Requires:

few x 10-6 energy resolution set by mn

KATRIN ~ 10-4 (current limitation)

PTOLEMY:            10-4 x 10-2

(compact filter) x (microcalorimeter)

https://doi.org/10.1088/1475-7516/2007/06/015


PTOLEMY Conceptual Block Diagram
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𝐸𝑇𝑜𝑡𝑎𝑙 = 𝑞 𝑉𝑇𝐸𝑆 − 𝑉𝑇𝑎𝑟𝑔𝑒𝑡 + 𝐸𝑅𝐹𝑐𝑜𝑟𝑟 + 𝐸𝑐𝑎𝑙

The INRIM activity during last months has been devoted to the improvement of the experimental 
setup. It has been added a magnetic shield connected to the 3K stage of the ADR refrigerator. This is 
fundamental to guarantee the proper function of the dc-SQUID amplifier, that is very sensitive to 
stray magnetic field, included the earth field. Preliminary tests shown the effectiveness of the shield. 
A new PCB for the dc-SQUID mounting has been designed and a new SQUID-holder and connection 
with the detector holder is under development. 
At INFN-GE the development of TESs based on Ir is underway. A device with a critical temperature of 
110 mK has been fabricated and a photon counting experiment with a light source of 439 nm (2.824 
eV) shown the capability to count single photon with a standard deviation of 0.37 eV and a pulse 
decay time of 8.3 µs. To reduce the energy resolution toward the 0.05 eV needed from PTOLEMY 
experiment a reduction of the thickness of the Ir film and of its critical temperature will be 
investigated. 
At the INFN-MIB unit a new read out line for TESs is currently in development in collaboration with 
the Princeton and with the StarCryo CryoElectronics groups. This read out is based on low noise dc-
SQUID and will be used to characterize the TESs developed by the INRiM and the INFN-GE Units. The 
group is also designing the needed modifications to the cryogenics system in order to host the 
radiation sources (LED or e-gun) used to test the TESs at very low energies. PTOLEMY will employ 
many TESs, arranged in arrays, to cover a larger area. In order to limit the number of readout SQUID 
channels, the INFN-MIB unit is studying a microwave multiplexing read out starting from the 
experience gained within the HOLMES experiment. 

 
 
 

 
Fig. 4  (a) Drawing of the inner part of the ADR cryostat with the mounted magnetic shield on the upper part; (b) the 
bucket of the magnetic shield; (c) the new PCB for the connection with a two channels dc-SQUID chip; (d) detail of the 
bonding on the chip. 

 
 

 
Fig. 5 Histogram of a photon counting experiment with a light source at 439 nm (2.824 eV) obtained with an Ir TES with a 

transition temperature of 110 mK. The standard deviation of the first peak, corresponding to the detection of one photon, 
is 0.37 eV. The photon number resolving capability is demonstrate by the presence in the histogram of 3 separated peaks. 
In the inset a picture of the device is shown. 
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HV
18.6kV

https://ptolemy.lngs.infn.it

Target:

Relic Neutrino

Capture

RF Tracker:

Electron Pre-

Measurement

Dynamic Filter:

Selects endpoint 

electron in narrow 

10-4 energy window

Micro-calorimeter:

Measures few eV 

electron to 10-2

energy resolution

https://ptolemy.lngs.infn.it/


PTOLEMY Conceptual Block Diagram

24https://ptolemy.lngs.infn.it

Target:

Relic Neutrino

Capture

Micro-calorimeter:

Measures few eV 

electron to 10-2

energy resolution

Retarding potential

Vsource Vcalorimeter

1.Electric fields are conservative

2.Magnetic fields don’t work

https://ptolemy.lngs.infn.it/


Tritium-loaded Graphene

Gianluca Cavoto 

Flat graphene 3H storage

21

3H atom chemically bound to a 

C atom on a flat graphene 

Solid substrate  

“Solid” tritium source, easily 

manageable 

Well defined potential 

Prevent molecule formation 

Can store (up to) 0.5 mg/cm2 

One 3H each C 
Mahmoud Mohamed Saad Abdelnabi et al 2021 Nanotechnology 32 035707

Mahmoud Mohamed Saad Abdelnabi et al Nanomaterials 2021, 11(1), 130
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Parma, Italy

Now at La Sapienza

>90% Loading Achieved (using 1H)

World Record effort led by PTOLEMY 

researchers

Tritium Laboratory Karlsruhe (TLK) recently demonstrated tritium-loading on Graphene

https://arxiv.org/abs/2310.16645

https://arxiv.org/abs/2310.16645


Measure the near end-point spectrum

Fit the neutrino mass

The electron spectrum depends 
parametrically on the neutrino mass:

The effect is much stronger near the 
end-point

NEUTRINO MASS

/153Angelo Esposito Princeton, Nov. 2023

dNβ

dKe

≡ f(Ke; mν)

n → p + e− + ν̄e

#
 o

f 
e
ve

n
ts

electron energy

QQ− mν
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Tritium-loaded Graphene Endpoint 

Spectra

27Multi-endpoints from 3D Harmonic Oscillator Excitations of 3He+ bound on Graphene

A. NucciottiA. Esposito/A.Casale



Potential New Paradigm to Neutrino 

Mass Measurement

28Intrinsic Absolute Energy Scale Endpoint Calibration from Condensed Matter System 

A. NucciottiA. Esposito/A.Casale



PTOLEMY meeting Princeton 6-8/11/23               TES development update                                                                    M. Rajteri

T

∆T ∆R  @  Voltage bias   ∆I
Tc ~ 100 mK 

R

I
bias

2 phs

Working Point R
bias

<< R
tes

Ites

20 µm X 20 µm

1 ph

TES: a microcalorimeter made by a superconducting 

film operated in the temperature region 

between normal and superconducting state

Photon Number Resolving (PNR) Capability

∆T=E/C
T

t

∆ = C/G

TES recap
2

Newly Fabricated TES Micro-Calorimeters

29

PTOLEMY meeting Princeton 6-8/11/23               TES development update M. Rajteri

10

RTES= 20% RN

Tbath= 40 mK
λ = 1540 nm (0.8 eV) 

Best Resolution with

 4 times greater area

Lito2 T20 Best energy resolution

∆E=0.114 eV

Tc=97.5 mK

Micro-calorimeter performs well 

(sE~50meV) on IR photons



Micro-Calorimeter Calibration
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PTOLEMY Princeton Meeting, 06.11.23Francesco and Carlo

Field Emission Through Quantum Tunneling

 Field emission from flat surfaces 
only for very intense electric fields 

• E > 107 V/cm 

• Impractical 

 In the case of nanotubes: 

• Tip-effect E field enhancement 

• Large surface: large current 

 Quantum effect: no heating

3

Thermoionic Emission Field Emission

J = AE2 exp
−BΦ3/2

γE
γ = enhancement factor 

can be ~103-104

so emission can start 

with E < 103 V/mm

PTOLEMY Princeton Meeting, 06.11.23Francesco and Carlo

Electrical Contact with Wire Bonding on Nanotubes

11

drop of  

GE Varnish

CNTs

Silicon

Wire 

bonding

Copper

Torino, Italy

Carbon Nanotubes

Roma Tre



Classic Velocity Selector

Is this the only way to select velocity?
3

1



PTOLEMY Filter Concept
Auke Pieter Colijn (PATRAS 2019)

II: 
μ

B2 ∇𝐶 × 𝐶 drift, with magnetic moment  𝜇𝜇=
𝑚𝑚𝑒𝑒𝑣𝑣⊥

2

2𝐵𝐵

PTOLEMY: two types of drift

I: E × 𝐶 drift
1. net drift, 𝑣𝑣𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑑𝑑 = 𝐸𝐸/𝐵𝐵

2. no work, drift along equipotential planes

cyclotron motion – detectable RF

1. net drift, 𝑣𝑣𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝜇𝜇
∇𝐵𝐵

𝐵𝐵

2. Allows E field to work (!): 
𝑑𝑑𝑇𝑇⊥

𝑑𝑑𝑑𝑑
= 𝑒𝑒𝐸𝐸⋅𝑣⃗𝑣𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑑𝑑

the e z/ λ term is subst ituted for by the normalized sampled Bx -component along the center

line when the filter voltages are actually set.

Figure 5: ∇ B , µ, and V B for a pitch 90 electron with init ial t ransverse kinet ic energy 18.6keV in

a 3T init ial magnet ic field.

Unlike the analyt ical condit ions used in [4], the non-zero aspect rat io of the filter and the
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V B (z) x ,y= 0 =
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qB (z)
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where µ is taken to be adiabat ically invariant in areas of low magnet ic field gradient. In

reality, the transit ion from uniform to decaying field introduces a region of high gradient at the

beginning of the filter and µ is increased within the level of a few percent as shown in Figure 5,

leading to a corresponding change in gradient-B drift . Along the center line, the By and Bz

components are nearly zero and therefore the magnitude B (z) Bx (z), and the transverse

gradient B (z) dBx / dz, leading to

V B (z) x ,y= 0 =
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The y-component of E B drift that counteracts the gradient-B drift is
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The sum of the two drifts should be zero; this is the drift balancing condit ion and yields

an expression for Ez that leads to the potent ial (12). If the voltages (16) are used without

correct ion, the actual net-drift that results is non-zero (Figure 6).

To correct the electrode voltages, the residual between the observed potent ial and the idealized

potent ial (12) is added as a correct ion term to the voltages (16). The adjustment is made

only to the posit ive-y voltages. This procedure is repeated unt il a desired level of convergence

with (12) or desired level of filter performance is achieved. Explicit ly, the voltages for the i th

iterat ion, Vy+
[i ], are set by

Vy+
[i ] = Vy+

[i 1] + 2(φideal φ[i 1]) (20)

where Vy+
[i 1] and φ[i 1] are the voltages and potent ial from the previous iterat ion, and

φideal is the solut ion (12). A factor of two is attached to the residual to reduce the number of

iterat ions.
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yields
𝐸𝑧 𝑧 |𝑦=0 = −

𝜇

𝑞

𝑑𝐵𝑥 𝑧

𝑑𝑧

Enforce zero drift in y (rotate E):

y

x x

z

II: 
μ

B2 ∇𝐶 × 𝐶 drift, with magnetic moment  𝜇𝜇=
𝑚𝑚𝑒𝑒𝑣𝑣⊥

2

2𝐵𝐵

PTOLEMY: two types of drift

I: E × 𝐶 drift
1. net drift, 𝑣𝑣𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑑𝑑 = 𝐸𝐸/𝐵𝐵

2. no work, drift along equipotential planes

cyclotron motion – detectable RF

1. net drift, 𝑣𝑣𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝜇𝜇
∇𝐵𝐵

𝐵𝐵

2. Allows E field to work (!): 
𝑑𝑑𝑇𝑇⊥

𝑑𝑑𝑑𝑑
= 𝑒𝑒𝐸𝐸⋅𝑣⃗𝑣𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑑𝑑

3

2



Bingo!

Selected velocity based on cyclotron drift

New type of particle accelerator (useful for fusion reactor heating)

https://www.intechopen.com/chapters/82927

3

3

https://www.intechopen.com/chapters/82927


Filter R&D Development Setup

34

Target RF

EM Filter

Microcalorimeter

Andi Tan (Princeton)

Zero field (location for TES microcalorimeter)
Wonyong Chung 

(Princeton)



ASG-SupraSys Magnet @LNGS

35Genoa, Italy



RF Tracking of Semi-Relativistic Electrons

36

Zoom
Filter

RF

Tracking

e− Drift



Recent Project 8 Tritium 

Measurement

RF measurement 

background levels 

extremely low.

No events observed 

above endpoint,

Setting upper limit on 

background rate

< 3x10-10 /eV/s (90% CL)

→ < 1 event per eV in 

100 years!

https://arxiv.org/abs/2203.07349 3

7

https://arxiv.org/abs/2203.07349


Great Opportunities to Learn and 

Collaborate with Project 8

38

P. L. Slocum, PTOLEMY Collaboration Meeting, Nov. 6-7, 2023

325 MHz cavity energy reconstruction

31

● Each pixel represents one simulation with SNR>10.

● Maximum likelihood estimator applied to simulation 

output.

● With optimistic assumptions, good energy 

resolution is seen.  Work is ongoing.

PRELIMINARY



RF Antenna Simulations

39

Yuno Iwasaki



PTOLEMY: 𝐶𝜈B expected performance

https://arxiv.org/abs/2111.14870

Neutrino mass sensitivity exploiting atomic scale Graphene effects at endpoint (in progress)

40



Neutrinos:  Unsung Heroes of the Universe

41

Neutrino Decoupling

(t=1 second)

Neutrinos 48.8%
Photons

18.6%

Electrons/Positrons 32.6%

Leading role in early Universe

Matter-(Photon+Neutrino) Equality

photon+neutrino-to-baryon ratio

And in the current Universe 

Solar cooling/Supernovae

And potentially much more in the dark sector (???)



PTOLEMY Workshop 

@Princeton/NYU

42Princeton University

December 7, 2023



ADDITIONAL SLIDES

43



Hydrogen doping on graphene 
reveals magnetism

Gonzalez-Herrero, H. et al. Atomic-scale control of graphene magnetism by using 
hydrogen atoms. Science (80). 352, 437–441 (2016).

Polarized Tritium Target

Point at the Sky with Tritium Nuclear Spin

nL

Lisanti, Safdi, CGT, 2014.

10.1103/PhysRevD.90.073006

Detection (capture) of cold neutrinos:

ds/dcosq (v/c) ~ (1+cosq)

Akhmedov, 2019.

10.1088/1475-7516/2019/09/031

http://doi.org/10.1103/PhysRevD.90.073006
https://doi.org/10.1088/1475-7516/2019/09/031


Princeton Collaboration Meeting

Small cavity: Longitudinal reconstruction

4507/09/2023

3.5mm 

20mm 

14mm 

7mm 
1.75mm 

20.8mm 

1.0mm 

8mm 

New Ideas for Enhancing RF Detection



Electrostatic Electron Analyser: 

another approach to high resolution measurement

- hemispherical analyser at the e.m.

filter end

- position sensitive detector for parallel 

acquisition

TES

position

sensitive 

detector

hemispherical

analyser

end of Ptolemy

filter

Einzel lenses

46

Phoibos 225 Phoibos 100 EW-4000

Mean radius (mm) 225 100 200

Detector type 2D DLD 2D DLD 2D DLD

Pass energy (eV) Up to 500 Up to 500 Up to 500 

Energy window 9% of P.E. 20% of P.E.

Resolution < 1meV < 3 meV < 2 meV

Acceptance angle ±15° ±15° ±30°



First High Capacity Target Designs

47

Large Total Area

Tritium-Loaded Surfaces


