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e Direct neutrino mass search
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how to measure neutrino mass

w<kinematics (Pauli 1930) neutrino versus photon race/ time of flight measurement

W spectral distortions (Fermi 1933) end-point of electron spectrum in the # decay

“neutrinoless 3 decay (Furry; Grueling Whitten 1939-60) Majorana neutrino & AL = 2

< neutrino transmutation (Pontecorvo; Sakata et al 1957-1967) "oscillations”

< observational cosmology (Gershtein Zeldovich 1966) distortions of the cosmic distributions

W neutrino capture (Cocco, Mangano, Messina 2007) direct observation of big-bang neutrinos

the 4th method has provided results, proving that the SM is incomplete

F. Vissani Hands On School at GS




Understanding neutrino mass

It 1s a natural way to open a Window on a model beyond Standard Model of particle physics

In the SM, the masses of the fermions are generated by means of a Yukawa coupling of the scalar Higgs doublet ¢ with a fermion right-
handed and left-handed component. The former is an SU(2)L singlet, the latter is part of a doublet. For leptons, we can build such a term

coupling the left-handed lepton doublets L; with the right-handed charged lepton fields Ej

_LYukawa,lep Y, Al LL(I)ER] +h.c.

v

NG

After spontaneous symmetry breaking this term give the mass term m = Yl where v is the v.e.v. of Higgs field. Since in the SM there

Since in the SM There right-handed neutrino is missing we can’t build Yukawa interaction for neutrinos and consequently they are massless. With
the particle content of the SM the only possible neutrino mass term that could be constructed is the bilinear operator L; L;, but this term is

forbidden in the SM because it violates the accidental symmetry and so conservation law of total lepton number, furthermore violates the actual SM
symmetry that brings to the B-L conservation.
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To extend the Standard Model to 1ntroduce
neutrino mass

See-Saw mechanism

1

_ — = _ = C
m, = Mp Vv + > My Vv + h.c.

1 N[0 M\I|=»
_LMy:—(;Lg, Z) D ‘L +h.C.
2 My, My |=

Vs

1 1 _ l TasT ag—1 7 T
—Ly = —i,M'v, + —NM"N M= = ViMpMp MpV, M7=V, MyV,

1 *_ — *_
v (1 = SMHMy~' My ' M)V, MMV,
—M3'M,V, (1 = My MMMV,
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Neutrino oscillations 1

First indirect evidence of neutrino mass.

For the case of 3+m neutrinos the Lagrangian of the leptonic CC interaction in the mass basis takes the

form:
I/l
1/2
— 5 5 7 - U 3
—Loe=—2(€, M T)Y*U|V
V2 :
)

Where the Pontecorvo-Maki-Nagakawa-Sakata matrix describe the linear combination between
flavour and mass eigenstates of the three SM neutrinos.

1 0 O c; 0 sz (¢, spp O
UpMNS = 0 ¢35 83 0 | 1 0 —S1y Cip O
O _S23 623 —S13€lé O C13 O O 1
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Neutrino oscillations 11

First indirect evidence of neutrino mass.

For sake of simplicity we report only the two neutrino oscillation phases formula

miz — mjz L GeV)

P, = sin” 20, sin | 1.27 -
/ / eV2 E Km

areas of the circles o |V | & [Uy|
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E (MeV) | |Am?| (eV?)
1

VSBL-SBL-MBL 10 — 10°
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Accelerator SBL
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Neutrino Energy in MeV

Name Target material Energy threshold (MeV)  Mass (ton) Years

Homestake C,yCly
SAGE Ga

GALLEX GaCls

GNO GaClj
Kamiokande H-O
Super-Kamiokande H>O
SNO D50

KamLAND Liquid scintillator 0.5/5.5
Borexino Liquid scintillator 0.19 300 2007-2021

0.814 615 1970-1994
0.233 50 1989
0.233 100 [30.3 for Ga| 1991-1997
0.233 100 [30.3 for Ga] 1998-2003
6.5 3,000 1987-1995
3.5 50,000 1996
3.9 1,000 1999-2006
1,000 2001~

I 6. 68% CL.
B .. 68%C.L.
] ops 68% C.L.
B ¢.; 68%C.L.

BS05

Dosy: 68% C.L.

— ¢, 68%,95%,99% CL.

2.5 g
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Atmospheric Neutrino oscillations

Super-Kamiokande |-V
328 kty

——
Sub-GeV e-like Sub-GeV p-like UpStop u
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Multi-GeV e-like Multi-GeV u-like + PC UpThrough n
2847 Events 5932 Events 6266 Events

CcOS zenith




Accelerator Neutrino oscillations

Long and Short baseline

- Name Beamline Far Detector L (km) E, (GeV)  Year
K2K KEK-PS Water Cherenkov 250 1.3 1999-2004
MINOS NuMI Iron-scintillator 735 3 2005-2013
MINOS+ NuMI Iron-scintillator 735 7 20132016
OPERA CNGS Emulsion hybrid 730 17 20082012
ICARUS CNGS Liquid argon TPC 730 17 2010-2012
T2K J-PARC Water Cherenkov 295 0.6 2010
NOvA NuMI Liquid scint. tracking calorimeter 810 2 2014—-
DUNE LBNF Liquid argon TPC 1300 2—-3
Hyper-Kamiokande J-PARC Water Cherenkov 295 0.6

LSND
KARMEN
MiniBoone
MicroBoone




Reactor anti-Neutrino oscillations

Name Reactor power (GWy,) Baseline (km) Detector mass (t)  Year
KamLAND various 180 (ave.) 1,000 2001-
Double Chooz 4.25X%2 1.05 8.3 2011-2018
Daya Bay 2.9%6 1.65 204 2011-2020
RENO 2.8X6 1.38 16 2011

JUNO 26.6 (total) 53 20,000




What we can conclude from Neutrino Oscillations

Normal Ordering (best fit) Inverted Ordering (Ax® = 6.4)
bfp £1o 30 range bfp £1o 30 range , ,
— o010 IE Spectrum with Normal ordering (NO) = my < m, < niy
sin? 012 0.303+2-012 0.270 — 0.341 0.30312-012 0.270 — 0.341
o +0.75 +0.75 . .
o)
2 | sin® 023 0.45170 016 0.408 — 0.603 0.56975 559 0.412 — 0.613
)
?3* B2 /° 422731 39.7 — 51.0 49.0719 39.9 — 51.5 , , )
o —
E [sin®6ia | 0.022257000035  0.02052 —0.02398 | 0.02223¥(F50%8  0.02048 — 0.02416 Amij = ht; — hi;
| 613/° 8.5810 11 8.23 — 8.91 8.5710 11 8.23 — 8.94
N
= 0 136 122 A 2 : :
= écp/ DS0RE 144 — 350 276152 194 — 344 My Always smallest mass splitting
Am%l +0.21 +0.21
TR 7.417921 6.82 — 8.03 7.417921 6.82 — 8.03
Am%e +0.026 4+0.025
vz | T2O0TIONS 42427 42590 | —2486I005F  —2.570 — —2.406

— 2 " -3 - 9) o) _
Am321 — Am322+Am221 Largest mass splitting in NO NO = m, = \/Am21 8.6 X 10 eV,m3_\/Am32+Am21 0.05 eV

~ z 2 ~ ] Am2
Am322 Largest mass splitting in IO I0 =>m1_\/Am32+Am21 0.0492 eV, my ~ 4/ Amg, ~ 0.05 eV

Quasidegenerate case my ~m,~my >4/ Ams,
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A closer look at the direct mass
measurement

Mass parameters:

mﬁ2 =3, | U, |*m? Beta decay
mgs = |Z,U;m;|  Neutrinoless double beta decay

Mgm = z:in/li COsmOIOgy



w— Two Neutrino Spectrum

= Zero Neutrino Spectrum
1% resolution
M2v)=100* T1(0V)

2
Mee = ZmiUei
)

moc%2c%3 T v Am%l + m%3%26%3822(n2_n1) + \/ Amgz + Amgl + m%s%3e—2z(5cp+m)
2 2 2 2i(na+d 2 2 2i(m+o
mosiz + 4/ m3 — Am3,s3,cige?(mtoce) 4 /m2 — AmZ, — Am3, c2,c25e? (mFocr)




Ov2f one more laboratory on masses

NuFIT 4.1 (2019)
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BETA DECAYS AS A NATURAL WAY TO MEASURE
NEUTRINO MASS EIGENSTATE

Constraints from Kinematics of weak decays

T—>UT U m7%=

m/f +m?+ 2p* + 2EE, =

m/% +m? + 2E/f — 2m/3 +2EE,

—m*+m*+2E(E +E)=>
utmy+ 28k, + E) m <190 keV @ 95 C.L.

2 _ 2 2
m, = mg+nmy; — 2m E,

T — hadrons + v,

ALEPH
T —> 5n(n°) v,

E. / Ebeam

m,f{f< 18.2 MeV @ 95 C.L.

m,=0 MeV/c?
—m,=23 MeV/c?

1.76 1.
M, (GeV/c?)
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Experiments exploiting tritium

INTRODUCTION

The most sensitive, direct method to search for the mass m, of the electron neutrino is a careful
measurement of the shape of the tritium B-spectrum. With ‘direct’ we mean that basically only the

kinematics of the 3-body decay enters the analysis. Unknown neutrino properties as for instance whether

the neutrino is its own antiparticle or not or whether there is lepton number violation of some kind
are not required. These are of course very interesting questions but are addressed by other types of
experiments like 33-decay.

In principle any B-spectrum has the signature of a finite neutrino mass. (For short we use neutrino
for electron antineutrino.) We choose tritium simply because it is the best case. This was recognized
very early. Alrea.dy in 1948 Curran, Angus, and Cockroft [1] and Hanna and Pontecorvo [2] derived an
upper limitof 1 keV for m, using proportional counters with a small amount of tritium mixed into the
counting gas. In 1952 a 250 eV limit was placed by Hamilton, Alford, and Gross {3] using an electrostatic
and by Langer and Moffad [4] using a magnetic spectrometer. At that time apparently most physicists
were convinced that the neutrino mass is likely to be zero and not much happened for some time. The
situation changed as the muon neutrino was discovered and found to be different from the electron
neutrino. If there are different neutrino types should they not have different and thus nonzero masses?
Several tritium experiments were started in the 60’s from which Bergkvist's work has become a classic
in this field. Even from a present point of view Bergkvist considered all sources of potential systematic
errors and investigated them carefully. In his paper from 1972 [5] he derived an upper limit of 55 eV
(90% CL). This work was certainly discouraging for other groups not only because of its high standard
it set but also because of the problem of the final electronic states. Bergkvist recognized that the decay
product *He* may be left in some excited electronic final state with the consequence that the emitted
B-particle must have lost an energy corresponding to the excitation energy. This causes a broadening

132 W. Kiindig and E. Holzschuh

of the measured spectrum. He corrected the effect assuming a free atom but it was clear that further
progress would require very complicated calculations for realistic sources.

Great excitement was caused in 1980 by the result of a group at the Institute of Theoretical and
Experimental Physics (ITEP) in Moscow reporting for the first time a measured finite neutrino mass
of 35 eV [6]). With 99 % confidence the mass was reported to be between 26 and 46 eV.

We know now that the ITEP-result is wrong However it had the grea.t virtue prompting many
groups around the world to initiate new tritium experiments. In fact as many as some 20 projects were
started in the early 80’s. The first result of the new experiments was reported in 1986 by the Zurich
group (7). No indication for a nonzero neutrino mass was found and an upper limit of 18 eV (95 % CL)
was reported. The result was in clear contradiction to the ITEP-result. We may cite from [7]: ‘We see
no possible source of error in our experiment large enough to account for the discrepancy’. The reason
for this conclusion was that at that time significant progress has been made computing the electronic
final states and the Zurich group estimated a corresponding error of about 150 eV? for m? at 95 % CL.
It was clear that the ITEP result should not have been affected any more by the final states. Hence
the discrepancy was of order of 1000 eV? which could only be caused by experimental problems.

In the following years the Zurich group considerably improved their experiment and has recently
published [8] their final result: m2 = —24 3 48 + 61 eV? (1¢). Also the groups in Tokyo, Los Alamos,
and Mainz reported results without any indication for a nonzero neutrino mass and of course also ruling
out the ITEP claim. Below we will discuss these experiments in some detail with more weight given to
Zurich because of our involvement. We should note here also Stoeffl’s experiment in Livermore which
is conceptually similar to the Los Alamos design. Although results have been presented at various
conferences, to our knowledge no tritium data have been published sofar and we can thus not discuss
this interesting experiment here.




Zurich experiments

Electron Antineutrino Mass from [-Decay

W. KUNDIG and E. HOLZSCHUH

Physics Institute, University of Zurich, Winterthurerstr. 190, 8057 Zurich, Switzerland . . .
This experiment was conceived
after the publication of the ITEP

results where a neutrino mass of
35 eV evidence “was found”.

Electron Antineutrino Mass from B-Decay
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igure 4: Cross section of the spectrometer (source 1, grid 2, current loops 3,4, detector 5, baffles 6).




Introduction - KATRIN TAUP2025

World leading experiment in direct measurement of neutrino mass » Information on neutrino mass inferred from

spectral analysis of the tritium beta-decay

Electrostatic high pass filter Analysing plane Clectron SpeCtrum
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= Main features:

. AN somented = High luminosity molecular tritium source
Tritium source ransport and R AR A= e 11
Rear wall and pumping Main spectrometer detector —> 10 decayS/S
electron gun s / s
Pitch angle / / i | | . . .
i R / | . Bm=elT » MAC-E filter principle
adiabgﬁfggﬁ;ation ‘"::Jé;dotron Field Ii_ea):jlisrection } — about 1 eV resolution
B —25T o L. Kéllenberger
, = Silicon p-i-n diode counting detector
. Ty 0 .
— New neutrino mass limit: m, < 0.45eV/cc @ 90% C.L. — energy resolution ~ 1 keV
The KATRIN Collaboration, Science 388,180-185(2025)
4 28/08/25

Neven Kovac - Technologies for a Future Neutrino Mass Experiment with Tritium ﬂ(IT




Experiments exploiting tritium

1 dB Adiabatic condition: B changes as function of time along trajectory must be less than the

— =w < < O,
B dt typical Larmor frequency

In an adiabatic motion not only kinetic energy is conserved but also magnetic moment.

max>2 mm)2

(P (p . N
DY B

max min

maX ——_— Bmin

First Lagrange invariant

22
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Introduction - KATRIN

World leading experiment in direct measurement of neutrino mass

Electrostatic high pass filter Anal;(/jsin?r;) lane Electron
ana O T2
¢ ZHeT™

¢ Rydberg atom
¢ Penning cation

AN ‘0\‘;’; \
' 4“':-:.:::::::-:.:&‘—‘

Transport and

. Transport and =\ EEA VIR I AAANLAA AN Segmented
Tritium source s

umpin > — ’ detector
Rear wall and PUmPINg Main spectrometer
electron gun . /
>
Pitch angle ‘ / e
Magnetic | gt z-axis Bana = 6.3 1071
adiabatic colimation Cyclotron Field line direction ..
By.=25T motion L. Kéllenberger

— New neutrino mass limit: m, < 0.45 eV/c* @ 90% C.L.

The KATRIN Collaboration, Science 388,180-185(2025)

28/08/25 Neven Kovac - Technologies for a Future Neutrino Mass Experiment with Tritium

TAUP2025

» |Information on neutrino mass inferred from

spectral analysis of the tritium beta-decay
spectrum

T, — 3HeT" + e + 7,

» Final projected sensitivity:
m, < 0.3 eV?/c> @ 90%C.L.

— After 1000 days of measurement

— Should be reached at the end of this
year!

How can we go beyond?
AKIT




arXiv:2406.13516

KNM1 KNM2

{ Data t{ Data
~— Fit result ~— Fit result

Rate per pixel (cps)

Residuals (o)

KNM3
~~ Fit result (NAP) - Fit result (NOM)
4 Data (NAP) A Data (NOM)
~— Fit result (SAP) Fit result (OPT)
Y Data (SAP) v Data (OPT)

[ —— E—

0 246 81012 0 246 81012

[
9
N

N
a
O
N
©
X
o
g
2
©
o

[
Q
w

Residuals (o)

18540 18580 18620 18710

Retarding energy (eV) KNM5

t Data
~—— Fit result

e

0 246 81012
Patch

Rate per pixel (cps)

Residuals (o)

18540 18580 18620 18710
Retarding energy (eV)




Microcalorimeter technology to measure neutrino mass

This technology has a long story starting with the MARE project based on Rhenium isotope. Then and ERC
gran allowed to start exploiting the Holmium isotope.

The EC decay of '®*Ho TAUP2025

'3Ho + e~ — 19Dy + 1, G L, !
N (E.) = ~ E, ~ E.)* —m?2x Y nCifiB;i—
163DyH ; 163]:)y 1 Eg (Ee) 472 (@ )\/(Q ) ks 7 G 2m (Ec—Eb(Hi))2+P%-I,-/4

5

163 —— mg = 100 meV
Ho spectrum from first order theory —— mp =50 meV
o T M1 af T
N2 M2

(-
o
|
w
w

Y

Counts x10/eV/half-life

(N}

(-
o
4

Counts/eV/half-life

(-
o
©

500 1000 1500 2000 2500 2862.85 " 2863.00

E. [eV] Ec [eV]
Ec = atom de-excitation + nuclear recoil;
Method proposed by A. De Rujula and M. Lusignoli, Phys. Lett. B 118 (1982) 429;
Q = 2863.2 + 0.6 eV Ch. Schweiger et al. Nat. Phys. (2024);
> T2 ™ 4570 vy.

Sara Gamba University & INFN of Milano Bicocca
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HOLMES detectors

> Low temperature (~ 100 mK)

microcalorimeters; p C AT < AE/C|  |8B — T, aR,

A

mug
. G TES
' E absorber i; ; =
>

cryogenic bath

> 165Ho implanted gold absorbers each coupled to ¢
a Cu/Mo Transition Edge Sensor; -

—

Ryee [mQ)
i
| |
+_ Superconducting Region
Q Regio
Normal Region
AT [mK)

1

100 102 104
Temperature [mK]

Time

Y
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> 141 pm Au thickness for electrons full
absorption;

Sio, SiN,

> puMUXed TES 64-pixel array ~0.3 Bq/pixel.

>‘

~19 mm
|<

T ENERENENENERENENERENENERENERERENERENENENENENENEEEREREREREEEREEEn

E O (| O (I a (] O O a O O | O ( O a
E 0 O O 0 O (] O O O O 0 O O 0 O (]
'\ Il O O O O O ] O O ( O O O O D O (W

L SEEEEEEREEEREEEEENEE NN NN NN NN EAEEEEEEEEEEEEEEEE

Sara Gamba University & INFN of Milano Bicocca 5




Endpoint analysis

> Bayesian analysis with 13 free
parameters:

> ROIL: [2250, 3500] eV;
» AErwam ~ 6 eV, fpp <10_5

» gspectrum as sum of a few terms.

10%4 my <27 eV @ 90% (C. 1)
S \ . Eo only one free parameter correlated to mpg
S 102 Y
N S \\ Vg, Best limit on m,; obtained by EC capture of Ho
2 Spol 745 TN
5101 TN
) ’S \ R
U :l D "l"“iz ~ \
A M e
100 }--- R S -LL A, i
VRS AN ||||||HH|||\ IR R HHl! LLMIRLERT B AN
3.
=0 P"‘.”"“}”"."T*’“’C’.‘f"':?f'"". '?*’*;{‘%::::. T
2400 2600 2800 3000 3200 3400
Energy (eV)

Sara Gamba

Fps

Spectrum @ ROI [2250,3500] eV:

Sexp = [Ntot (SHO + fostSH )] * Reff + begy

Ntot: number of events;
Sto: Ho real spectrum;

f 5]}3 fSII-)Ilz) : pile-up fraction and pile-up spectrum;
Stio & ko (kBwSBW + ks0Sso + Spol)

be ff : flat background,;
:
S BW : M1 peak right tail

Reff: detector effective resolution.
S g() : energy spectrum of shake off de-excitation

Spol : tails of other peaks and shake-offs

Scan the QR code to
read our new article
(accepted by PRL):

"Most stringent bound on
electron neutrino mass
obtained with a scalable
low temperature micro-
calorimeter array"

University & INFN of Milano Bicocca

phase space, only term with my o< (£, — F )\/(EO — E.))? —m
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'**Ho future experiment sensitivity (stat. only)

- —— KATRIN best limit
R ---- KATRIN future sens.
, #  HOLMES limit
101 Yo ........................ B .......................... + AE=5 eV
- | ? ¢ AE=1eV
o : 7 f
: t S o
= ; : ; ;
- ﬁ ¢
£ I N RN ¢S Ai—— S S—
""""" ¢ ﬁ
10—1 .mm?mmm ”“wnéw
107 109 101! 1013 1015 1017

No background & no pile-up = need to go to 1017 events;
Still need to establish the systematics;
O(150) meV: N, ~ O(10'°), Nger ~ O(10°), Ager ~ O(10) Bq, T ~ O(10) y;

0(50) meV: Nev ~J 0(1017), Ndet ~/ 0(107), Adet ~/ 0(10) Bq, AEFWHM ~/ 0(1) eV,
T ~ O(10) y.

Y Y Y Y
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HECo experiment: Electron capture on 163Ho

v, 0

163 163 *
- Ho—> Dy +v,

163

66 Dy* _)122 Dy + E.

* Ty, =4570 years (2*10% atoms for 1 Bq)

e Qec = (2863.2£0.6) eV Ch. Schweiger et al.,
Nat. Phys. 20, 921-927 (2024)

OL,0ll

_/NI

Absorber (Au)
Host (AQg)

163HO

Stems (Au)
Sensor (Ag:Er)
Pick-up coil (Nb)

—————————————————-—‘ .

Metallic Magnetic I
SQUID set-up Calorimeters(MMC) | 777

Calorimetric measurement
A. De Rujula and M. Lusignoli, Phys. Lett. 118B (1982)



ECHo-1k results

2x108 163HQ events

AEryin = 6.59(16) eV @ 1.8 keV
B=9.1(1.3)x10-%/eV/pixel/day

dN

Endpoint region — = CX[A(E)xFps(Q,E)| ® g(E, 0) + b(E) Fos = (Q — E) \/(Q — E)? —mj

* No analytical function is available to describe A(E), the probability to create excited states with
a given energy in the 163Dy atom
 |n M. Brald et al., New J. Phys. 22 (2020) 093018 it is stated that A(E) is very smooth

* Test of different functions has been performed
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O S
10731 [ 1171+t L L - 2
 1o-+ I || || T | AR -
S 107 2850 2855 2860 2865 2870 2875
._9 ®° & feneoseee SOme ¢ B0 [ ] 0 000 g o0 \ 'Y ®eeee @ "o [ ] [ X ] o L] QEC / ev
s 0.0
v , Q= 2862(4) eV
S -2.5
© ' 2 o)
L . S . . . m., < 15 eV/c?2 (90% C.I.
£ 2000 2500 3000 3500 4000 4500 5000 v /e )

Energy / eV https://arxiv.org/abs/2509.03423
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A different technique

to measure \ average magnetic
/ field experienced
cyclotron 1 ( B ) by electron
motion
trap electron in > B cyclotron
frequency Kinetic energy

magnetlc trap \D)
e

detection of
cyclotron
radiation

count rate

Hannah Binney | CIPANP | 06/11/2025 E—E, [eV) 5




=
®w ©O O

(linear)

24.79F

0.7 ©

24.787L

O
o

o
N
Scaled signal to noise rat

1 e (B)
- 2w my, + Eyjy,/C?

O
U1

N
|

B f’?’,

Frequency [GHZ]

2 i T o i
A e = =

-

~ Frequency chirpdue

24.781F -

e, P~ - ’
- ol . = ot g

g = ,.'__‘p - -'f—" ﬂd _., :-_: = -_-.. ﬁ:_-. ,-‘-' } - - .__:- '."

\
\
\
\
’\)
\?
L
| ,
© o o
= N w

. .' - -
- - g~

A

Startfrequency(f;) -

\

-

24.778 e
0.079 0.08 0.082 0.084 0.085

Time [s]
Project 8 Collaboration, Phys. Rev. Lett. (2023)
Hannah Binney | CIPANP | 06/11/2025 Project 8 Collaboration, Phys. Rev. C (2024) 6




Advantages of CRES

* |t’'s a frequency measurement!

i¥
 Don’t need to transport electrons from Q
source to measure their energy e

* Differential spectrometry
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* Very low background
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 Compatible with atomic tritium
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Ideas for Future experiments

KATRIN++




KATRIN++ - Final R&D Goal 1AUP2025
Very Rough Sketch!

= Atomic Tritium and Quantum Sensor Array Demonstrator Quantum

Sensor Array
 Putting all components together

 Goal: middle to end of 2030s

Electron Filtering Cold Chicane Ve

/ - .
% N
e, /
Atomic Tr|t|um
Flow-in _
Optional: Energy
Retardation Electrode

lHHHHL k

Room Temperature ~ 1 K Temperature
Temperature

Magnetlc Trap

Atomic Tritium Flow-out
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Future project of the KATRIN collaboration TAUP2025

Particle absorber

\ Stem

Meander-shaped

/ pick-up coil

= Going beyond the final KATRIN sensitivity is an extremely =

challenging endeavor!

= It requires paradigm shift in measurement principles -
» Differential measurement method will allow us to probe sub-100 \ Input col ; 7 )
. . aramagnetic
meV region of the neutrino mass! dc-SQUID lemperature sensor

* High luminosity atomic tritium source will allow us to go even
further, beyond the invert mass ordering!

= Currently ongoing R&D projects under KATRIN++ umbrella:

= Development of large area quantum sensor arrays for ultra-high
resolution electron spectroscopy

» Development of single-electron tagger for a time-of-flight
measurement

= Development of atomic tritium source

Neven Kovac - Technologies for a Future Neutrino Mass Experiment with Tritium




Going Beyond KATRIN TAUP2025

= Going beyond KATRIN final sensitivity requires paradigm shift in = Two directions forward:
measurement approach

e Differential measurement mode:

02— m e - — % molecular tritium — Significant increase in statistics
i THYT 4 atomic tritium i
KATRIN Design Sensitivity — Reduction of backgrounds
%‘ qu = 18520eV i .
- x Fitrange Eq — 30 eV — Increase in energy resolution
; 017 ¢ X t = 3 years
o s¢ m,=0eV . ’r
z x x & stat. bg (diff) = Omcps/eV Change from molecular tritium source to
S 0.06 - + CD = 3.78:1021 m2 an atomic one:
> | + 'statistics only'
> | .
G 0.04- + Master Thesis, 5. Heyns (2022) — Eliminate effects due to molecular
C .
& o5 + final states
=
002 T L v T v L ' v v T
2.00 1.00 0.50 0.30 0.10 0.05 0.01
AE; (eV)
471 236 118 071 024 012 0.02

Detector Resolution AErpwnm (V)
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Physics Goal
Neutrino mass measurement from atomic 3H B-decay via Cyclotron Radiation
Emission Spectroscopy using latest advances in quantum technologies.
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QTNM Schematics and Scalability

H/D atom
beam source

Source
characterisation
I. Source II. CRES region III. Receiver chain u Siaie Selector

Z
N

T, molecules T atoms Amplifier Frequency ‘ ‘
metrology
Y
T, & PR

2 T. o T i ..
....: 1 ” ::o : : -j'f.e - . . .l ' ' characterisation
TS 2 e i 7

2

Magnetic field

CRES region

Quantum noise limited microwave sensors at high TRL for
CRES at ~“18GHz (corresponding to 0.7T field)

3D B-field mapping with <1 uT precision, using H-atoms as
quantum sensors (Rydberg Magnetometry)

Production and confinement of H-atoms, > 1012 cm-3
Modelling tools for CRES and neutrino mass

Technology Demonstration (2021-2025):
CRESDA-0 = CRES Demonstration Apparatus
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Preferred Location:
Culham Centre for Fusion Energy

Project Phases

CRESDAQO - CRESDA+Tritium = 100 meV - 50 meV = 10 meV

Current (2021-2025) 2026-2030

2030 . eeeeeeereeeeennneeeeeeeeeenn. . 2040
Ultimate experiment by
international collaboration




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 proportion of filled neutrino levels (plus the proportion of filled antineutrino levels)
is precisely one up to a finite Fermi energy Er. 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 E£r<1000 eV for neutrinos. The degenerate neutrinos could be observed (if E#>10 eV) by looking for
apparent violations of energy conservation in 8~ decay. In the steady state and evolutionary cosmologies Er
is much too low to ever be observed, but in the oscillating cosmologies Er=~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 Er<2X 1073 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+/P-due to the interaction with massless relic neutrino

background

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
2 Laboratorium fiir Hochenergiephysick - Universitéiit 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™*?em? - ¢.

[AG.Cocco, G.Mangano, M.Messina JCAP 06(2007)015]
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PTOLEMY detection concept
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Superconductive magnet

% Uniform region: 7/
~10 x 10 x 80 cm . SN e il @ASG, Genova,
% AB/B (1T) ~ 104 = . g Italy




Realistic sensitivity
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Neutrino mass hints from Cosmology

Cosmic
= Cosmic Microwave
h L
. Neutrino Background
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From most recent DESI data:
Em, < 0.061 eV/c? assuming flat ACDM or 400.000 years

Zmy1 < 0.16 eV/c? assuming Dark Energy
with time evolving equation of state
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Conclusion

- From beta decays measurements the most stringent limits give us: M g< 0.45 eV/cN2 (mﬂ< 0.31 eV/c/2)
. From Cosmology Zmyi < 0.061eV/c? assuming ACDM or Zmyl < 0.16eV/c? assuming Dark Energy

-Neutrino Oscillation “ mz, "> 0.050 eV/c? (10) or “‘m,” > 0.009 eV/c? (NO)

In the next 10 years we might be hitting the 50 meV/c”*2 mass sensitivity

46
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