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Outline

What do we know
so far about
neutrino masses?

What are the three
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neutrino mass?
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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
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:"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
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number of tritium atoms



Experimental techniques QAT

for direct v-mass measurement
KATRIN
(Tritium)
Ptolemy Holmes
( Electrostatic (Tritium) (Holmium)
| filter (MAC-E) Sy

&

Project-8
(Tritium)

= ECHo
y (Holmium)
Cyclotron . -
[ P e o Calorimetry 1
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Energy measurement through cyclotron QAT
radiation

Antenna array
* Technology:

. . . . _ L:; s K = s }é 1
Cyclotron Radiation Emission Spectroscopy /2 \;/ i}j \é/q_w
(CRES) =
* Non-destructive measurement of electron B’ - T2

energy via cyclotron frequency: ,' >

Wo eb

a) | —
() 14 E = ms

“Never measure anything but frequency.” — Arthur L. Schawlow
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Energy measurement through cyclotron
radiation ST

Karlsruher Institut fir Technologie

Antenna array

Advantages
|.. ] | B === ‘ == J
. Fo Ko gt T Ty
. = /A A AN\ N
Source = detector concept, source is transparent to / _ﬁy’ / ){ \4} 2\
microwaves =
* Differential measurement focusing on the endpoint . > T,
region B h
Challenges

* Sub-eV energy resolution: AE/IE ~ Awlw ~ ppm

- B-field homogeneity at 107 level

* High statistics

- large volume atomic trap ~m?

* Long trapping

58 03.07.2023
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Energy measurement through cyclotron QAT
radiation — practical points

Antenna array

Larmor formula gives emitted power:
1 2q¢*B?

2 2

4 €0 3 me

N
= A
. =)

p=p = “’H‘
4 Y/ NS
I/ # I v w W
(/-s“"‘*’ ~ (= - 7 }
.
®

P('Yag) —

('}/2 — 1) sin? 6

il 2

wefl

Realistic case:
- 1.7 fW for 30.4 keV at 6 = 90°
- 1.1 fW for 18 keV at 6 = 90°

- Need low-noise cryogenic RF system
Pe

pitch angle 6

B field
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Project 8: proof of concept SKIT

Krypton gas 792
\'\
\:.
g 730 Electron scatters of gas, losing energy
. oo N and changing pitch angle 5
n % 788 ging p g g
L 0; ._P_d_. E
i o i )
J A L -~ - GO 786 ©
o m N 3
. o > 784 /“’ 2
B O e : )
o 3 & Energy loss increases frequency =
5 T
& = g 782 =
] ® L U—'J
L]
u 780
o Onset frequency yields initial
_ 778 kinetic energy
Waveguide : 1 . - " -
Cut-away Time (ms)
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Project 8: recent results

200

TTT
— Posterior predictive fit

ﬁ(IT

Karlsruher Institut fur Technologie

1751 %5 = \'\l\ - 1o posterior quantiles
¥ = —-- 20 posterior quantiles
Recent results 1501 jﬁ Y 15T Titiom dats
First tritium spectra measured PR
S 100- I 15cm
AE = 2 eV (FWHM), bkg < 3x10% eV s S . “\ny
. . .. 501 4\\:\\?\ | Measured
First neutrino mass limit: m, < 185 eV (90% CIl.) endpoint
25 90% credible
. interval
Next StepSICha"enges 3 16500 17000 17500 18000 18500 19000 19500
Reconstructed kinetic energy (eV)
large-volume traps (m3) 10 . . .
..._ Atomic T
(antenna array or cavity resonator) r~ 4 _ {\ 2 - T
r | : % f
develop atomic tritium source ’L ﬂL ! E w |
iy a |
. A _ o |
0.4 eV sensitivity (phase-Ill) ' g r o | \l
- - % & | III
. e \ o ]
Ultimate goal: 0.04 eV sensitivity . B T i |
NS o

Project 8 collab., arXiv:2203.07349 (2022)

Relative Extrapolated Endpoint (eV)




Project 8: phase Il results

Deep trap frequency - 25 GHz (MHz)

920 915 910 905 900
1 | 1 1 L 1 1 1 1 L ' 1 1 1 1 1 1 1 1 1

1 0_’ Bm Shallow trap data 0
E o Shallow trap fit result
g 0.8+ Deep trap data i
é | ---- Deep trap fit result
© 0.6 e
[0 1
]
= |
“ 0.4 -
e N
C i
=
3 ] I
() 0.2+ p L

I e . S T . NG, -

17500 17600 17700 17800 17900 18000

64

Reconstructed kinetic energy (eV)
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Project 8: next steps S(IT

10* e p———— "+ Demonstrate scalability of
@® 90% credible intervals Eé CRES to |arger Volumes
S )‘”" ¢+ Demonstrate possibility of
= . ‘S high intensity atomic tritium
. T, 3.7x10"m S
5 . hy source
B 5
= 1070 o
3 L5
& o
0.04 eV a
5
T, 3.7x10®¥m3 =
(Optimized design)
103 102 10!  10°  10' 102

Effective Volume x Time (m?-yrs)
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Project 8: towards atomic tritium

E EEectronsg E

~

n. -
Cyclotron Radiatiogffs

Supplies (hot)

Eritium atoms

Atom and B Electron Trap

Rejects all T2 and

to cooling hot T atoms g
L]

stages &

% Cracker Accommodator  Magnetic Velocity Selector ;(j;jv“ é.
“’A'l?“—’:,fL e E

2500 K 4K

Cools atoms
bj collisions
to about 5§ K
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The absolute scale
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measurements -
least model
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Experimental techniques QAT

for direct v-mass measurement
KATRIN
(Tritium)
Ptolemy Holmes
( Electrostatic (Tritium) (Holmium)
| filter (MAC-E) Sy

&

Project-8
(Tritium)

= ECHo
y (Holmium)
Cyclotron . -
[ P e o Calorimetry 1

03.07.2023



Tritium VS Holmium

e
N\

H— 3Het +e™ +7,

<

3H 163HO

super-allowed (-decay electron-capture decay
Ty, 12.3 years 4500 years
Eo 18.6 keV 2.8 keV
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Tritium VS Holmium

0.12
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Differential decay rate (a.u.)

binding energy

Available energy = 2.8 keV
Shared between excitation and neutrino

M2

binding energy
= 2.0 keV

163Ho

super-allowed 3-decay

electron-capture decay

T1s
Eq

70

12.3 years
18.6 keV

03.07.2023

4500 years
2.8 keV

ifferential decay rate (a.u.)
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Calorimetric measurement of **Ho
spectrum A\‘(IT

2
10 ¢ .

* Proposed by A. De Rujula and M. Lusignoli . M2

;E-. IDD binding energy binding energy

: . 9 1 = 1.8 keV = 2.0 keV

* Low-temperature micro-calorimetry & 107

T |
* Holmium enclosed in absorber g4 ]

£ 10
° - I T _s| Available energy = 2.8 keV

Released energy temperature Increase E 10 Shared between excitation and neutrino
=

10_52—
e AR N R TR
2 EH_ Energy (keV)
ST“(: =A(QEC e ' \/1- (QEcnfvEc ) %'BH(’DHZ(O) (E EZJ;;Z + FH2
c” Ly 4

NB: Lorentzian shape -
Asymmetric Mahan shape

03.07.2023



Calorimetric measurement A\‘(IT

Advantages:
M o * “Source = detector” concept
™~/ » eV-scale differential measurement
'l L wanrl ) .
TR ¢ ‘@z - total energy Is measured
_-— o hm,
Cior=1pJ/K Challenges:
g * High statistics (102 decays for eV sensitivity)
— Increase activity per detector (10 BQ)
ATHIN & - many detectors (>10000)
: E
R  Small heat capacity AT~——~mK
Thermal bath ; _ C.,
AT =1 mK — operation at low temperatures

72 03.07.2023



Why the low temperatures? ﬂ(“.

163Ho + e * What's the heat capacity of solid materials at
low temperatures?
163Dy* + Ve —
E

— A = 3

absorber . =
— sensor-%.%; SQUID loop Peter Debye

* Typical signal readout: using a SQUID

thermal link

thermal bath

73 03.07.2023
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Calorimetric measurement

Erlel Eyslyl Eric3 Eig{tH Erics Edalsd

Dipole Magnet 4 Laser Beams

Separator Slit

Post-

focalisation
|

Deflectors

!

\

30 kV Extraction

N

Quadrupole Lens
Positioning ~

Einzellens /

Implantation Area with
Ion Current Measurement

Ion Source

—Sample Reservoir

03.07.2023
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Experimental challenges
Production and purification of ***Ho

Incorporate ~10* Ho atoms into the high
resolution detector

Operation and readout of large arrays
Spectral shape and theory:

Precise description of calorimetric spectrum
and detector response

Independent measurement of the Q-value of
the decay by Penning trap mass-
spectroscopy
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v-mass from %3Ho electron capture: technologies

* Two techniques for temperature sensing

EC@ approach: H@)%LM ES approach:

Magnetization of paramagnetic material Resistance R at superconducting transition:

Metallic Magnetic Calorimeters (MMC) N
Transition Edge Sensors (TES)

[ — b =Y =L

—

03.07.2023
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v-mass from %3Ho electron capture: technologies

* Two techniques for temperature sensing

EC@ approach:

40

w
o

Magnetic Flux Change @ [®]
o S

03.07.2023

0 (| | ]
0.00 0.05 0.10 0.15 0.20 0.25 0.30

Au:Er 315ppm

—— 45 mA
— 15 mA

Temperature T [K]

Resistance [a.u.]

s

©
oo

= . -
-I‘—x%o’\

o
Y

&=
o

SKIT
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H @)%LM ES approach:

Transition
- width: mK

SQUID |
L ¢
o
Signal:i uK -

Temperature [mK]



SKIT

v-mass from %3Ho electron capture: technologies

* Two techniques for temperature sensing

B MMC: metallic magnetic calorimeters ) B thermal micro-calorimeters with )
with paramagnetic sensor Au:Er TES read-out
+.TES .- SQUID
LLL I\{l absorber U= . XN
\ Ve

. s.C. | ' n.c.
= SQUID T

thermal link thermal __ F
dT in absorber from EC-decay &T in absorber from EC-decay
= change in magnetism 8M of param. sensor = change in temperature 8T of TES thermistor
. oM oM 1 OFE
signal: o®, ~—— AT ~ +—OE calorimeter signal: AT =

oT oT '
k C!m \ _ V CV
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v-mass from ¢3Ho electron capture: numbers

Unresolved pile-up
- Fraction of pile-up events f,.~a'7,

- for f,<10"" with 7,~1us

a

per pixel

<10 Bg

Statistics at the endpoint:

- 10" events -

atotal > 1 MBq

Very low background level:

- Ry,,< 10 °events/eV [ pixel/day

Energy resolution:

- AE(FWHM)<leV

03.07.2023

counts/ 0.1 eV

101
1012
1010
108
108
10
102
100

SKIT
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— f,=10%

—— 18Ho-EC
+ fpu

2 3 4
energy (keV)



Es AT

TES technology with HYLM

dipole magnet

co-deposition slit
target chamber

)

- o - o e -

XY scan 1 My " [ ion source

Mass separation and isotope embedding in Genova
AFE =4.22+0.08 eV

g 250
1 AENEP =4.1eV
. - : _ 200
B - 3 —— 2
. " - 2150
& & o> - g
= = 2> ” o
= 25 = o © 100
= e
=8 e 50
f'—_-lll::l :-'LE
S B o o 0 —_
B o g 25 2
fo|s onm I g 0 M”‘"""‘A"’-’-&";‘:’.:{:«:‘.}: ‘.,"-..‘."..-',-.'-'-.':..‘efg‘,:.-,'w
oo oo et ol o ]
SR I BE - —25 ; 5
5860 5870 5880 5890 5900 5910 5920 0 1000 2000
L L - » o
. Energy [eV] Time [us]

* AErwuvm ~4-6 €V, 1.~ 1.5 US, Tdecay™ 300 HS
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MMC technology with (Ec® ﬂ(“.

Karlsruher Institut fir Technologie

i - Lorentzmn broadening

Achievements i e |
first holmium spectra measured % iz '
- AE =5¢eV (FWHM), b <1.6x10* eV-lpixeliday S o )
first neutrino mass limit: - _ .
- m<150eV (95% C.L.) 0.0 05 10 3 20 2.“| 3.0
refined theoretical calculations e

ECHo-1k completed: ~60 Bq (> 108 events) E:iltjtttf EisH e —

- sensitivity on m < 20 eV e Ll QE L | I IJ_I
Next steps/challenges Termasaton | [ e
ECHo-100k: m < 2 eV

arXiv:2301.06455 femm

03.07.2023 EPJ-C 79 1026 (2019), Phys.Rev.C 97 (2018), New J. Phys. 22 (2020) 093018, EPJ-C 81, 963 (2021)



Towards ultimate sensitivity with ***Ho IT

Karlsruher Institut fir Technologie

* pixel activity 2100Bg/det

- 18Hp heat capacity

—

T:=1.0us A=100Bq
«—1-=0.1us A=100Bq
o—T-=1.0us A=10Bq
—1=0.1us A=10Bq

* time resolution below 0.1pus

* about 10M pixels

— multiplexing and DAQ bandwidth

m, statistical sensitivity 90% CL [eV]
=

10° 10’ 10° 10° 10"
Ny X Ty, [det x years]

10 10
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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

CRES technology:
measuring the
cyclotron
frequency
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The absolute scale
IS unknown

Direct laboratory
measurements -
least model
dependent

Calorimetry with
quantum sensors
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Questions

What do we
measure?

How does KATRIN
work?

How can we go
beyond KATRIN?

What happens if
we measure
nothing?

03.07.2023

Distortion of
energy spectrum
close to endpoint

Integrated
spectrum

Differential energy
measurement

Observable:

Electrostatic
filtering +
molecular tritium
source

SKIT

Karlsruher Institut fir Technologie

Now: <0.8 eV
Goal: <0.3 eV

New technologies:
quantum sensors,
CRES




double B-decay vs single B-decay IT
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10" H Allowed mg bands
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double B-decay vs single pB-decay

mg (eV)

SKIT

Karlsruher Institut fir Technologie

Goal of KATRIN

Goal of next generation (Project 8,..)

10
Mightast (eV)

03.07.2023

]
10
Mightast (eV)



Puzzles SKIT
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0 . . .
103 —— normal ordering | * Option 1: KATRIN or Project 8 measures a
inverted ordering _ neutrino mass but LEGEND sees no signal

— Neutrino — Dirac particle

101 477, GERDA (2020) - Cancellation in Ov2p-decay and mg;

Option 2: LEGEND measures a 0v2f3-
signal, but Project 8 measures no mass

mgg (eV)
: ~&
_ O
-\ | \\

- adifferent mechanism for Ov2p3-decay

10_33

j§\ Project8

|—I
o
o
= ]
CIJ_
]

N KATRIN
A KATRIN (2022)

10°
mg (eV)
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Questions

What do we
measure?

How does KATRIN
work?

How can we go
beyond KATRIN?

What happens if
we measure
nothing?

03.07.2023

SKIT

Karlsruher Institut fir Technologie

Distortion of
energy spectrum Observable:
close to endpoint

Electrostatic
Integrated filtering + Now: <0.8 eV
spectrum molecular tritium Goal: <0.3 eV
source

New technologies:
quantum sensors,

Differential energy
measurement CRES

Direct
measurements of
mass are the least
model dependent

Complementarity
of 0v2p, direct and
cosmology



Outline ﬂ(".

Karlsruher Institut fir Technologie

What do we know The squared mass
so far about
neutrino masses?

The absolute scale
IS unknown

Neutrinos are

: differences are
massive

known

Direct laboratory
Complementary measurements -

observables least model
dependent

What are the three Cosmology, 0v2p-
approaches to decay, direct
neutrino mass? searches

How to measure
the mass without
model
dependencies?

Current limit from CRES technology:
KATRIN measuring the Calorimetry with
(MAC-E-Filter): cyclotron quantum sensors
<0.8 eV (90% CL) frequency

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

Taking KATRIN as
an example
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“Beyond neutrino mass” in KATRIN ﬂ(“.

- Spectrum 15t campaign
S 5l with 1 oerrorbars X 50 Search for exotic
o Spectrum 2"% campaign . .
& a8 L = - with 1o errorbars x 50 Interactions
. : 2 1004 spectrum shape
(sterile) neutrino? S 10 (sp pe)
1071
o A
g m A 1V, t £
[3_-Spec U o Search for Lorentz
eV ... keV high Stat'_St_'CS invariance
S el et and precision violation (sidereal
"_ A mOdUIation)
I_] V2
i ——
Neutrino mixing: “Kink” in ConSt.ram local .
regular B-spectrum tail (eV scale) overdensity of cosmic X
or deep [-spectrum (keV scale) relic neutrinos KATRIN
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What do we know The squared mass
so far about
neutrino masses?

The absolute scale
IS unknown

Neutrinos are

: differences are
massive

known

Direct laboratory
Complementary measurements -

observables least model
dependent

What are the three Cosmology, 0v2p-
approaches to decay, direct
neutrino mass? searches

How to measure
the mass without
model
dependencies?

Current limit from CRES technology:
KATRIN measuring the Calorimetry with
(MAC-E-Filter): cyclotron quantum sensors
<0.8 eV (90% CL) frequency

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

Sterile neutrinos
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Light sterile neutrinos — Motivation

* Multiple (longstanding) anomalies in the oscillation data

* No universal explanation to all of them

* An oscillation-free measurement as an independent cross-

Observed/Predicted Ratio
(=1
=]

91

check by KATRIN

Reactor antineutrino anomaly

_IHI]

| IIIHII| T I1II[I]I I

1IIII[

[1II1III| fI[IIII| T T

Neutrino-4 experiment

1.64 500 I\r\'

Aml=7.25 n’(20) = 0.26

I|I|I.|

N(L, E)/N(L,E), . oq

No oscillation
With oscillations (3 active v's + 1 sterilev)

Rttt

IIIIT Elxplerrln;‘lel i | IIIIIIi | L1l II| || IIIIII| |- IIII| I 1 | 0-4_7: JETP Lett' 112 (2020)
10’ 10’ 10° 10° 10° 10° 10° 4, 199-212
Reactor To Detector Distance (m) s
03.07.2023
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14

| BEST experimént |
1 | [ Jic -

* bfpi

B
[ ]2 ]

— T T T T 1 v T
00 01 02 03 04 05 06 07 08 09 1.0

sin’26

Z \’Imi M*‘; Phys.Rev.Lett. 128 (2022) 23, 232501
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Sterile neutrinos signature in g-spectrum

* 3+]1 sterile neutrino model

* Same data-set as for the neutrino mass

« Grid search inm,, |U_,J* plane

G5 = (1=1Ueal?) §5 (m3) + | Uea]

| ]\

2dI’ :
AL (m?)
|

Y
light neutrino

03.07.2023
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o
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Differential decay rate (a.u.)
o
i
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branch

Active .,

Sterile branch
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-
e

e e——, S

------ cos?6 5 (mp)
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Sterile neutrinos signature in KATRIN

T
= 3-1- model

+ KATRIN data with errobars =50 |
Eo fie
| | | | |
» . 1 I 4
-40 -20 0 20 40
: +++f++++++++& . HH}*E++* :
E oo+ 3-v model ' 1] m ]
3+1 model ¢ 3+1 simulation m4=1ﬂ.ﬁ eV |Ue4|2=ﬂ.01
-40 -20 0 20 40
: Illllllijllll“H‘l“‘|I| | || ‘ I ‘
40 20 0 20 40

Retarding energy - 18573.7 (eV)
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6 Fit parameters:

N — amplitude of the signal
Eo, — effective endpoint energy

SKIT

Karlsruher Institut fir Technologie

m? — effective mass of the electron antineutrino

B — background rate
|Ues|? — 4" neutrino mixing
m4? — 4™ neutrino mass



Combination of 1t and 2" campaigns IT

Karlsruher Institut fir Technologie

N - ——————— —— Fixed m?=0
o ' m;=59.9eV?,|U,,1=0.011
2 L AX’%’U”:O.GG
< 107F >
E Free m,?
Nﬁq 10'F 2 —0eV?2 2 ¢ e e 3 2 ? ’
- m =0eV" m free =3 m:=87.4eV?,|U,’|=0.019
- KNMI KNM1 . ), ) ,
100 __"'KNM2 —--KNM? AXW”— 169, m,— 0.57eV
- —KNM1+2 —KNM1+2
107 10”!
2
U |

KATRIN Collab., PRD 105, 072004 (2022)
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Sterile neutrinos — complimentarity

L] T .
10 | N S —
n‘u"" :
.0
.’.
1.“
102 3 ..'-nu
N/-\
>
L
= 10"
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L
C’f‘ Lo ;
- ."'__ ;
F ¢ 'a.. y
3 -,
10 g Z 7 M\
I ~,¢.
- —
. r-_h—“ﬁ__._.}
= : R ™ gy
T —— e . —
10° 107!
.
sin (2(96&)
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10°

DANSS 95% C.L.
Daya Bay 90% C.L.
Double Chooz 95% C.L.
Prospect 95% C.L.
STEREO 95% C.L.
Neutrino-4 20
— RAA 95% CL
BEST + GA 95.45% CL
0v33 NH 90% C.I..
OvB3 TH 90% C.L.
Mainz 95% C.L.
Troitsk 95% C.L.

KATRIN (KNMI, mi = 0eV?)95% C.L.
2
v’

== KATRIN (KNM2, m” = 0eV?) 95% C.L.

s KATRIN (KNM1+2, mi =0eV?)95% C.L.
----- KATRIN projected final sensitivity
(mi =0eV%)95% C.L.

sin?(26,,) = 4|U 4> (1 = |U 4 %)

SKIT

Karlsruher Institut fir Technologie

looking at the short baseline
anomalies from a different
perspective

Signal-to-background up to
250

More stringent limits than
Troitsk and Mainz

approaching the BEST
allowed regions with Am? 2

10 eV?

complementary probe to
oscillation-based
experiments



Sterile neutrinos — prospects A\‘(IT

i : ' BEEREL
o With first 5 datasets
A CL) * Probing large portion of
10% F Bt the RAA, BEST and
i St Neutrino-4
c% T KATRIN
R | — & With full dataset
| - S » Sensitive to interesting
100 | | s parameter range
- N~ (2o)
\ — eson « comparable sensitivities
o liiiii ~ . o to neutrinoless double f3-
! a2 0s0) ; decay
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keV sterile neutrinos A\‘(IT

* Probing neutrinos with keV masses

— using the first (technical) measurement phase
* Very high rates (mcps —» Mcps)

* Several new effects to be taken into account

sinZf

— back-scattering of electrons

— magnetic trapping

1 = Exclusion BF *  Best Fit Mainz 2013 TOSEL 2NN, 0202020 s c0s203L (mg)
10=%x Exclusion NH Troitsk 2017 Holzschuh 1999 8 ey -—~ sin2095(my)
1 === Sensitivity Troitsk 2013 Hiddemann 1995 % 0.4 x sin?6 9 (my) + cos?6 % (mp)
L I T I 1 I LI I ) I 1 T T I I T | > :
10 (i 10° g03F
. s
my (keV) S 02fF
c
g
LU
[a) - Tt "
[ | g [ e
0'00 5 10 15

Energy (keV)
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KATRIN with TRISTAN detector ﬁ(“.

* Novel multi-pixel Silicon Drift Detector array (>1000 pixels)

* Large count rates: 100 kcps/pixel 10-1] "o chamm / First deep look”
* Excellent energy resolution: 160 eV (FWHM) at 6 keV ] 0 R lab constraints
o —— KATRIN (1%t & 27 campaign) s | \'\
* Target sensitivity: 10-5]  Phys. Rew Lett. 126, 091803 (2021) K4TR:N:~T}T:f3L"\,\@,er°r°d“°ti°”
Phys. Rev. D 105, 072004 (2022) STAN ",?“r*- J
- \ ) S
) Y TN — jecti KaTRINy =~ “\
sin?9 <10 107 7T KATRIN projection e
St iy ~~=~- i
1077 '
' “U'PI‘
10_11 _ “-‘!'-__‘_ X-ray constraints
Short-baseline oscillation ~ Dark matter a2
13 anomalies candidate
10_ 7 = fom
10_15 i T T T T T
1073 102 107! 10° 10! 10?

* 9 modules of TRISTAN at KATRIN after 2025

47-piximodile; gimgraplace KATHIN * Several updates of the setup for reducing the systematics
testing at monitor focal-plane detector
spectrometer now in 2025

98 03.07.2023 S. Mertens et al., J.Phys.G 46 (2019) 6, 065203; T. Brunst et al.,JINST 14 (2019) 11,

P11013, T. Houdy et al.,J. Phys.:C.Ser. 1468 (2020) 012177
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Neutrinos are
massive
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decay, direct
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Sterile neutrinos
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quantum sensors



Cosmic neutrino background: Motivation SKIT
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10 seconds 1 second 100 seconds 380 000 years 300-500 million years Billions of years 13.8 billion years

Beginning
of the &
Universe -

Inflation Formation of Light and matter Light and matter  Dark ages First stars Galaxy evolution The present Universe
Accelerated expangon ||ght and matter are tnupled SEParate Atoms start feeling The first stars and
of the Universe Dark matter evolves « Protons and electrons  the gravity of the galaxies form in the
independently: it starts form atoms cosmic web of dark densest knots of the
clumping and forming - Light starts travelling ~ Matter cosmic web
a web of structures freely: it will become the
Cosmic Microwave
Background [CMB)

~340 relic neutrinos of all species /cm?® in the Universe (56 /cm?® per species)

Decoupled the first second (1 MeV) after Big Bang

Predicted overdensity n = (1.2..20)

Upper limits from previous kinematic neutrino mass measurements: 10*3
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Relic neutrinos search with KATRIN

101

relic neutrinos with meV energies

neutrino capture on tritium (N0 energy

threshold)

Peak above the endpoint

*H+ v, — *He* +e¢

_*
R Zay

03.07.2023

o

S. Weinberg, Phys.Rev. 128 {1962} 14571473

Kurie Functions

differential spectrum

1

Electron
peak

\

umphrays,
9 (1983) B47

>
J

mvy éB my

|

< 1 eV: energy resolution
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100 g
tritium
yields

10 v
captures
per year
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Relic neutrinos search with KATRIN ﬂ(“.

/; 7

up to 40 g of tritium

Tritium source

KATRIN has the sensitivity to
probe large clustering of cosmic n= nu/ <n>
neutrinos around the solar system

tens of pg of T, in the source
10° captures per year

03.07.2023



Count rate (cps)

Model for the relic neutrinos in KATRIN

102

10°

1.01F

Ratio
(-

Time (d)

0.99F

200F

100¢

103

t Asimov data with 5 = 2.8 x 10° (error bars x 50)
— 3-decay model

-30

. <ECUB_>
L B SR B S I .’—Q#.‘-’*M+*+t+ *‘*-**+++—;
#-decay model N

J 3-decay +1Cf /B model ¢t lS|mulat|cm for U =2.81 x 109
-30 -20 -10 0 10
............................ 1||IIllliIll ;
-30 -20 -10 0 10
Retarding energy - 18575 (eV) _
03.07.2023

Fit parameters:
* N — amplitude of the signal

SKIT

Karlsruher Institut fir Technologie

* Eo — effective endpoint energy

* m? — effective mass of the electron antineutrino
* B — background rate

* n — local overdensity

meV energy is neglected

Ran(F)

= R3(E) + Rcus(E)




Relic neutrinos In the first science runs S(IT

, Spectrum KNM1 e 15t campaign (2019)
" with 1o error bars x 50 -
| Spectrum KNM2 ' - 522 hours

with 1o error bars x 50 :

- 3.4 g for capture on tritium
« 2" campaign (2019)
- 744 hours

Count rate (cps)

50 100

— , o - 13.0 pg for capture on tritium
2 2 BKNM1| -
g ol ‘ KNM2| | ;
E ol .MMHHHI o
50 100

Retardlng energy - 18575 (eV)
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Relic neutrinos in the first science runs

KNMI1 Data Set

SKIT

Karlsruher Institut fir Technologie

e 15t campaign (2019)

[ A =0 Best fit: r} a = 3.7e+11

1""**”+++H+¥ Ht H+..+..H ......... s ...

- 522 hours

- 3.4 g for capture on tritium

0.98

Ratio

« 2" campaign (2019)
- 744 hours

KNM2 Data Set

""" =0 Best fit: 7-a =-5.8e+10

L a

1 +,¢f¢+i++ ‘F'*+th++'++‘|"m+'+m* ......... yrrrrrrrrerrrreeres
0.98 +5.2e+10

- 13.0 pg for capture on tritium

40 20 0 20
Retarding energy - 18575 (eV)
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40 * no evidence for relic neutrino

overdensity

- upper limits



Relic neutrinos: challenges S(IT

10— * Background rate

(-]

o
wn
Ll

| i f - order of magnitude higher

* T, B-spectrum creates
irreducible background

-my < <Egs>/2 = 0.85 eV

-

=
H
o

- — 3 decay, single F5D state
[ CuvB, single FSD state

3 decay, standard FSD
CuvB, standard FSD

Counts per 0.1 eV

- Increase of the target mass
does not increase the CvB
sensitivity

i -
-] =]
P =
[ un
1 I
aa a I 5 g 5 g I 5 4
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Relic neutrinos: results and prospects

* search for large overdensity n of relic neutrinos near the Earth
* n<1.1-10%a at 95% C.L. — the search is statistically limited

* improved by 2 orders of magnitude compared to previous laboratory limits

-----------
.....................................
-------
-------

Majorana: a=1
Dirac: a=1/2 I

pam Emm N EmE TR T - e e
—

— K NM1+2
=== KATRIN projected 3-yr sensitivity

- — . — -
—-—-------h-—h—--
i ———

mf (eV?)

0 0.2 0.4 0.6 0.8 1

1015 —

i"“ 1010“-

T T T T T T T T T T T

| Majorana: a=1]
| Dirac: a=1/2 i i

i | i i i L L 1 i i 1 i i

Los Alamos Troitsk KNM1 KNM2 KNM1+2

107  03.07.2023 arXiv:2306.12366 — 10*— 107 might be possible
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KATRIN

1000 days
sensitivity:
n<14-10%a
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BSM interactions &
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Lorentz invariance



General Neutrino Interactions A\‘(IT

* Additional interactions which contribute to the weak interaction in the S-decay

* SM Effective Field Theory with additional p .
right-handed neutrinos udu

— Truncated at the order n = 6

Lsmerr (Psm) = Lsm(Psm) + Z Z ﬁ C,-(n) O,-(n) (Psm)

n>95 | udd

* GNI could modify the #-spectrum

- Energy-dependent contributions to the rate
could be studied with KATRIN

109 03.07.2023



GNI Lagrangian for 4-fermion-interaction A\‘(IT

GF ‘/}/‘5 10 (.._,) aﬁycﬁ _ _ )
ngf = — \/E Z € j,ud) (eanvﬁ) (U],O}.- dg) + h.c.
J=1

® Gf : Fermi constant

" Vs : CKM matrix
~ W
0 (e)),-, ud- Flavour space tensor describing strength of interaction type
with respect to SM Fermi interaction

® ¢1/R: Coupling for left-/right-handed vector-like interactions Haa

® cg: Coupling for scalar interactions
® ¢p: Coupling for pseudo-scalar interactions
® e7: Coupling for tensor-like interactions

110 03.07.2023



GNI in the tritium G-spectrum S(IT

ar G:% ng 2
o = et J(E+ me)2 — mA(E + me) (Eo — E)
m My Me My
Ey— E)2 —m?- 1 c __b - ° O(Ey—my - E
X{k—zﬁ: \/( SRR K3 | bkE+me bkEO_E Ck(E+me)(Eo—E) Fo = M )}
. . . Rale
* Total decay rate for active and sterile neutrino /_\
* Sobo.by.c are defined in terms of €, Ues and %2
9v; gs, gr, ga CEOR b i
The SM case: &,=b,=b ,=c,=0 \
-
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SKIT

Sensitivity to GNI with the sterile branch
&y

Converting mixing 5_/3 INto sensitivity to € Preliminary Study on first year MC at 95 % CL
* Strongest constraints on €r f " :
- — |ET|2£WM |£L,|=c|251_t.)’f‘fJg
* Other constraints: — leal?s -2 el = grass;
- neutrino oscillations 104 T
- v-e and v-N scattering
. : 3§ 1074
- charged lepton flavor violation 5
”g _
10’ -
109 L— e e LN S —
1073 10~ 107! 10° 101
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New light bosons

* Searching for new physics in the low-energy range

— Light scalar or vector bosons can be emitted if their mass < Qr
— axions and axion-like particles, Majoron models, Z'

350

300 P.
250t
200t

(MeV™y

1501

1 dr
r dE,

100
50

0

“‘\mJﬂ 0 keV

Standard 8 decay
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(Ee-me) (keV)

decay rate dI'/dE (eVs) ™!
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10 7] £ =e A VygvX
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-30 -2 =20 -15 —10 —D 0 )

G. Arcadi et al. JHEP 01, 206 (2019)

energy F — Ey (eV)




Search for Lorentz Invariance Violation A\‘(IT

 Standard Model Extention: relativistic

EFT with all possible LIV operators for .
neutrino propagation
a . - H at
LSME — _wwa' ’Yuww |
* for all particles in the #-decay —
B 0 — — —_—
* terms aa”pﬂzapo—a-p —
- 1 sideral-day modulation of E, and X

absolute shift of Ep
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Search for Lorentz Invariance Violation A\‘(IT

* Time-dependent

— Rotation of the Earth: change of
Intrinsic KATRIN direction w.r.t. a#

- E, osclllates with 23 h 56 min period —

- ‘(afé))n' E

* Time-independent —
- Measurements of E, at Mainz and ——
KATRIN -

| @$)oo| and |(@i)1o] X
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Lorentz invariance violation in KATRIN ﬂ(".

Fit each 2h scan of B-spectrum

— 20 - a) m— Fit result
§ + Measurement
£ 10- Estimate amplitude
§ of E, oscillation
04 T T T e |. |q —— best fit, y2 =0.98
..8 ” — ¢ data - | 1
_ﬂ"?g tg 15 4 ,I] Lo '
T 5 2o RNUTGRATE AT R i A
2 - s ¢ S S .h\aot. f Convert into
—~ 500 4 ) = 2 4 o J . eStimation Of LIV
N C 22 aillic” 9§
. i Fovnsil - parameters
T R i L
O 1 [I] ][;U 2';)(} 3(:1[) 4:JU S(I}U G[;U ?(IJ[] BI.IJU
18540 18560 18580 18600 18620 Mme afiarfing scanih)
et b A KATRIN Collab. Phys.Rev.D 107 (2023) 8, 082005
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Lorentz invariance violation in KATRIN ﬂ(“.

uher Institut fir Technologie

Fit each 2h scan of B-spectrum

A= %I(a{s) [V/B? cos? y cos? £+ (Brot — Bssin £)?

—~ 20 - a.) m— Fit result
ol
° + Measurement best fit, y2 = 0.98
% 4 data
S 10 - S -1.0 1 * + + i
+ = [l ' E :
g .:: -1.5 = AN AEE |L .nIJ‘LL | " N g ¥
8 2 o RO E TR Y R0 A BT Y
. ® ° o e | “. + AT\
0 T T T T T o As '.1‘\1.“\ )
1 L L L] ] h‘ '\'\, I T
?NJ'_‘O’J .‘} ‘;\‘\“
o~ © . '
32 IRy T T
= 23 . by
5% cE I VY ”5 % "r ‘1----4-4& o0 -
) = 0 -
cp SNSRI TS £
= i [ ] »
=2 -——+.-—-l ——————————————— —_.— e ——— —————pe 2
. .
N 500 7 C) 0 100 200 3uu 400 500 uuu 700 BOO
Q time after first scan (h)
&
H
0

Eyt(t.) = D+ Acos (wt, — )

KATRIN Collab. Phys.Rev.D 107 (2023) 8, 082005

18540 18560 18580 18600 18620
Retarding energy (eV)
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Lorentz invariance violation in KATRIN S(IT

* No significant oscillation of E, = \/%(a;‘f’m VB2 cos? y cos? & + (B — Bsin )2
observed
First upper limit: . total | .08
3 = > stat+NP
}( gg)ﬂ } <37x10°GeV (90%CL) & ;. s
(|:> best fit
i:n 2 - L 0.04 °
* No significant shift of E, observed S
E 17 ~————1 0.02
Improved upper limits: -
(3) = 1 1 1 .
( Of )00 < SOX 10 ° Gev (900/0 CL) OO'H 0.5 m 17 LS ZWOOO
¢
(a5)), | <64x 107 Gev (0% CL)
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* Ongoing hunt for the absolute neutrino mass scale with the laboratory
experiments - KATRIN, Project 8, ECHo, HOLMES, ...

— Current best limit: 0.8 eV (90% CL) from KATRIN
- New technologies are developed for ultimate neutrino mass determination (~0.009 eV)

* EXciting physics ahead if there are contradictions between Ov2§-decay,
cosmology and direct neutrino mass measurements

* Avariety of the “beyond neutrino mass” physics can be probed in the
kinematic measurements of the weak decays

Summary & Outlook
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Thank you for your attention! ﬂ(“.

*
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