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Why believe Big Bang?

1.

Expansion of Universe

Light element abundances

Cosmic Microwave Background

Cosmic Neutrino Background




Hydrogen nucleus Hydrogen atom - Pr‘otogalaxy
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Thermal evolution of the Universe
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ISt possibleto detectrelic neutrinoswith a
massin the range of 1660 meV?

/] 9wb ¢KS2NEBAG D2NkefiKSSYaIAagRAY / @ AcyRA 2 IRE { A



Mass measurement while measuring relic neutrinos

Weinberg, 1962

Universal Neutrino Degeneracy

STEVEN WEINBERG*
Imperial College of Science and Technology, London, England

(Received March 22, 1962)

Modern cosmological theories imply that the universe is filled with a shallow degenerate Fermi sea of
neutrinos. In the steady state and oscillating models (and perhaps also the “big bang” theories) it can be
shown rigorously that the propertion of filled neutrino levels (plus the proportion of filled antineutrino levels)
is precisely one up to a finite Fermi energy Z#. The proof takes into account both absorption and the repres-
sive effects of already filled levels on neutrino emission. Experiment shows that Er<200 eV for antineutrinos
and <1000 eV for neutrinos. The degenerate neutrinos could be observed (if £E#>10 eV) by looking for
apparent violations of energy conservation in g~ decay. In the steady state and evolutionary cosmologies Fp
is much too low to ever be observed, but in the oscillating cosmologies Erp=~~5R. MeV, where R, is the
minimum radius of the universe in units of its present radius; thus experiment already shows that the uni-
verse will contract by a factor over 103, if at all. Astronomical evidence plus Einstein’s field equation (without

" cosmological constant) require in an oscillating cosmology that Ep <2X1072 eV (so R, <107?) and suggest
that higher energy neutrinos may represent the bulk of the energy of the universe. A model universe in-

corporating this idea is constructed.
[Phys. Rev. 128, 1457]
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Deviation from the energy conservation at the end point of

the B+/B-due to the interaction with massless relic neutrino

background
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Cocco, Messina & Mangano, 2007

Probing Low Energy Neutrino Backgrounds with
Neutrino Capture on Beta Decaying Nuclei

A. G. Cocco', G. Mangano' and M. Messina®

! Istituto Nazionale di Fisica Nucleare - Sezione di Napoli - Complesso Universitario di Monte
S.Angelo, 1-80126, IT

? Laboratorium fiir Hochenergiephysick - Universitit Bern - Sidlerstrasse 5, CH-3012 Bern, CH

E-mail: marcello.messina@cern.ch

Abstract. In this paper we investigate the possibility to detect Cosmological Relic Neutrinos,
the oldest (after the Cosmological Microwave Background) particles produced after the Big
Bang. In this paper we make a short overview of the methods proposed so far and we propose
a new method that allows the CRN detection based on beta decaying target nuclei. The most
important features of this process is that it does not require any minimum energy in order
the neutrino interacts with nucleus. A detailed calculation of the cross section of the neutrino
interaction on beta decaying nuclei is shown. The quoted value of the cross section times the
neutrino velocity is of the order of 10™"?¢m? - c.

[AG.Cocco, G.Mangano, M.Messina JCAP 06(2007)015]
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log, (ow/(10™"" em® ¢)

log,(ov/(10™"" em® ¢)

CROSS SECTIONS

Tritium has thelargest product of capture cross section and lifetime
SH =% He™ + e + 1,
U, +° H =3 He™ + e~

Detailed evaluation on 2007

JCAP 06 (2007) 015 (revived discussion on naigrno
detection)of ,, xt renewed the dormant discussion on relic
neutrino detection and paved the view to a possible

16 | experiment. Several authors confirmed the cross section

18 b= evaluation and addednformations
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J. Phys. GNucl. Part. Phys35025001
JCAP 08 (2014) 038
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Selection of target
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[sotope Decay Qs (keV) Half-life (sec) Oxeel(tn/c) 104 ¢m?)
3H 3~ 18.591 3.8878 x 108 7.84 x 104
53Nj 3~ 66.945 3.1588 x 10° 1.38 x 1076
BZr 3~ 60.63 4.952 x 1013 2.39 x 10710
106Ry 3~ 39.4 3.2278 x 107 5.88 x 10~
107pq 3~ 33 2.0512 x 10 2.58 x 10710
18TRe 3~ 2.64 1.3727 x 1018 432 x 1071
1Q g+ 960.2 1.226 x 10° 4.66 x 1073
3N 3+ 1198.5 5.99 x 102 5.3 x 1073
150 g+ 1732 1.224 x 102 9.75 x 1073
18R 3+ 633.5 6.809 x 10° 263 x 1073
2Na G+ 545.6 9.07 x 107 3.04 x 107
BTy G+ 1040.4 1.307 x 10* 3.87 x 104




Expected rate: 100 gragear exposure

m, (eV) FD (events yr71) NFW (events }‘1‘_1) MW (events yrs™!)

I

0.6 90 150

| | Majorana
0.3 7.5 23 33
0.15 7.0 10 12
m, (eV) FD (events yr™) NFW (events yr!) MW (events yrs™!)
0.6 75 x0.5 90 x0.5 150 X0.5 :
0.3 7.5 23 33 DI rac
0.15 7.0 10 12

JCAP 076:015, 2007; AG Cocco G¥®angano M Messina
JCAP 1408 (2014) 038; AJ Long, C Lunardini,¥abancilar



Signature of relic neutrinos

To detect relic neutrinos, one must show to have sensitivity to neutrino mass
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Detection concept: Neutrino Captureionnstable nuclel

A Basic concept for relic neutrino detection rooted in a paper by Steven Weinberg in 1962 [Phys.
Rev. 128:3, 1457]; applied for the first time, in case of massive neutrinos, to lay out a proposal for
their direct experimental detection in 2007 by A.G.Cocco , G.Mangano and M.Messina.

[JCAP 06(2007)015 DOI: 10.1088/1475 -7516/2007/06/015 ]
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PTOLEMY target resolution: ~ 5tV


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



The principle of the Ma& filter

On their way to the center of the spectrometer the magnetic field B drops by many orders of

magnitude. Therefore, the magneticgradient force

Frag=(m-V)- B

transforms most of the cyclotron energy into
longitudinal motion. Thus, because of the slowly
varying magnetic field B the momentum transforms
adiabatically, therefore the magneticmoment that in
a non-relativistic approximation Is:

H="pg

doesnot change!Condition of adiabaticity

Remember, few T

T, source detector

p. (without E field)




Features and LIMITS of the
KATRIN detector

APros:

ASimple Filter concept

ACons:

AToo large volume

APoor energy resolution

ATo increase sensitivity one has to increase the volume
ACollecting bk electron from huge volume



PTOLEMY detection concept
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o High
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CRES + filter tuning
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Two different filtering approaches

e

Transverse Drift

E

Filter Electrodes

/

Transverdglrift filter, PTOLEMY¥ase: E,B and and grad
B are organizedasa Cartesiarnvectortriplet no focusing
capability However, KE get transformed in potential
energy

//

MAGEfilter, KATRINase Eandgrad-B parallel
with focusingcapability

In both cases adiabaticity holds!! [l = — const

2
L
qbB



New filter concept: transverse drift
]_ F X B For pitch 90:

vd’rzft — B2 y Ex B EzB:BQ E, . X ;
q VEXB(ZN:E’y:O - Bg B B;% - Ba';y Mz = Ly OON (—i) (’_:"‘l
"  wxViB(z) p dBy, B. =0,
A ExBdrift works as transport while grad-B pushes VB(Z)|m,y=0 - qB(2) — _qB dz Y= q_)\ | X .
particles against an electrostatic barrier to drain KE ’ ’ s (_1) e/

V As consequence cyclotron motion is reduced

A Setting ExBequal to grad-B it drift produces linear trajectory E: _p» _ I 0B; Ex=0,

ransvers to B By qA qB; 0z E, = Eycos (\_1) i

y =
ial i i ; E: = —FE(sin (—) (’—”"'l
A Potential increase across the trajectory reducing A
transvers KE

Grad-B [ Gradient-B dnft countelbalances y-component of ExB drift I\—“——R Trajectory becomes a line
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I ExB drift (m unltmm B) follows equipotential lines I PTOLEMY C ollabm '1t10n PPNP 106 (2019) 120-131 I

07/03/2026 / M Messina Les Rencontres de PhysiqueaThuile March 2026 U // 17




diagram for pitch 90
(no longitudinal component)




Full demonstrator simulation (Prlnceton)
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Kinetic energy Is transformed In
electrostatic potential energy

dll,
~—==I_E.(VBxB)
dt B
Prog.Part.Nucl.Physl06 (2019) 12431 New concept Transversalrift filter 18.6 keVo 0.01keVin 0.7 meters

—~ 10°

104
10°

102

Oncethe kinetic energyis reducedhigh performance
calorimetricmeasurementanbe done
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10

Transverse Kinetic Energy (eV

, Esimylatedin KasSIOREsaftwargpoweredoy the KATRINOlaparation | ,
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Position Z (m)
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Repetitauvant

Extreme energyesolution

A
N~
=1 b decay SigandBkgvs K % A New filter tocopewith high rate
g < A AtomicTritium ongraphenesupport
o
5x10%e’/s CNB %
” 10 eventslyr 3
per 100gH ®
o
2m, o
, 0
K S

endpoint — & m

m,<0.45 eV
KATRIN arXiv:2406.13516vin[ickex] 19Jun2024



PTOLEMY: Energy

AEnergy measurement froswand calorimeter:
O Qw W ) ©O O

ACalorimeter energyesolution mustbe O(50meV)
1. Electron Analyser (commercial solution)
2. TransitionEdgeSensors (R&D )

AVoltagestability over experimenbetter than 10-20mV

NOTEinternal voltages areactivelyadjustedfor eachinterestingelectron Thisdoesnot affectthe energy
resolutionwhile canaffectthe numebrof events orthe calorimeter.



PTOLEMY Demonstrator at the LNGS

What is the program ?

Proof the capability of the new filter concept to transport the electrons from Target/source to the
electron calorimeter and simultaneously select electrons in the RE1FQGEYV around the T endpoint

The baseline option of the demonstrator setup is (PH3)se

1) Run the filter with full functionalities
2) Electron provided by calibration sources
3) Energy measurement realized by means of a standard Silicon Drift Detector

In the following step we aim at exploitingthe featuresof Electrostaticanalyzer/TE$alorimeterswith
the targetedenergyresolutionandstart to measureT loadedon graphene



Overview of the R&Ds In the PTOLEMY projec

RF measurement from single electron emission (LN&Se1)

Graphene loading capability (Romal)

Graphene transmission measurement and electrost@atialyse(Roma3)
TES design optimization at National Institute of MetrolotyR{M
Demonstrator SC magnet design and construction (LNGS/Princeton)
HV system development setting the overall energy scale (LNGS)

B 0 N
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Cutview of the Demonstrator

Conductive

Source/ Target

Cooling Coils

3 Bouncing
Detector Electrodes
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Drift
Electrodes
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TARG ET(Roma]_/R()maaé *Atomic tritium to prevent molecular
H isotopes on Nanoporous Graphene (NPG): bound state features (KATRIN)
IR BEANANRE A Stable bounding in vacuum

A Possible large T amount
sp*GH bond A Stable ref. voltage

T-chamber in Rome side view:

- > 5

Betti et all, Nano Lett. 22, 2971 (2022)
H-NPG with spatial resolution, Soleil (Paris)

NPG cl f
s reached ~907%
w \ H-upload!
H-NPG I R
after 30min '/ l.
H-NW
after 150min

=i N
H-Npm
after 300min

288 286 284 282
Binding energy (eV)

Quadrupole
Mass Spectrometer:
SRS RGA 100

=T B
Linear Gate Valve!
Nor Cal GVP8002 /

Y,

First order issuedto ;| Y ! 9 Acfa@ GasHandlin Syste
(tritium for JETEUTokamakjor feasibility study & design
requirement of a T loadingchamberto preparegraphene
loadedwith tritium .
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https://pubs.acs.org/doi/10.1021/acs.nanolett.2c00162
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c00162
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c00162
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RF Tracker (LN®&Khel)

S | A | A Enable Transvers drift filter (dynamic behavio
4 D i 1A Start of ToFfor background suppuration

A Cyclotron Radiation Emission Spectroscopy
(CRES) developed by the Project8 collaboration

18.6 keV electrons
pitch 5, 25, 45, 65, 85

Ir)

Peak analysis:
Kinetic energy and momentum
components
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Field mapping at CERN In April

based on CERRTOLEMY agreement

A Stateof-the-art instrumentation and posprocessing techniques readily available
to obtain the required field map with higresolution and accuracy

A Mutual strategic interest in investigating operational aspects and performance of sustainablesMuBferric

magnets (same conductor of HIHC SC Link) 3D Hall probealibrated

to 100 ppmaccuracy Saddle point

-150 -100 -50

Maxwelllsmoothedfield
reconstructedvia BEM
3D field mapper in b. 311 test hall basedon boundary
field map

07/03/2026 M Messina- Les Rencontres de PhysiqueaThuile March 2026 o



Magnet under construction at ASG (LNGS/Prince

Yoke construction
| '

/
= ]

SC Coils impregnation Coils cold test facility
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Energy Measurement with TES (TolliNRIM

Based on the expertise of thiNRIM

electron detectionwith TES!A advantage resolution Phys.Rev.Applied 22 (2024) 4, L041007
Key elements TES and new-sourcebased on
nanostructures - E. =96 eV
“8" i  Pepe et al. (2024)
hy 614YeV@ 0.8eV and 106 mK and 10x10 um? 800 |
TiAuTi 90nm [ Ti(45nm) Au(45nm)] (z~137 ns) _ L 7T
toe § I
_ detection O 600 -
Design Goal (PTOLEMY): E_,.,, =0.05eV @ 10eV T ,NLJI _
translates to AE « E* (a < 1/3) _ -7 0~ 0710808 1
Eryny = 0.022 eV @ 0.8 eV First measureme N 400 Amplitude (V)
of electrons - -7
@ 100 eV with I
resolution 200
~1-1.5eV I

O_.

ol Jrl’l { Ll A 1 Ll l (Ll WA A | Ll I | S | el Ll
FWHM reduced by facto _- 05701 02 03 04 05 06 0.7
30 in last results! [ Amplitude (V)
arxiv.orgpdf/2602.21694
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https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.22.L041007
https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.22.L041007
https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.22.L041007
https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.22.L041007
https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.22.L041007

Energy Measurement with Electrostatic analyser (Roma

https:// scientaomicron.comen/products-solutions/electron-spectroscopy/ElectrorAnalysers

Electrostatic lenses

Hemispherical Electron . . .
pAnaIyser Electron optic basic equation

Helmholtzg Lagrange law

\/ﬁ/l xtﬁt Ek = xaﬁm#Ep

MyM, P

Two concentric hemispheres
for the energy selection

Delay Line  MCP

Energy resolution
Position sensitive detector (MCP+delay li \\ (bandpassnergy:
allows parallel acquisition \ E,+1E
: AE  x N 92
preamp.  CFD BtE Ep 2R 4
oo N

NE: energy resolution
E,: pass energy

X: slit width

R, mean radius

‘ . accepted angle
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