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Neutrino mass

SKIT

Karlsruher Institut fur Technologie

Upper bound
from direct measurements
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Role of massive neutrinos

Mass generation:
new concepts

particle
physics

Massive neutrinos as
“cosmic architects” astro-

physics
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Mass measurement: ﬂ(IT

new concepts

Truck scale
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~ 30 000 kg

Understanding
astrophysical processes
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1930: Neutrino postulation and mass ﬂ(“.
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1930: Neutrino postulation and mass ﬂ(“.
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1930: Neutrino postulation and mass ﬂ(“.

taf st at - Wrrqm ...F, P 0393
/ Absuhrl.tt/lE 12.% M

Offener Brief an die Jrunpe der Radicaktiven bel der
Gauvereins-Tagung zu Tubingen.

'3 - Abgchri £t
| Physikalisches Institut
| der Eidg. Technischen Hochscihule Tirich, L Des. 1930
| Girich Cloriastrasse

'!I Iiebe Radicaktive Demen und Herren,

Wie dar Ueberbringer dieser Zeilen, den ich uldwollst
. .; 'mlu.hbrm bitte, Ihnen des nihersn auseinandersetzen wird, bin ich
‘angesichts der "falschen" Statistik der Ne und Li-6 Kerne, sowie
. \d- kontimiierlichen beta-Spektrums suf oinen versweifelten iumieg
| werfallen um den "Wechselsats® (1) der Statistik und den Energlesats
; " ma retten. MNhmlich die Mdglichkeit, es kinnten elektrisch neutrale
. - shen, le ich Neutronen nemnen will, in den Kernen existieren,
welohe den Spin 1/2 haben und das auuchll-numpﬂ.nlip befolgen und
‘sdeh von lichtquanten wusserdem noch dadurch unterscheiden, dass sis
z‘lit Lichtgeschwindigkeit laufen. Die Masse der Neutronen
von dersalben (rossenordming wie die Elsktronenmasse sein und
s nicht grosser als 0,00 Protonenmasse.- Das kontimuierliche
Spelctrum wire dann verstindlich unter der Ammahms, dass beim
boba~Zerfall mit dem hlektron jeweils noch ein Neutron emittiert
wird, derart, dass die Summe dar Energisn von Neutron und Elektron
konstant ist,

y RS 12 I 20 x10°

m, <0.01lm, ~ 10 MeV

V telectron volts)
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Neutrino in the Standard Model ﬂ(“.

Standard Model of Elementary Particles

three generations of matter three generations of antimatter interactions / force carriers
(elementary fermions) (elementary antifermions) (elementary bosons)
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Neutrino mixing, masses and oscillations ﬂ(“.

PMNS matrix
4
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Flavour fraction

11

Neutrino oscillations ﬁ(“.

For two flavors:
P(v, — v,) = sin®20 - sin® (Amz Eiv)
10 - \ \ in®20;, o
0.8 | et > A « 3 mixing angles: 6,,, 0,., 0.,
0.6 | s | * 1 Dirac phase: o
04 = Ve |~ possibly 2 Majorana phases 0.
0.2 | = fﬂ - | * 2 independent “splittings”
—, « - > Am? and lightest mass Miigntest
>0 : 10 100
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What have we learned from oscillation

data?

Normal hierarchy
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At least two neutrinos have mass
Am;,=8-10 "eV’,Am;,=2.5-10 "eV’

vy IS lighter than v, (matter effects)

Which neutrino is the lightest?

What in the mass of the lightest
neutrino?
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What do we know The squared mass
so far about

neutrino masses?

The absolute scale
IS unknown

Neutrinos are
massive

differences are
known

What are the three
approaches to
neutrino mass?

How to measure
the mass without
model
dependencies?

What other physics
can we probe in
the direct mass
measurements?
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How can we measure the neutrino
AT

masses?

Indirect (model-dependent) probes:
* Observational cosmology

* Search for Ov([3

Karlsruher Institut fur Technologie
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Direct probes:

* Supernova v time-of-flight

* Kinematics of weak decays
(°*H B-decay, '**Ho electron capture)




Observational cosmology ﬂ(“.

2m, =6.9 eV

* Neutrinos are the most abundant matter particle in the universe
* Even If light they can impact the structure formation
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Observational cosmology ﬂ(“.

2m, =6.9 eV

* Neutrinos are the most abundant matter particle in the universe
* Even If light they can impact the structure formation
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Observational cosmology
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Ym, <120 meV (Planck)

Future missions
— 10 meV precision

* Various ways to relax the

limits:
- Beyond ACDM
— New neutrino physics



Search for Ov33 decay ﬂ(“.

* Proof that neutrinos are
Majorana particles and that
Lepton number is violated

* Depends on the nuclear
matrix calculation

* My < 79-180 meV (90% CL)
GERDA collaboration

2vBpB

n—-op+e +v

= Goy(Q,2) - [M®|? - mjg

n-p+e +7v ov
) T1/2
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Direct neutrino mass measurement A\‘(IT

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

* No further assumptions needed, use E? = p2c? + m#c*
= m,?
* Time-of-flight measurements (v from supernova)

« Kinematics of weak decays / beta decays, e.g. T, ***Ho

. 163H0 - 163Dy* +Ve
163Dy* oy 163Dy+EC




Overview: neutrino mass observables ﬂ(“.

Cosmology B decay and EC
5 m} = 3 |Uaif? m?
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Outline

What do we know
so far about
neutrino masses?

What are the three
approaches to
neutrino mass?

How to measure
the mass without
model
dependencies?

What other physics
can we probe in
the direct mass
measurements?

03.07.2023

Neutrinos are
massive

Cosmology, 0v2p-
decay, direct
searches

The squared mass
differences are
known

Complementary
observables

SKIT
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The absolute scale
IS unknown

Direct laboratory
measurements -
least model
dependent



Neutrino mass from f3-decay kinematics ﬂ(“.

Theory: Starting from Fermi's Experiment: Tritium identified early on
seminal paper (Z. Phys., 1934) as most suitable B-emitter

% NATURE August 21, 1948 vol. 162
[ Beta Spectrum of Tritium

THE fB-spectrum of tritium (H3?) is of particular
interest because : (1) the relatively simple structure
of the ,H?® nucleus makes it well suited to a test of
the Fermi theory of 8-decay ; (2) the unusually low
energy of the [-particles means that the shape of
t; the spectrum near the upper limit is_an_ extremely
gensitive function of the rest mass of the neutrino if
the Fermi theory is confirmed ; (3) a theoretical dis-
crepancy’® exists between the half-life? and the upper
energy limit, as recently measured®; (4) the mass
difference (;H?® — ,He?) can be accurately determined.

electron kinetic energy

22 03.07.2023 Curran et al.
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Neutrino mass from B-decay kinematics
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* Non-zero neutrino mass distorts the spectrum of electrons

- Independent from cosmology
- Independent from neutrino nature

03.07.2023

10 b

08

0.6

04}

02}

0

entire
spectrum

2 b 10 14 18-
electron energy E [keV]

rel. rate [a.u.]

region close to 8 end point

m(ve) =0 eV

only 2 x 10713 of all
decays in last 1 eV




Neutrino mass from f3-decay kinematics ﬂ(“.

* Non-zero neutrino mass distorts the spectrum of electrons
- Independent from cosmology
- Independent from neutrino nature

region close to 8 end point
0.8 |
3 |
@
i [ m(ve) =0 eV -\
[
- U4 G .
o | | |
I only 2 x 1013 of all E
02 decays in last 1 eV 0
I | | .
[ m(ve)=1¢eV l | Ee
3 -2 1 0
E-Ey[eV]
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Neutrino mass from f3-decay kinematics - ‘(IT

dr ,
d_E:KF(ZaE) p 'Etot'gEO:El'Zi’Uei’ \/( O_E)2_mi

Pe Ee E, ;’
v

%10 ——— | Key requirements & technologies

2x10™1 —m = 0 meV . .
' = 1000 meV | | * Low-endpoint B/EC nuclide:
l E,= 18.6 keV for 3H

» High-activity source:
T4 =12.3 yr for 3H

* Excellent energy resolution

—
X
—
o
—
w

B decay rate in s'eV™*

Spectral distortion measures
“effective” mass square:

o 1000  E/=18575
i 0 m?(ve) := 3, [Uesl* m;

electron energy E in eV
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Effective neutrino mass parameter A\‘(IT

Z_};:Z |Uei|2C-F(E,Z)-(E+me)-(EO—E).\/(E+me)2_m§,\/(EO_E)z_miz

* Assume that we are measuring “far away” from Eo

I

2

\ ZU‘”?.(EOE).\/l(EOIE;f

m;

1
~> |U *(E.—E)(1—=.
E Zl:| el| ( 0 )( 2 (EO—E)2>
| I v > E 1 Z|Uei|2.mi2
m3 ml & :(EO_E)(l_E (EO_E)Z )

N\/(EO_E)Z_Z |Uei|2°mi2
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Effective neutrino mass parameter A\KIT

9L 3 U CF(E,2)(B+m By E (B rm i (==
* Assume that we are measuring “far away” from Eo
‘CIHI;_C F(E,Z)(E+m,)(E,—E)(E+m,\—m’ \/E ~EY Z|Uei|2-mi2

E, * Incoherent sum of neutrino masses

| |
>
| I

E.  Effective squared mass of electron antineutrino

27 03.07.2023
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Effective neutrino mass

10!
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Experimental challenges

* How to realize such experiment?
- Ultra-strong radioactive source (10 decays/s)

— Excellent energy resolution (~ 1 eV, 0.005%)

- Low background (< 100 mcps)

03.07.2023
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region close to 8 end point
0.8
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Experimental techniques
for direct v-mass measurement

KATRIN
(Tritium)

( Electrostatic
| filter (MAC-E)

|

Project-8
(Tritium)

E fi -~
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Ptolemy Holmes
(Tritium) (Holmium)
. - . .il'.
- 2 #ﬁa
ECHo
(Holmium)

Cyclotron
Radiation

|

. |
Calorimetry 1
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MAC-E filter technique AT
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Spectrometer

Tritium source Detector

60 '
- 4\ ~ Model
ESOZ— \ }  Measurement
L 40
© 30—
S 20"
10+
05_ “H'““‘“-ﬂ—A_._._._._._.
" T ST S T RN TN T N TR S W T NN RN SR TN S N
18400 18450 18500 18550 18600
Retarding energy [eV]
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MAC-E filter technique AT

Spectrometer
9 v 3 @ Detector
3He~q\ " 3”@,'? > solenoid /', 3, )\ solenoic

a " source

$ e
Isotropi¢ source v' Large angle acceptance

Brax v gV-scale E-resolution

B, =5T | B =0.0005T
Ekin = EL + ET U U{]

ShaArphigh-passfiIter: / / / P Ay 4 / / / T

<
]
3
£
2
g
i ; ot center center
"TAE T energy Ecenter _ pstart | B _, pcentermax _ B ~ 2 eV
Steps of filter potential T - &7 pstart T - gstart ~ €

— integrated B spectrum
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KATRIN:
Karlsruhe
Tritium
Neutrino
Experiment
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KATRIN’s epic voyage . - AT
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Measurement principle of KATRIN

70m
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Measurement principle of KATRIN

Tritium source
* 100 pg of gaseous T,
* 10 T,decays/s

-_‘_-_,_‘-_‘.‘.-.‘--“" R

o}‘,o;_,t,'_)}{’_"_s S

» ; ._‘._Ah“

 70m
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Measurement principle of KATRIN

Tritium source Transport section
* 100 pg of gaseous T, * Guidance of electrons
* 10 T,decays/s * Removal of tritium

A ARSLE

-

'::-. s T \" ':-‘
E‘_a’ AL AL /. S

70 m
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Measurement principle of KATRIN

Tritium source Transport section Spectrometer
* 100 pg of gaseous T, * Guidance of electrons * Electrostatic filter
* 10 T,decays/s * Removal of tritium * MAC-E filter principle

r=ts 7’
PLIARL AL \ X |i t

OAAAAEL L

70 m
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Measurement principle of KATRIN
T i B

(L (1]
il it
Tritium source Transport section Spectrometer Detector
* 100 pg of gaseous T, * Guidance of electrons * Electrostatic filter * Counts electrons
* 10 T,decays/s * Removal of tritium *  MAC-E filter principle * Rate vs potential

AR

Full system description & commissioning, JINST 16 (2021 ) TO8015

39 03.07.2023
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Systematic effects

Background
* Retarding-potential

dependence
 Time-dependence

Detector
* Retarding-
potential
dependent
efficiency
Tritium source & HeT*
Beamline ¢ Rydberg atom

* Molecular final states
* Scattering in the gas

¢ Penning cation

* Magnetic fields
* Electric potentials

40 03.07.2023



Calibration sources ﬂ(“.

N Angle and energy

“-wn-“‘

selective e-gun Ii"’. AN

-
..A.Al-
,..‘o-

‘-

Gaseous

krypton

source
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Measurement strategy

] B-decay : background
* Scan: ~40 HV set points i spectrum . region
* Scan length: 2-3 hours =
=
* Analysis interval: =
- Eo-40eV, Eo+ 135 eV & 10°;
* Hundreds of scans per campaign 1 |
o __ 40
% Gé 20
57 ol | . | .
18540 18560 18580 18600 18620

Retarding energy (eV)
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Beta-spectrum and neutrino mass AT
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7l Beta spectrum: Rpg(E,m?(ve))

10_— -""I""I""T""I""W""!"":"‘I"
=g I KATRIN data with 5 ¢ errorbars
5 | 100 . g ’z
27 = E, single tritium scan
sS40 N
[ 3 1) M
32} QQ—=e—> and fit
O ol =~
: = 00
§ 10
E-E, (eV) >) . I
Jal Experimental response: f(E-qU) ‘{ ? |
LAk 40 30 20 -10 0 10 20 30 40

retarding energy - 18574 (eV)

rEo
R(qU) = Ay Ny | “Re(E;m*(ve)) - f(E — qU) dE + Ry
qu

Response function
o
Ln
o

0 20 40
surplus energy [eV]
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Recent v-mass results ﬂ(lT

_ Spectrum 1St campalgn Karlsruher Institut fir Technologie
a with 1 o errorbars x 50
o
~ Spectrum 2" campaign : : : :
g b e First campaign (spring 2019):
= v’ total statistics: 2 million events e |
cC T
é + v best fit: s = (—1. Of‘l)j?) eV? (stat. dom.)
- | Y limit: m, < 1.1 eV (90% CL)

B :
(2] °
© Second campaign (autumn 2019):
-O ] * ] . . .
@ =251 2 camp. Stat. Stat. and syst. v total statistics: 4.3 million events
o L T T T T T T T T T T T T T T .

; v’ best fit: ms = (0. 26t8-§j) eV’ (stat. dom.)
—_ ;C st i i i l
S 50- T L campaion | imit: m, < 0.9 eV (90% CL) [
) ] B 2"% campaign
£ 251 ‘
|_

0- | | ‘ - Combined result: m, < 0.8 eV (90% CL)
100 -
Retarding energy — 18574 (eV) e

44 03.07.2023 KATRIN Collab, Nature Phys. 18 (2022) 160



Confidence intervals construction ﬂ(“.

1.8 1 _
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o\ Y - i
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2 ] S5 0.4- ' S
= 067 = I
0.4 i B £
o2y £ 4/ T
o R . 0.0+— s
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Systematics
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statistics
systematics
0.00 005 010 0.15 020 025 030 035 0.40
bkg overdispersion Corrrremmneefernneeae Improved background
bkg time dependence I <m0 | e
source el. potential e et B LR EEIEL |mproved krypton Calibration
gas density - .. E=" UNPRRISSN NESHRICURURTESTOTRRES—— |mproved e-gun
bkg voltage dependence
B fields -
Campaigns
FSD B KNM2
s KNM5S
energy loss B Final
0.00 0.02 004 006 008 010 0.12 0.14

1-0 m2 uncertainty (eV?)
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KATRIN Data taking

x108 )
r—|l | (’\Jl
1.0 1 % %
i Sz 7
i
Particles and Fields
L, 0.8
=
c
>
v
o
<
£ 0.6
201> 2
c (]
o
: - X
° — =
v 0.4 -
EPJ C 80, 264 (2020) E
©
S
€
S
@]
0.2 4
= PHYsICAL
REVIEW /
- LETTERS 0.0 —, . |

T . T T
1 May 10Oct. 1Nov. 1]Jul
2019 2019 2019 2020

o6 iR O

PRL 123 (2019) 221802
PRD 104 (2021) 012005

Blinded by the light neutrino
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KNMS6 |

KNM8 |

\ KNM9

—_—
1 Apr. 1 May 1 Jurl Sep. 1Oct. 1 Nov.
2021 2021 20212021 2021 2021

1 Oct. 1 Nov. 1 Dec.
2020 2020 2020

Nature Phys. 18 (2022) 160

T T T 1 F T T T
1 May 1jun.1Feb. 1 Mar.
2022 2022 2023 2023

1 Apr.
2023

Analysis of 5 scientific runs - to be published soon
Statistical sensitivity ~ 0.5 eV (90% CL)
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New data

* More statistics and lower systematics

Statistics

Systematics

T

0.00 005 010 015 020 025 030 035

Bg overdispersion

Bg time dependence
Bg voltage dependence
Analyzing plane fields
Source el. potential
Gas density

BSOU rce

Energy loss

Bmax l

Rear wall

KNM5 (KNM2) sim.
B background-related
source-related

Bl el.-mag. fields

0.00
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Challenge: Background

internal cosmic -
radioactivity :
- o o == Wire
#; = == == electrodes
field
emission /.
" Penning =
“4— discharge
— *Hi:;--u g
insulator ",
processes
40K, ... external radioactivity
* Various sources of backgrounds identified * All but one known sources are

supressed
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Background reduction ﬂ(".

Air c0|ls

* Main component:
— Highly excited (Rydberg) atoms

— Uniformly distributed in the
spectrometer

* Reducing volume —> reducing
background

- Shifted analysing plane mode

Air coils

Electron momentum relative to the magnetic field (no retarding potential)

Bnlin

AE =
BIIIE’],X

)
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Background reduction

* Main component:
— Highly excited (Rydberg) atoms

— Uniformly distributed in the
spectrometer

* Reducing volume —> reducing
background

- Shifted analysing plane mode

* Factor 2 reduction of the
background rate

03.07.2023
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Historical overview ﬂ(".

2022: I“
* first direct neutrino-mass S I
experiment to reach sub-eV 1024 S %
sensitivity and limit | £ ”"é TT, £
S = R 5 9
¢ mv < 0-8 ev (90% CL) —_ g % g 4;] \\"-.‘\ N é N
KATRIN Collab. Nat. Phys. 18, 160-166 (2022) > 5 5 £ S R A=
<1014 T~ 55 = 2
E % E P e . E
% o I '\\\ E -:_:
M =
2023: 3 'Y S & 2§
E ~. —
e o x I ‘wi g g
* Sensitivity: m, < 0.5 eV (90% CL) e - . IR SN =
; S F = % \Ibi
©
= s
2025:
* Final goal: m,, < 0.3 eV (90% CL) 1950 1960 1970 1980 1990 2000 2010 2020
year
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Neutrino mass determination — Part ||

International School on Astroparticle Physics (ISAPP 2023) - Varenna, Italy
Alexey Lokhov
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Outline

What do we know
so far about
neutrino masses?

What are the three
approaches to
neutrino mass?

How to measure
the mass without
model
dependencies?

What other physics
can we probe in

the direct mass
measurements?

03.07.2023

Neutrinos are
massive

Cosmology, 0v2p-

decay, direct
searches

Current limit from
KATRIN
(MAC-E-Filter):
<0.8 eV (90% CL)

The squared mass
differences are
known

Complementary
observables

SKIT
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The absolute scale
IS unknown

Direct laboratory
measurements -
least model
dependent
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* Better statistics: more tritium

- More scatterings - “Opaque” source

e “Different” tritium: atomic

‘'n 'n

(n)n

@

* Differential measurement
— Better use of statistics

- Intrinsically less background

03.07.2023

What type of limitations are there?
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Stat-only sensitivity after 1000 days

o 1E
O - .
0 e = integral measurement
L)
S |
o)) |
= = —— differential measurement
i 1 N
>\ ...
:"E el
e (10
0]
n o
z
&= 21—
10 .
- NO Total rate: 1010 cps = 8x1017 decays
B Rate in 30-eV ~50 cps = 4x10°decays
|| | 11 t L1 | 1 | |

III.IJ;)19 1 1 11

11620

1| J021 11622 ‘ 1||023
number of tritium atoms



