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Relatore
Note di presentazione
It’s an honor for me to be here today.  I’m going to discuss the physics of the Universe at a ripe young age of 1 second, at least as best we understand it, and I’d like to share with you an experiment called PTOLEMY that aims to detect evidence for relics left over from this period in history.
I should say that PTOLEMY is the only experimental program of its kind and would not have been possible without the support of the Simons Foundation.
Recalling Wolfgang Pauli’s remark shortly after conceiving of the neutrino in 1930
In the words of Wolfgang Paul in 1930 said: “I’ve done a terrible thing today, something which no theoretical physicist should ever do. I have suggested something that can never be verified experimentally.” Pauli was talking about the neutrino – from which we have learned a great deal.



Cosmic Neutrino Background
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Relatore
Note di presentazione
Now back to the early Universe.  This is a paper from 1965 by … and describes the thermal history of the Universe.  It shows how in the hot Big Bang model that there is a point in time when the Universe transitioned from a radiation dominated Universe to a matter dominated Universe – matter-radiation equality.  In fact, I saw Jim Peebles in the coffee shop in Princeton yesterday and I asked him how the matter was estimated (since the ideas about dark matter were still being figured out).  He discussed it with me as if he had posted it on the arxiv the night before – not over half a century ago.  He said it was estimated based on measures that involved total gravitational potential – it’s not just the baryonic matter in this plot.  After matter dominates, the plasma of the early Universe can sustain semi-relativistic sounds waves and that gives rise to much of the wealth of information that we measure in the CMB.  At an early point in time, the Universe was so dense that even neutrinos were in thermal equilibrium – meaning there was no difference between a proton and neutron because the neutrino would transform one into the other.  At one second the Universe became transparent to neutrinos.  We know a lot about them based on the predictions from this model.
In fact, the existence of neutrons in the present day Universe is also a paradox.  Free neutrinos only live 15 minutes – the Universe had to cool down within a couple minutes to a temperature where the lightest element, Deuterium, was stable against dissociation by thermal radiation.  By binding them into nuclei, they were able to continue to exist to the present day.



Early-Late Universe Evolution

Onset of a “constant” Dark Energy
during the last doubling of the Universe
IS less certain

Neutrinas Dark Tension between CMB determined
0% S8l Hubble Expansion (~x1100) and last
Photors ? ~15% are in 4-60 disagreement and
differ by ~9%
?53/'?5 eyl Massive neutrinos transition to
(Universe 380,000 years old) non-relativistic during this time




CNB Today
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Large Scale Structure Signals of

Neutrino Decay Measure neutrino mass & lifetime
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PTOLEMY Cosmic Neutrino Telescope

PonTecorvo Observatory for Light, Early-universe, Massive-neutrino Yield
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New Concept: Transverse Drift Filter
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Note di presentazione
PTOLEMY developed a transverse kinetic energy selection filter that acts very rapidly (but still adiabatically) in space.  If you consider a solenoid and start at the center where the field is strongest.  The most rapid route of the high magnetic field region is not by going out the end of the solenoid, it's by passing between the coils transversely.  That is essentially what we do and can achieve 6 orders of magnitude in the selection of the transverse kinetic energy in 0.7 meters in length, confined transversely to within approximately 1 cm.  We can go beyond the filter precision of KATRIN in roughly 1,000 times less filter volume.



Cosmic Neutrino Telescope
Step 1. Quality of Lens Surface

 Choice: Graphene — atomic flatness
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Note di presentazione
This is a setup at the Princeton Plasma Physics Laboratory that uses cold plasma loading.
Below 1eV kinetic energy the hydrogen just sticks to the surface.
We have the world record of 40% loading and we believe we can push this up to 100%.


Cosmic Neutrino Telescope
Step 2. Geometric Focus

* Choice: Reflector — Electrons guided by EM fields

* Reflection by voltage potential for electron pinned
on magnetic field lines

* Angular deflection by ExB drift across B field lines
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* Reflection by voltage potential for electron pinned
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Cosmic Neutrino Telescope
Step 3: Dynamic Aperature

e Choice: RF tracking system — Project 8
* Estimates total momentum (w,/y), p,, p; to ~ 3eV

Region of interest near the 30.4 keV lines
(bins are 0.5 eV wide)

=
T
=
N
L
@
=
o
>
2)
c
1]
=3
o
2
L

30.20 30.25 30.30 30.35 30.40 30.45 30.50
Track Initial Energy [keV]

12



~ Calorimeters

Electron Trajectory

it

e~ enters

Tritium Targ
a)

stem

SY

9

ra B | B

m

-

F o

m

-~ m

=
X
O
o
_I
LL
Y

m



Relatore
Note di presentazione
Bounce electron


Dynamical Simulation of RF Signal

Initial calculations using CST RF modeling tools:

- Antenna configured to transition from

Parallel Plate Waveguide to Rectangular Waveguide
- Working on FPGA-accelerated parameter fitting
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Bounce electron


Cosmic Neutrino Telescope
Step 4. Fine Adjust

e Choice: Transverse Drift Filter — New Concept

Auke Pieter Colijn (PATRAS 2019)
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Transverse Filtering

PTOLEMY: Transverse driit tilter ;;/
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https://www.sciencedirect.com/science/article/pii/S0146641019300080

Cosmic Neutrino Telescope
Step 5: Eye Plece

e Choice: TES Microcalorimeter ~22meV resolution
 World-record resolution on IR photons
 ~10 nm of material to stop eV electrons

Thermometer Thin sensors:
j ' ~1 eV electron
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Capacity Time response (T)
~ 100 mK cold bath (refrigerator) also small (< uS EC)
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MicroCalorimeter R&D

Ee — e(Vcal _ Vtarget) + Ecal + RFcorr

i . );:%;Z::: Drift Filte
Now: 0.11 eV @ 0.8 eV and 106 mK and 10x10 pm? A N
TIAuUTI 90nm [ Ti(45nm) Au(45nm) ] (= ~137ns) . |

Design Goal (PTOLEMY): AE;,=0.05eV @ 10 eV
translates to AE < E* (a < 1/3)
AEgyuy = 0.022 eV @ 0.8eV
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Note di presentazione
Next step is electron testing


Constructing the 15t CvB Telescope

B 7N 0 7N 7N N\ N

Full end-to-end EM transport with detailed RF signal simulation
In CST software - Design to be ported to mechanical CAD

- Converting
current sheets to
realistic coils
- Tilting electrodes
to be parallel to B
field
-  Computing fringe
fleld and iron
yoke shape
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Inflation - Hot Big Bang

Comoving Scales
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Baumann
(TASI 2012)

25



Relatore
Note di presentazione
In this inflationary Universe, density fluctuation – highly stretched quantum fluctuations are pulled away at the earliest moments of inflation and then eventually reenter our particle horizon in the present day because the expansion of the Universe slowed down from the matter-radiation dominated period.  We see these fluctuations in the largest angular scales of the CMB.  However, as one gets to later moments in inflation, when something fantastic happens and what we know as particle physics is born, we cannot see what is happening from the late stages of inflation because these fluctuations enter when the Universe is radiation dominated.  The fluctuations are smoothed out and then buried by acoustical waves initiated after matter-radiation equality.


Inflation - Hot Big Bang

@ Comoving Scales

A
horlzon exit horizon re- entry COmOVIHO"
Honzon
denblt\ fluctuation
Inflation Hot Big Bang
Neutrino density
fluctuations
(1 second)
/
What happened here? Time [log(a)]

Ratz
(Erice 2017)
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However, the neutrino density senses these late fluctuations and then decouples.  They are the closest we can get to the late stage inflation - where the something spectacular happens.


ADDITIONAL SLIDES
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A complementary physics program based on high radio-purity graphene targets is also proposed to further the research into backgrounds originating from interactions in the graphene target and
to explore directional detection sensitivity for MeV dark matter searches.
Show slides on graphene targets.
There are two approaches.  One is to self-instrument the graphene by cutting it into nanoribbons and constructing a field-effect transistor configuration capable of detecting single low energy electrons by changing the conductance of the graphene.  The second is to leverage the anisotropy of aligned carbon nanotubes to see the forward-backward asymmetry of MeV WIMP scattering - which will transmit more electrons when the axes are aligned.

Properties will be studied systematically with collimated electron beams in Spain (CSIC,ISOM,CIEMAT).


G-FET

B

Principles of Operation:

- Tunable meV band gap set by nanoribbon width
(Egap ~ 0.8eV/width[nm])

- Large jump in conductivity (~10*° charge
carriers) relative to charge neutrality point under
the field-effect from a single electron scatter
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Origin of Large Scale Structure

Scale a(t)

1 sec

10+ 5 Smin 380,000

BOSS
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Redshift
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<
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Baumann
(TASI 2012)
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Let’s talk for a minute what comes between the two celestial spheres in the timeline of the Universe.
In between the Universe went from being extremely uniform to being clumpy (still uniform on average at scales larger than 100 MegaParsec).  Objects are also farther apart from each other and are recessing from each other according to the Hubble law – where the recession velocity increases linearly with separation.  We have learned a wealth of information by studying the CMB – the high precision future of which is the Simons Observatory.
We can trace overdensities of baryons from the first sphere to large scale structure in the present day.
We’d really like to know more about happened earlier and we have some information from that time.
We don’t see bright optical light everywhere.  This is because the Universe is expanding.  We can see this by measuring the recession velocity as a function of distance of objects in the Universe.  One of the best standard candles is called the Type Ia supernova (binary system with a white dwarf – uniform luminal reference).  Everything in the Universe was closer to each other when we go back in time.  That factor is 1+ Red Shift.  Red Shift =0 is today and at Red Shift 1,100 (when everything in the Universe was a factor of 1,100 closer than it is today), the Universe transitioned from being optically dense to optically transparent.  We have been able to track overdensities from that time in baryonic matter to patterns in the present day in the form of the large-scale structure of the Universe (BAO).  When the Universe was a billions times smaller, the light nuclei were formed – something we call Big Bang Nucleosynthesis (BBN).  And as I’ll talk about, we are hoping to probe further back in time to 1 second.
Seeing into the past by looking at the night’s sky


Sticking Probability of H on Graphene

This technique repeated for

* Data 3He and 3H would provide data

® Predictions on final-state

T-Graphene - 3He-Graphene
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Imaging covalent bond formation by H atom scattering from graphene,
Jiang et al., Science 364, 379-382 (2019) 26 April 2019. 31



"Point at the Sky with Tritium Nuclear Spin ]

" U~20 meV

i 1) %] Hydrogen doping on
s, graphene reveals
° magnetism
9100 -5.0 D 5.0 100
Voltage (mV)

Gonzalez-Herrero, H. et al. Atomic-scale control of graphene magnetism by using
hydrogen atoms. Science (80). 352, 437-441 (2016).
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A neutrino is not an optical photon, we cannot restrict the aperture to get directionality on the sky.  We can, however, point the nuclear spins of the tritium nuclear and get capture rate dependence pointing to regions of the sky.  But what kind of celestial sphere could we measure?
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Neutrino capture on Tritium
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How can we directly detect the relic neutrinos today.
Edward Witten – joke H->D->T
It’s not as crazy as it seems – the neutrinos have very little kinetic energy, so you need to capture them on nuclei that are have no energy barrier transform into a lighter element – which means they are unstable to beta-decay.


Challenges: Resolution and Backgrounds
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https://doi.org/10.1088/1475-7516/2019/07/047
https://arxiv.org/abs/1902.05508

KArisruhe TRItium Neutrino (KATRIN)

Tritium source Transport section Pre spectrometer | Spectrometer Detector
101 e/s > 1010 e/s —> 03 e/s —> 100 e7s

V.o i E>18.3 keV AE = 0.93 eV !

1 - X _ e l‘ I ‘|
+ B decay -@&— \\ o — ® \ @ _ r; ® 1 _
: \ 100e/s §o— @ @/ ® ' 9% —
1 1 F] 1
! 1e’ /s

E=186keV : \ ’ .
€5 New Result! m,<1.1eV (90% CL)
http://arxiv.org/1909.06048

frm—
Z
,

/ T 1
/ f 5

v"‘

Adiabatic Invariance

P EFiIter energy resolution (MAC-E) B,
_ '
= gB constant Sensitivity on m(v):

p. =P, 2eV — 200 meV

Filter (E - Field)
PP

———

Future of Neutrino Mass Measurements:


https://indico.cern.ch/event/740296/contributions/3160751/attachments/1738496/2812624/neutrino_town_meeting_weinheimer.pdf

’ ﬁ"’é.!;‘lx' ;
KATRIN

~1200m?3

PTOLEMY

\..‘7
. Y
sty b f .
b - - i
).1- Y * | e
s IR * A%
~

37



Difference in Scales

Mijghtest = 50 meV
A=10 meV
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Detection Concept: Neutr

rno Capture

e Basic concepts! for relic neutrino detection were laid out in
a paper by Steven Weinberg in 1962 [Phys. Rev. 128:3, 1457]
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What do we know? / \

Electron flavor expected with Gap (2m) constrained to
m > ~0.05eV m < ~0.2eV
from neutrino oscillations from Cosmology

IFinite neutrino mass, tritium and other isotopes studied for relic neutrino capture in this paper:
JCAP 06 (2007) 015, by Cocco, Mangano, Messina 39
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The method of detection is based on neutrino capture on the active element of the target, which is tritium.  The tritium, itself, decays under beta-decay and therefore we have to distinguish the signal from the tritium decays, as is shown schematically on this figure.
The blue curve represents the "foreground" or tritium-originated background and the purple curve represents the signal from neutrino capture of massive neutrinos.  What we observe is the kinetic energy of individual electrons (that is the horizontal axis).

Neutrinos have a tiny mass and the telescope needs to distinguish this mass from foregrounds that are generated from non-neutrino sources.
We propose a very systematic way of achieving the proof-of-principle for the detection concept.  We want to develop an ultra radio-pure target and an ultra-high resolution cryogenic calorimeter.  The target substrate material is graphene, a single molecular layer of pure-carbon – specially chosen for its ability to hold the active target material, tritium, with a weak covalent bond.  We do not plan to introduce any significant amount of tritium to the LNGS – we can evaluate the molecular smear induced by the substrate with a nanogram of tritium. 


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

=
Neutrino Masses from Oscillations

3 masses
X
3 flavors

(electron, tau)
0.05eV <

\.
0.009 eV {

?

Normal

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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When I was a graduate student – neutrinos were a “problem”.  There was something called the solar neutrino problem and had to do with the fact that the number of detected neutrinos did not match solar model predictions.  So, the solar models must be wrong, right!  Wrong.  We did not understand the quantum mechanics of the neutrinos.  What we understand now – is dramatically more than in the early 90’s.


m. < 0.00001 eV

8plp~0(10%)
~CMB w/o BAO -

G

m, ~0.01eV
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Iron Yoke T ggt Q mgt y

(Side View)

e Collect electrons over a
large target area (end-on
view in , hormal to
magnetic field yellow).

» Electrons are accelerated
Into a high magnetic flux
region that is an order of
magnitude smaller in
Cross section green.

 Through reflections and
transverse drift (EM
optics) e~’s enter the RF
region (out of the screen).
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lron Yoke

arget Geometry

Collect electrons over a
large target area (end-on
view in , hormal to
magnetic field yellow).
Electrons are accelerated
Into a high magnetic flux
region that is an order of
magnitude smaller in
Cross section green.
Through reflections and
transverse drift (EM
optics) e~’s enter the RF
region (out of the screen).
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https://www.sciencedirect.com/science/article/pii/S0146641019300080

MicroCalorimeter R&D

it - Calori
e

=== Transverse Drift Filte

"

] T,=42 mK with:
1 0:8 Ti=11 nm and Au=27 nm

| |—— TiAu 090419#2 Ti Au

TiAu 050419 TiAu ™~
—— TiAu 0904 19#1 SiN -~ Si

TiAu 180419
—— TiAu 170519
—— TiAu 230519

—— TiAu 210519 20 X 20 um?

0o : I - R S Py

0 30 60 90 120 150 180 210 240 270 300 330 360
T (MmK) 01 RICERCA WETR

Best solution in terms of heat capacity




Repeated to reach 10mg - ~100 meters
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Recent Publications
I[IPTOLEMY COLLABORATION]

Experiment Design:
A design for an electromagnetic filter for precision energy
measurements at the tritium endpoint, M.G. Betti et al.,
Prog.Part.Nucl.Phys. 106 (2019) 120-131,

, e-Print:

Physics Program (CNB, Mass, Sterile,..):

Neutrino physics with the PTOLEMY project, M.G. Betti et al.,
JCAP 07 (2019) 047,

e-Print:
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https://ptolemy.lngs.infn.it/
https://www.sciencedirect.com/science/article/pii/S0146641019300080
https://arxiv.org/abs/1810.06703
https://doi.org/10.1088/1475-7516/2019/07/047
https://arxiv.org/abs/1902.05508

No systematics!

Neutrino physics with the PTOLEMY project,

M.G. Betti et al., JCAP 07 (2019) 047
e-Print:
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Relatore
Note di presentazione
It’s not surprising that with roughly 100 times more tritium than KATRIN, the mass sensitivity is roughly a factor of 10 higher.

https://doi.org/10.1088/1475-7516/2019/07/047
https://arxiv.org/abs/1902.05508

3+1 Sterile Sensitivity
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Neutrino physics with the PTOLEMY project,

M.G. Betti et al., JCAP 07 (2019) 047
e-Print:
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https://doi.org/10.1088/1475-7516/2019/07/047
https://arxiv.org/abs/1902.05508

PTOLEMY R&D at LNGS
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Exploring possible future sites that can host telescope operation S0
with a 10mg tritium target



PTOLEMY World-Wide Collaboration
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Relatore
Note di presentazione

PTOLEMY is one project but it’s goal spans the world as a universal quest to see the early Universe through the lens a Cosmic Neutrino Telescope.  We believe that PTOLEMY can build an international effort to make progress on these fundamental questions,
the outcome of which would be a new array of telescopes to be deployed across the world.
I leave you with the translations of Cosmic Neutrino Telescope in the languages of the institutes collaborating on this project so far.
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