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Università degli Studi di Pisa e INFN Sezione di Pisa, Pisa, Italy
10
INFN Sezione di Roma, Roma, Italy
11
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indirette legate al campo gravitazionale
che essa produce, senza il quale
l’universo ci apparirebbe molto differente

dei nuclei leggeri (deuterio ed elio).
Misurando oggi le abbondanze di
questi elementi, tenendo anche conto

Neutrino Background (Cnb, vd. p.
26, ndr) forniscono informazioni
sullo stato dell’universo nei suoi
primi secondi di vita.

Looking Back in Time

asimmetrie

21 / 11.16 / next

3

The Neutrino Sky
6

The Cosmic Neutrino Background Anisotropy - Linear Theory

mn < 0.00001 eV

mn ~ 0.001 eV

Hannestad, Brandbyge (2009)

mn ~ 0.01 eV

mnΘ ~ 0.1 eV

Figure 2. Sky maps of the primary neutrino power spectra, Cl , with the dipole
included, for mν = 10−5 eV (top-left), 10−3 eV (top-right), 10−2 eV (bottom-left) and
10−1 eV (bottom-right). The maps have been generated with the same underlying
random numbers with the HEALPIX package [35].

Detection Concept: Neutrino Capture
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Challenges: Resolution and Backgrounds

Figure 1: Expected event rates in a direct-detection experiment near the beta-decay endNormal
Ordering
point for di↵erent lightest neutrino
masses and
energy resolutions. Solid lines represent
the event rates covolved with a Gaussian envelope of FWHM equal to the assumed energy
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High Radio-Purity Carbon
Thumb radioactivity (1 per second à 1 per 100 years)
Graphene fabrication from CO2 à CH3OH à CH4

Kinder Morgan Doe Canyon CO2 facility in
southwestern Colorado
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Graphene Targets: Two Concepts
PTOLEMY-G3

PTOLEMY-CNT

Electron

WIMP

CAR
DA

Self-instrumented with G-FETs

Anisotropy of aligned CNTs

Sub-GeV Dark Matter
Electron Recoils in Ca
8

Electromagnetic Telescope Optics
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Measurement of Endpoint Energies
Endpoint energy

Calorimeter dynamic range
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Microcalorimetry
• Optimize Transition-Edge Sensors for low energy
electron calorimetry with an energy resolution
sufficient to resolve the neutrino mass
e-

E
C

t=

C
G

Thin sensors:
~1 eV electron
can be stopped
with very small C
Fast time
response:
Time response (t)
also small (<µsec)
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Single Infrared Photon Detectors
Results from INRIM (Torino) Istituto Nazionale di Ricerca
Metrologica

Transition-Edge Sensor

Coupling:
• alignment through the chip
• small core fibers

1 mm

Infrared Photons E=0.8eV
sE = 0.05 eV @ 300mK

à Exceeding goals for
energy resolution
12

High Voltage System and Monitoring
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PTOLEMY Prototype
(Princeton Tritium à)
PonTecorvo Observatory
for Light, Early-universe, Massive-neutrino Yield

R&D Prototype @ PU
(June 7, 2017)
Supported by:

The Simons Foundation
The John Templeton Foundation
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PTOLEMY Working Groups
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PTOLEMY Collaboration

Laboratori Nazionali del Gran Sasso

טלסקופ ניטרינים קוסמיים

Telescopio di neutrini cosmologici
Kosmische neutrinotelescoop
Telescopio de neutrinos cósmicos
Kosmisk neutrinoteleskop
(ﺗﻠﺴﻜﻮب اﻷﺷﻌﺔ اﻟﻜﻮﻧﯿﺔ )ﻧﯿﻮﺗﺮﻳﻨﻮ

Cosmic neutrino telescope
16

Commentary
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Challenges: Resolution and Backgrounds

Figure 2: Same as Fig. 1 for inverted ordering of neutrino masses.

Inverted Ordering

18

nL

Polarized Tritium Target
Lisanti, Safdi, CGT, 2014.

Point at the Sky with Tritium Nuclear Spin

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 3H Decay
1 - Polarized 3 H -decay. In this case, the decay rate can be written as [?]
d5 !
G2F
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ˆ ,
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p2⇡q

(1)

where GF is the Fermi constant, m is the di↵erence between the 3 H and 3 He
mass, pe (Ee ) is the electron impulse (energy),
(⌫) is the electron (neutrino)
three-velocity, and P̂ is the 3 H polarization versor. The quantities ⇠, a, A and
B contain the nuclear matrix elements, and and can be written in terms of the
“standard” Fermi (F ) and Gamow-Teller (GT ) matrix elements as
⇠ “ |F |2 ` gA2 |GT |2 ,
gA2
2
a⇠ “ |F | ´ |GT |2 ,
3
2 2
2
2
?
A⇠ “ ´ gA |GT | `
|GT ||F | ,
3
3
2
2
B⇠ “ ` gA2 |GT |2 ` ? |GT ||F | .
3
3

(2)
(3)
(4)
(5)

Note that by measuring the unpolarized 3 H -decay rate, we have access only to ⇠.
With polarized 3 H -decay, all the other quantities become available, and theory
20
can be put under a stringent test. Furthermore, we plan to investigate to which
extent the various quantities defined in Eqs. (2)–(5), which are obtained neglecting

CNB Signal-to-Noise

Normal Ordering

Inverted Ordering

Figure 3: Signal-to-noise ratio for relic neutrino capture for di↵erent values of the energy
resolution and the mass of the lightest neutrino. Left panel shows the result for normal
21
ordering of neutrino masses and right panel for inverted ordering. The ratio is computed
as in Eq. (20), for a bin of width centered at an energy m ` m away of the

Cryogenic System of CRESST
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High Radio-Pure
(CO2àCH4)

12C
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Electron-Graphene Interaction Chamber

24

Electron Gun
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Direction Detection MeV Dark
Matter Searches
PTOLEMY-G3

PTOLEMY-CNT

Self-instrumented with G-FETs

Anisotropy of aligned CNTs
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Scalable Underground Design
B Field Normal to Plate
Low B Field
Electron trajectory

Calorimeter
FREQUENCY SCALE
magnetic field of 1T → cyclotron frequency in K-Band

ExB Radial Drift
RF Trigger
High B Field
Kr provides electrons close to tritium endpoint
Tritiated-Graphene
83m

Project8 — 12

Voltage Multiplexing (Extraction ExB)
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“I’m astounded by people who want to ‘know’ the Universe

Celestial Globes

when it’s hard enough to find your way around Chinatown”
Woody Allen

-5
Adiabatic
Density
Anisotropies
d~10
Figure 1: Fluctuations in the Cosmic Microwave Background (CMB). What pro

at z~1100

Johann Schöner, c.1534

1
1.1

28
The Microscopic
Origin
WMAP,
c.2009 of Structure

TASI 2009: The Physics of the Large and the Small

Big Bang Cosmology
Incredibly Uniform
d~10-5 at z~1100

Conformal Time

⌧0

Past Light-Cone

Last-Scattering Surface

⌧rec
⌧i = 0

Recombination
Big Bang Singularity

Particle Horizon

Figure 8: Conformal diagram of Big Bang cosmology. The CMB at last-scattering (recombination)
consists of 105 causally disconnected regions!

Common
Past?
29 =
Also
recall
that
in
conformal
coordinates null geodesics (ds2 = 0) are always at 45 angles, d⌧
p
± dx2 ⌘ ±dr. Since light determines the causal structure of spacetime this provides a nice way to
study horizons in inflationary cosmology.

Our Home in the Universe

~25,000 light years

Ostriker, J.P. & Peebles, P.J.E. 1973, Ap. J. 186, 467.

30

Infl

Origin of Large Scale StructureCosmic

There is undeniable evidence for the expansion of the universe: the light from distant galaxies is
systematically shifted towards the red end of the spectrum [4], the observed abundances of the light
Introduction
elements (H, He, and Li)
matches the predictions of Big Bang Nucleosynthesis (BBN) [5], and the
only convincing explanation for the CMB is a relic radiation from a hot early universe [6].
Part I

density fluctuations
“I’m astounded by people who want to ‘know’ the Universe

when it’s hard enough to find your way around Chinatown”
Woody Allen

Scale a(t)

BBN
1

1.1

gravity waves

recombination

dark ages

21 cm

The Microscopic Origin of Structure

TASI 2009: The Physics of the Large and the Small

LSS
BAO
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QSO
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gravity waves
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10 15 GeV

neutrinos

3 min

1510
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380,000

GeV
10 4

1 MeV

380,000

Cosmic Microwave Background

density fluctuations

1,100
1 eV

B

Ia

The fluctuations in the temperature of the cosmic microwave background (CMB) (see Fig. 1) tell
an amazing story. Measured now almost routinely by experiments like the Wilkinson Microwave
Anisotropy Probe (WMAP), the temperature variations of the microwave sky bear testimony of
minute fluctuations in the density of the primordial universe. These fluctuations grew via gravitational instability into the large-scale structures (LSS) that we observe in the universe today. The
success in relating observations of the thermal afterglow of the Big Bang to the formation of structures billions of years later motivates us to ask an even bolder question: what is the fundamental
microphysical origin of the CMB fluctuations? An answer to this question would provide us with
nothing less than a fundamental understanding of the physical origin of all structure in the universe.
In these lectures, I will describe the currently leading working hypothesis that a period of cosmic
inflation was integral part of this picture for the formation and evolution of structure. Inflation [1–3],

?

Inflation

dark energy

Figure 1: Fluctuations in the Cosmic Microwave Background (CMB). What produced them?

reheating

?

reionization

galaxy formation

10 4

1 MeV
25

Lensing

Simons Observatory

1,100
13.7 billion

6

1 eV
2

0
1 meV

Time [years]
Redshift
Energy

Figure Baumann
2: History of the universe. In this schematic we present key events in the history31of the
(TASI 2012)
universe and their associated time and energy scales. We also illustrate several cos-

Expanding Universe

Expansion rate of the Universe:
à Kinetic Energy

∝
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Energy density of the Universe:
à Potential Energy
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Expansion in a dark energy (cosmological constant) dominated Universe
33

View of the Sun

~8 min. away
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Neutrino view of the Sun
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Neutrino Masses from Oscillations
3 masses
X
3 flavors
(electron, muon, tau)
0.05 eV

OR
0.009 eV

The absolute neutrino masses are not known.
It’s not known at this time whether neutrinos masses are “Normal” or “Inverted”.
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Cosmic Neutrino Background
Number density:
1 sec

nn = 112/cm3
Temperature:

Radiation ~1/a4

Tn ~ 1.95K

Matter
~1/a3

Time of decoupling:

tn ~ 1 second
neutron/proton ratio
@start of nucleosynthesis
Velocity distribution:
Dicke, Peebles, Roll, Wilkinson (1965)
IAS Sabbatical (2010)

<vn> ~ Tn /mn

Non-linear distortions Villaescusa-Navarro et al (2013) 37

Cosmic Elements
3 element theory

g (photons)
n (neutrinos)
p,n (baryons)

4 element theory

c (cold dark matter)

5 element theory (+Aether/Void)

L (dark energy)
38

Cosmic Elements

Ωi

= Potential/Kinetic Energy

= Neutrino

Tν (K) Temperature
9

1

6

10

0.1

10

3

10

Photons

Cold DM

Neutrinos

Baryons

1.95

0.01
MatterRadiation
Equality

J. Lesgourgues

Individual neutrino
contributions assuming
Normal Hierarchy and
m3 = 0.05 eV,
m2 = 0.009 eV,
m1 = 0

0.001

1e-04

10-9

1
10-6
10-3
= Normalized Expansion
a/a0
Factor
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Neutrino capture on Tritium

Tritium β-decay
(12.3 yr half-life)

40

Relic Neutrino Detection
• Basic concepts for relic neutrino detection were laid out in
a paper by Steven Weinberg in 1962 [Phys. Rev. 128:3, 1457]
Neutrino Capture
What do we know?

Tritium β-decay
Endpoint

Gap (2m) constrained to

m < ~0.2eV
from Cosmology
Electron flavor expected with

m > ~0.05eV

Electron energy

from neutrino oscillations

Tritium and other isotopes studied for relic neutrino capture in this paper:
JCAP 0706 (2007)015, hep-ph/0703075 by Cocco, Mangano, Messina

41

Experimental Perspective
Too much rate
(need to filter)

Need very high energy
resolution (s ~ mn)

Small fraction
(dynamical
selection)
Electron energy

42

Graphene (2-D Material)

43

carbons and two hydrogens. We carried out full optimization
of the unit cell, including both the unit cell geometry and the
atomic positions. The optimized geometry of SSHGraphene
is shown in Figure 1. As seen from the figure, the cell is
similar to that of graphene, except that the lattice parameter
for SSHGraphene is now enlarged to 2.82 Å, which is larger
than graphane (2.51 Å) as well. Notice that the enhancement is
necessary in order to accommodate the hydrogen atoms, as the
unoptimized unit cell of graphene does not favor the complete
hydrogenation. The increase in the lattice parameter is due to
the increase in the carbon-carbon bonds, which is increased
from 1.42 (in graphene) to 1.63 Å. The increase in the bond
length upon hydrogenation is not surprising, as the same effect

Molecular Broadening
T-T à (T-He3)*

1.09 Å

He3

4.7eV

~3eV
recoil
at endpoint

1.63 Å

FIG. 1. (Color online) Hexagonal structure SSHGraphene with
carbon and hydrogen atoms shown in darker and lighter shade,
respectively. The structure has the symmetry of graphene and the
carbon atoms are in a single plane (unlike graphane).
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First Tritiated-Graphene Samples
Produced by SRNL
SRNL
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Cold Plasma Loading
H Plasma

Y. Raitses et al.
Ehemann et al. Nanoscale Research Letters 2012, 7:198
http://www.nanoscalereslett.com/content/7/1/198

Page 5 of 14

XPS Hydrogenation Results from Princeton

Below 1eV

40% H
Coverage
àWorld
Record
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Ehemann et al. Nanoscale Research Letters 2012, 7:198

Figure 3 Probabilities of reflection, transmission, and adsorption as a function of incident kinetic energy.

PTOLEMY World-Wide Collaboration
2015 Targeted Grant Award from the

Laboratori Nazionali del Gran Sasso

47

Underground Environment
Gran Sasso
National Laboratory, Italy

PTOLEMY kick-off meeting
11-12 December 2017
http://ptolemy.lngs.infn.it
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Refractor à Reflector Telescopes
Galilean à Newtonian

Yerkes (1895)

Atacoma (2010)
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MAC-E “Telescope”
PTOLEMY implements a
“reflector” method that is
four orders of magnitude
more compact along the
direction of the B field

Spectroscopic technique for tritium β-decay
MAC-E filter technique
Magnetic Adiabatic Collimation with Electrostatic filter
Picard et al., NIM B63 (1992) 345

detector

E*B ~10m

E*B ~1cm

transmission

Sharp high-pass filter:

ΔE

energy

Steps of filter potential
→ integrated β spectrum

ExB Drift
~1m

Combination of high luminosity
and high energy resolution:

μ =

E⊥
= const.
B

B min
of1 the energy is
Δ EFiltering
=
=
E
Bmax vertical
20000
direction
(at KATRIN)

in the
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https://www.quantamagazine.org/
big-bounce-models-reignite-bigbang-debate-20180131/
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https://www.quantamagazine.org/
big-bounce-models-reignite-bigbang-debate-20180131/
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https://www.quantamagazine.org/
big-bounce-models-reignite-bigbang-debate-20180131/
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Part I

Introduction

Big Bang Cosmology
“I’m astounded by people who want to ‘know’ the Universe

Conformal
Conformal Time

when it’s hard enough to find your way around Chinatown”

⌧0

Woody Allen
Past Light-Cone

Adiabatic Density Anisotropies
d~10-5 at z~1100

Last-Scattering Surface

⌧rec
rec
⌧i = 0

Recombination
Big Bang
Singularity
Reheating

Particle Horizon
Particle Horizon

Inflation

Figure 8: Conformal diagram of Big Bang cosmology. The CMB at last-scattering (recombination)
consists of 105 causally disconnected regions!
2
Also
p recall that in conformal coordinates null geodesics (ds = 0) are always at 45 angles, d⌧ =
2
± dx ⌘ ±dr. Since light determines the causal structure of spacetime this provides a nice way to
causal contact
study horizons in inflationary
cosmology.
During matter or radiation domination the scale factor evolves as
(
⌧ RD
a(⌧ ) /
.
(58)
⌧i = 1
⌧ 2 MD
Big Bang Singularity

Figure
diagram
of inflationary
cosmology.
Inflation extends
conformal
time to negIf 9:
andConformal
only if the
universe
had always
been dominated
by matter
or radiation,
this would imply the
ative
values!
The
end
of
inflation
creates
an
“apparent”
Big
Bang
at
⌧
= 0. There
existence of the Big Bang singularity at ⌧i = 0
is, however, no singularity at ⌧ = 0 and the light cones intersect at an earlier time if
inflation lasts for at least 60 e-folds.
a(⌧i ⌘ 0) = 0 .
(59)

Figure
1: Fluctuations
the Cosmic
Microwave Background
(CMB). What prod
Where we think there is an
initial
ti=0 Bigin Bang
Singularity
is
The conformal diagram corresponding to standard Big Bang cosmology is given in Figure 8. The
believed to be the “end” of an inflation period that slowly pulled
horizon problem is apparent. Each spacetime point in the conformal diagram has an associated past
Ht ⌧)= of
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The Cosmic Neutrino Background Anisotropy - Linear Theory
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Figure 2. Sky maps of the primary neutrino power spectra, ClΘ , with the dipole
−5
included,
for mthe
eV (top-left), 10−3 eV (top-right), 10−2 eV (bottom-left) and
ν = 10
Award
from
10−1 eV (bottom-right). The maps have been generated with the same underlying
and additional
support from the
random numbers with the HEALPIX
package [35].

