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Big Bang

10-36 sec

1 sec

380.000 year

27 September 2021



Evolution of the relic neutrinos 

now

𝐶𝐶𝐶𝐶𝐶 and 𝐶𝐶𝐶𝐶𝐶𝐶 temperature 
related:  

𝑇𝑇𝜈𝜈
𝑇𝑇𝛾𝛾

= 4
11

1
3

𝑇𝑇𝜈𝜈 ≈ 1.9𝐾𝐾 ⇒ 𝑝𝑝𝜈𝜈 ≈ 0.001 eV

𝑛𝑛𝜈𝜈 + 𝑛𝑛𝜈𝜈 ≈ 56 𝑐𝑐𝑐𝑐−3 × 6



Grand Unified Neutrino Spectrum
https://arxiv.org/pd

f/1910.11878.pd
f

𝑚𝑚1 𝑚𝑚2𝑚𝑚3

threshold

𝒎𝒎𝟏𝟏 = 𝟎𝟎𝒎𝒎𝒎𝒎𝒎𝒎
𝒎𝒎𝟐𝟐 = 𝟖𝟖.𝟔𝟔𝒎𝒎𝒎𝒎𝒎𝒎
𝒎𝒎𝟑𝟑 = 𝟓𝟓𝟓𝟓𝒎𝒎𝒎𝒎𝒎𝒎



Where to look for 𝐶𝐶𝐶𝐶𝐶𝐶?

- or –

Is it possible to detect 0.001eV neutrinos?



1. Early Universe & beyond

⇒ 𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒≈ 3 = Indication of existence



• Velocity of solar system wrt CMB frame 𝛽𝛽 ≈ 10−3

• Acceleration of polarized targets - 𝝈𝝈𝝂𝝂𝝂𝝂 ∝ 𝑮𝑮𝑭𝑭: 
 Vanishes if 𝑛𝑛𝜈𝜈 − n𝜈𝜈 = 0
 I think no good here

• Coherent Acceleration - 𝝈𝝈𝝂𝝂𝝂𝝂 ∝ 𝑮𝑮𝑭𝑭𝟐𝟐
 De Broglie 𝜆𝜆 ≈ 2 − 3mm

 𝑎𝑎𝑁𝑁𝑁𝑁−𝐷𝐷 = 𝑂𝑂 10−27 𝑐𝑐𝑐𝑐
𝑠𝑠2

for non relativistic Dirac neutrinos

 𝑎𝑎𝑁𝑁𝑁𝑁−𝑀𝑀 ≈ 𝑎𝑎𝑁𝑁𝑁𝑁−𝐷𝐷 ⋅ 𝛽𝛽2 ≈ 𝑎𝑎𝑁𝑁𝑁𝑁−𝐷𝐷 ⋅ 10−6

2. Neutrino wind – coherent scatter

arXiv:hep-ph/0107027
… and worry about solar 𝜈𝜈 and WIMP backgrounds

𝑎𝑎 ≈ 10−13𝑐𝑐𝑚𝑚2/𝑠𝑠 achievable



3. Cosmic neutrinos

• Interact with high energy 𝜈𝜈:

• Result:
1. Dip of high energy 𝜈𝜈 flux
2. Excess of high energy 𝛾𝛾, proton flux 

𝐸𝐸𝜈𝜈𝑖𝑖 ≈ 4 ⋅ 1021
𝑒𝑒𝑒𝑒
𝑚𝑚𝜈𝜈𝑖𝑖

𝑒𝑒𝑒𝑒



5. Induced beta decay

https://arxiv.org/abs/hep-ph/0703075

Cocco, Mangano, Messina calculated 𝑚𝑚𝜈𝜈 ≠ 0 case in 2007

𝑚𝑚𝜈𝜈 = 0

https://arxiv.org/abs/hep-ph/0703075


𝑒𝑒−

𝜈̅𝜈𝑒𝑒(𝐴𝐴,𝑍𝑍) (𝐴𝐴,𝑍𝑍 + 1)

𝑒𝑒−

(𝐴𝐴,𝑍𝑍) (𝐴𝐴,𝑍𝑍 + 1)

𝜈𝜈𝑒𝑒

𝑄𝑄𝛽𝛽
mν Te

𝑄𝑄𝛽𝛽
mν Temν



Selection of target

• Longish lifetime

• High cross section



Tritium
• High cross-section for neutrino capture

• No energy threshold

• Sizeable lifetime

• Low Q-value of 18.6 keV

• Tritium beta decay ~1015 Bq/gram

𝜈𝜈𝑒𝑒 𝑒𝑒−
3𝑇𝑇 3𝐻𝐻𝐻𝐻



Sensitivity to neutrino 
mass hierarchy

Several 𝜎𝜎𝐸𝐸 and 𝑚𝑚𝜈𝜈 scenarios

As good as it gets

Difficult



Expected rate
100 gram-year exposure

https://arxiv.org/abs/hep-ph/0703075

x2 x2 x2

Dirac

Majorana

https://arxiv.org/pdf/hep-ph/0408241.pdf

Gravitational clustering

M31

© A.P.Colijn astrophotography

https://arxiv.org/abs/hep-ph/0703075


PTOLEMY experiment - concept



Telescopio di neutrini cosmologici

Cosmic neutrino telescope

Telescopio de neutrinos cósmicos

קוסמייםניטריניםטלסקופ 

Kosmische neutrinotelescoop

Kosmisk neutrinoteleskop



PTOLEMY experiment - concept

Retarding potential

Vsource Vcalorimeter

𝐸𝐸𝑒𝑒 = 𝑒𝑒 𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐



PTOLEMY experiment - concept

Retarding potential

Vsource Vcalorimeter

𝐸𝐸𝑒𝑒 = 𝑒𝑒 𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

1.Electric fields are conservative

2.Magnetic fields don’t work



PTOLEMY: tritium target
• Use atomic 3T

• No ro-vibrational modes in final state like for 3He-3T final state.
• Limit to energy resolution not determined by target itself

• dE/dx of electrons requires extremely thin targets
• We investigate 3T  loosely bound to graphene (or Cu, or Au) 

• Theoretical maximum is about 0.2 mg tritium per m2

Max 1-tritium for every C



Trouble with Heisenberg?
Binding 3T to graphene = localizing 3T → Δ𝑝𝑝 Δ𝑥𝑥 ≥ ℏ

2
→ energy spread  

Δ𝐸𝐸 ≈ 100 − 400 meV (?)
Cheipesh et al. https://arxiv.org/abs/2101.10069v2



II: μ
B2
∇B × B drift, with magnetic moment  𝜇𝜇 = 𝑚𝑚𝑒𝑒𝑣𝑣⊥2

2𝐵𝐵

PTOLEMY: two types of drift

I: E × B drift
1. net drift, 𝑣𝑣𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝐸𝐸/𝐵𝐵

2. no work, drift along equipotential planes

cyclotron motion – detectable RF

1. net drift, 𝑣𝑣𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝜇𝜇 ∇𝐵𝐵
𝐵𝐵

2. Allows E field to work (!): 𝑑𝑑𝑇𝑇⊥
𝑑𝑑𝑑𝑑

= 𝑒𝑒𝐸𝐸 ⋅ 𝑣⃗𝑣𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑



PTOLEMY: RF pickup 
• Transport electrons through ExB field
• RF emission with 𝑓𝑓 = 1

2𝜋𝜋
𝑒𝑒𝑒𝑒
𝑚𝑚𝑒𝑒 𝛾𝛾

≈ 27𝐺𝐺𝐺𝐺𝐺𝐺

• Power 𝑃𝑃 = 1
4 𝜋𝜋𝜖𝜖0

2 𝑒𝑒4𝐵𝐵2

3𝑚𝑚𝑒𝑒
2𝑐𝑐

𝛾𝛾2 − 1 sin2 𝜃𝜃 ≈ 1 𝑓𝑓𝑓𝑓 →𝜃𝜃 is angle between B and 𝛽𝛽

endpoint



PTOLEMY: RF pickup 
• Transport electrons through ExB field
• RF emission with 𝑓𝑓 = 1

2𝜋𝜋
𝑒𝑒𝑒𝑒
𝑚𝑚𝑒𝑒 𝛾𝛾

≈ 24𝐺𝐺𝐺𝐺𝐺𝐺 → 𝛾𝛾 = Energy

• Power 𝑃𝑃 = 1
4 𝜋𝜋𝜖𝜖0

2 𝑒𝑒4𝐵𝐵2

3𝑚𝑚𝑒𝑒
2𝑐𝑐

𝛾𝛾2 − 1 sin2 𝜃𝜃 ≈ 1 𝑓𝑓𝑓𝑓 →𝜃𝜃 is angle between B and 𝛽𝛽
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https://arxiv.org/abs/1703.02037v1


PTOLEMY: RF pickup 
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Rough O(eV) resolution (!) 
measurement of energy
and pitch angle needed 
for the Transverse Drift Filter

https://arxiv.org/abs/1703.02037v1


PTOLEMY: RF pickup @ Nikhef

Trigger
HV



PTOLEMY: Transverse drift filter

∇𝐵𝐵

𝐸𝐸 𝐸𝐸 × 𝐵𝐵 drift

∇𝐵𝐵 drift

Total drift
18.6 keV, 𝛽𝛽 = 𝛽𝛽⊥

0.01 eV 

After filter, only component of 𝛽𝛽 parallel to B is left.

Can be reduced by retarding potential

arxiv:1810.06703



Electron Transport: RF pickup & Filter

29

RF Antenna Region

 Target
Calorimeter 

Dynamic EM Filter Region

∇|𝐵𝐵|



PTOLEMY: transverse drift filter



PTOLEMY: Energy 
• Energy measurement from Δ𝑉𝑉and calorimeter: 

𝐸𝐸𝑒𝑒 = 𝑒𝑒 𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝐸𝐸𝑅𝑅𝑅𝑅 + 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐

• Calorimeter energy resolution must be O(50meV)
1. Transition Edge Sensors
2. State-of-the-art 2019 O(100meV@100eV)

• Voltage stability over experiment better than 10mV

• NOTE: internal voltages are actively adjusted for each
interesting electron



PTOLEMY: “expected” performance

1.Sensitivity to 𝑚𝑚𝜈𝜈

2.Sensitivity to 𝐶𝐶𝐶𝐶𝐶𝐶

3.Astronomy with 𝐶𝐶𝐶𝐶𝐶𝐶

KATRIN = experiment with street credibility

https://www.katrin.kit.edu/

PLEASE NOTE



PTOLEMY: 𝑚𝑚𝜈𝜈 “expected” performance

• Neutrino mass as first result

1. Small exposure already gives 
sensitivity to O(10meV) 𝑚𝑚𝜈𝜈

2. Crucial for design of full scale 𝐶𝐶𝐶𝐶𝐶𝐶
PTOLEMY with 100g tritium

• Mass hierarchy

1. Clearly decided with 100g yr
exposure

2. Up to masses <100meV

arxiv:1902.05508



PTOLEMY: 𝐶𝐶𝐶𝐶𝐶 expected performance

Δ = 50 𝑚𝑚𝑚𝑚𝑚𝑚

Exposure = 100 g yr

𝑚𝑚𝜈𝜈
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 𝟏𝟏𝟏𝟏𝒎𝒎𝒎𝒎𝒎𝒎

Δ = 50 𝑚𝑚𝑚𝑚𝑚𝑚 (𝜎𝜎𝐸𝐸 = 20 𝑚𝑚𝑚𝑚𝑚𝑚)

𝑚𝑚𝜈𝜈
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 𝟏𝟏𝟏𝟏𝟏𝟏𝒎𝒎𝒎𝒎𝒎𝒎

hard “easy”

“easy”

hard

2 − 3 𝜎𝜎< 1 𝜎𝜎

arxiv:1902.05508



PTOLEMY: Astronomy (SF)

1. Suppose you have discovered 𝐶𝐶𝐶𝐶𝐶𝐶

2. Suppose you have a polarized target

1+2. Localization of neutrinos:

𝑑𝑑𝑑𝑑
𝑑𝑑 cos 𝜃𝜃

∝ 1 + cos𝜃𝜃

Why interesting?

Graphene with polarized tritium nuclear spin



PTOLEMY: Astronomy

Phys. Rev. Lett.103, 249901 (2009)

Big Bang in “time” Big Bang in “distance”

1. 𝐶𝐶𝐶𝐶𝐶𝐶 has large non-relativistic component
2. It comes from ‘nearby’ compared to CMB 

1. Neutrinos ‘feel’ large scale structure 
at distances of O(5Gly)

2. Fluctuations hugely amplified 
because 𝜈𝜈 non-relativistic → 1/𝑣𝑣2

3. Maybe even O(1-10%) 
𝑚𝑚𝜈𝜈 = 0.01𝑒𝑒𝑒𝑒

Could be connected to optical sky surveys….

Multi-messenger astroparticle physics?

See through zone of avoidance?

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.103.249901
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