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What we know (incomplete)

« Difference in mass and flavor
eigenstates cause neutrino oscillation

« Impact on structure formation

« Mixing angles and mass differences

n ——— (m3)2 (m2)2_ =
(Arnz)sol
(m, ) e— e —
H v,
(Bm®),,
ks (Bm),,
m v, What we don’t know (incomplete)
« Absolute mass scale
, « Normal or inverted hierarchy
| m— (m,) . .
(Am?),, « Dirac or Majorana
——— () (my)°s — « Right-handed neutrinos
normal hierarchy inverted hierarchy
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Neutrino Mass Searches ol

Cosmology ovBp p-decay kinematics
V—— . 3H \ i o
e — T 3He
Model dependent Model dependent Model independent
Analysis of CMB and
structure formation
Planck LEGEND, Majorana, KATRIN, Project 8,
KamLAND-Zen, etc. HOLMES, ECHo, etc.
xm; mgp = |TUSm| m§ = ¥ |U&|m7
Ym; <0.11 eV mgp < 0.036 — 0.156 eV m, < 0.8 eV
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Kinematic Searches

=

\d\ @/ « Neutrino mass impacts the allowed

energies of f-decay electrons
3H \

« Experimental signal is an endpoint
shape distortion

e (arb.) T
o i

3He =
.o 10

[ &
2 ;g 8
Why tritium? S 0.8 L o
- Super-allowed decay E A -
« 18.6 keV Q-value S | /3 4
- 12.3 year half-life Dt o
0.2 ; :
0.0t %

"0 5101520 "3~ 2 1 o

energy /keV E-E,/eV

« Experimental challenge is to perform a high statistics measurement
around the endpoint with excellent energy resolution
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KATRIN Operating Principle [l

Windowless Gaseous Adiabatic collimation and application of
Tritium Source provides an electrostatic potential filter electrons
of 1.7 - 10! p-decay AE/E = B B

electrons per second / ana/Bmax

Electrostatic high-pass filter Analysing plane

Electron
lj‘(r) Uana(r) c’ T2
© °HeT*

¢ Radon atom
€ Rydberg atom
C Positive ion

” = iﬁi“ .
1 !!”\\

o »
» 7 o
T rt and A'Aw T X/ A v Segmented
Tritium source rapr:]sngginga " A XK ,.0,0,{.!.!&,.,.0{'15,’*’ = detector C ount
Rear wall and \, / Lo A=
electron gun Main spectrometer e I ect ro n S a t

Pitch angle / / . g P / """ 4 0(1 HZ) at

ST Elbii Bx=42T _Ai
1 T PIN-diode
Magnetic L e
adiabatic collimation Cyclotron Field-line direction d ete CtO r

B,=25T motion
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KATRIN Spectrum Modelling

Rs(E, m3)

p—
(=)
LE7 )

~

count rate (arb.)

E_EO /eV
o4  ~ _oom=e-
£0.8 g
2 0.6 A e-gun measurement
S | e pd=4.2-10' cm=?
0.44 | :
el ____ Response function
] ! for e-gun electrons
& 0.2 . .
Response function
’ 77" for B-decay electrons
XS Prdecay
<037y N Energy loss function
(single scattering)
o V. Energy loss function
> (multiple scattering)
0.1
[
& 0.0 5—=x . , : :
05 10 20 50 100 200

Surplus energy (eV)
Phys. Rev. D 104, 012005

E

Eg
R(qU) = Asig - NTJ
qUu
Retarding energy qU - £, in eV
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Rg(E,m3) - f(E = qU)dE + Ay,
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« Fit four parameters
« Amplitude, endpoint, neutrino
mass, and background
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KNM1-2 Neutrino Mass Limits
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a
+ Spectrum for KNM1 data with
g 1o error bars (x50)
° Spectrum for KNM2 data with . . L
g = Cerorbars (50) - Improvement in statistics
& and systematics between
i the two runs
. ' « Result is still statistics
s 1B KNV dominated
2 B KNM2
L1
0 | P B )
O 50 100 - _--“llllllll“‘llllll'----
Retarding energy (18,574 eV)
« KNM1 18,573.75 - L
* m, <11eV (900/0 CL) < 1857370 | g R
o [ 3
. KNM2 : 1
« m, <09eV (90% CL) e s
i [ g0
« Combined 18,573.60 - . g!
+ m, <08 eV (90% CL) s pas anecn ooy O
m? (eV?)
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Cumulative electrons in 40eV range

Data Taking and
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Next Results
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— / |
L — Upcoming publication of first
i 5 data sets with a projected
| mE statistical sensitivity of
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it 111
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neutrino search g 2 i | | |
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Future KATRIN Operation ol

2019-2025 2026-2027
Integral neutrino mass keV sterile v search
measurement using TRISTAN detector
Accumulation of 1000 Detector upgrade to Tackling challenges to
days of measurement measure complete push past the current
time to reach final tritium spectrum with KATRIN limitations
sensitivity of m, < 0.3 eV silicon drift detector

L Mainz, Troitsk —~

S g KARNGW ~ _ _ _ _ __ ____<Z_____

| KATRIN (Design) —

o0 —_— e e

T | Ll R | Lo
1 10 10° 10° 10
Mass of lightest mass eigenstate (meV)
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Improving Kinematic Measurements
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[}

< 1045
£ L
= [ MainzToitsk
§ 10° KATRINGMOw) —~_ _ _ _ _ _ _ ___Z_ ____
- Limiting factors for KATRIN
[KATRIN@esign ~ _ _ _ _ _ _ A _ _ _ _____ « Molecular tritium
I T limit systematics
« Energy resolution scaling
? « Integral measurement
10
£ Normal Ordering
T 1 IIIlIIII 1 lIIlIlII 1 lIlIIIII 1 111 1111
1 10 10 10° 10°*
Mass of lightest mass eigenstate (meV)
How can we increase sensitivity to investigate inverted vs. normal ordering?
Differential measurement using an atomic tritium source
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Atomic Tritium Source

10 T T T T T T

AT Near Gaussian broadening of endpoint
8 i TR caused by molecular final-state energies

>
£ of daughter 3HeT+
® L i
S P . . . .
a ' Systematic uncertainty limits neutrino
2 4 | mass sensitivity to =~ 0.1 eV
) n )
2 )
2| - 02 == —————
% molecular tritium
% X 4+ atomic tritium
0 1 ] ] 1 = x - = KATRIN Goal
-10 -8 -6 -4 -2 0 2 ﬁ\ﬁ 011 * x ”
Relative Extrapolated Endpoint (eV) b + X x x
_ - E 0.06- + ry
Development of atomic tritium 2
source is essential for next 2 0,041 +
generation neutrino mass 5 0,031 T
experiments +
P 0.02. S. Heyns
200 1.00 050 0.30 0.10 0.05 0.01

Resolution (eV)

Phys. Rev. Lett. 84, 242
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m sensitivity (eV) at 90% CL
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Differential Measurements

10° —
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Quantum Sensors

Electron

_~ Thermometer

——— Absorber

aaaial bal Weak thermal link

A

— Ctot
G

Temperature
S
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I

Thath y| 1 ms

Time
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Ultra low noise particle detectors
working at cryogenic temperatures

Provide measurement with high
quantum efficiency, linear response,
and no dead layer effects

MMCs have O(1 eV) FWHM response
for X-rays in energy range of
interest

Response to external electrons is to
be investigated

05/14/24 Andrew Gavin

Neutrino Mass at KATRIN and Beyond 14



ELECTRON Project

Investigation in the group of Sebastian
Kempf at KIT-IMS

Goals:

l. Test whether MMC detectors can be used to
measure external electrons

II.  Study the detector-electron interplay and
investigate potential systematic effects

lll.  First ever measurement of the differential tritium
spectrum with a cryogenic micro-calorimeter

MN-9.4

Rate / Counts per 5 eV
Rate / Counts per 16 eV

15 20 15 20

Energy / keV Energy / keV

Courtesy of Neven Kovac
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o] pr 1'_’.".'? a \:,\\

“MMC and SQUID reaglout
produéed by IMSgroup

Krypton-83m

measurement with
~ 25 eV FWHM for
external electrons

25
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Holmium Electron Capture @ emarer i 362/

163 163 1y, *

Neutrino mass signature also visible in
excitation energy of decay product of
holmium

163 163

66Dy*_) s DY + E¢

Holmium is implanted within the absorber
material and full spectrum is measured c

neutrino energy (eV)

12838 2500 2000 1500 1000 500 0
10~ r T r T T - T T - T T
experiment
4s local orbitals

<—— Absorber top 3s local + Auger

Ho implanted area
<= Absorber bottom
Au:Er sensor

107° ¢

10°°

differential decay rate dI'/dw (counts / half-life / eV)

1077

arXiv:1206.5647 arXiv:1807.09269 0 500 J 1@0 ‘ 1500 l 2000 ‘ 2500 o838
New J. PhyS 22 093018 excitation energy (eV)
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https://ui.adsabs.harvard.edu/link_gateway/2013NIMPA.711..150G/arxiv:1206.5647
https://arxiv.org/abs/1807.09269

ECHo and HOLMES
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ECHo and HOLMES collaborations use MMC and TES based arrays with

1.58 eV and 4.22 eV FWHMs, respectively

Large detector arrays are necessary due to

unavoidable pileup effects, limiting the activity

per pixel to O(10 Bq)

ECHo-1k
« 1 Bg/pixel with = 60 MMCs
« Goal to place m, < 20 eV (90% CL) limit

ECHo-100k

« 10 Bg/pixel with = 12000 MMCs

« Wafer production and implantation
demonstrated

HOLMES
« 64 pixel arrays with O(10 Bq) total

New J. Phys. 22 093018 EPJ-ST 2268 (2017) 1623 arXiv:1206.5647 arXiv:1807.09269

ECHo-100k

FEsl bl
éjil Ia {EI
Il HEICE
Il il

TR S S
il el
18181 o=l
2 [l
1T ‘ |Hal

t Tl 2 T4 U

Deutsche

DF

Forschungsgemeinschaft
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Cyclotron Radiation Emission IR
Spectroscopy
> R oA »
B ve = Drrf = eB
A ‘\N\N> 7Tf_me+E/c2
€ 2 g fo ~ 28 GHz T
>
% 1 fW of radiated power in 1 T field

Energy resolution is determined by precision of frequency measurement

AE/m, = Af/f
N

Long measurement time needed for good energy
resolution and thermal noise suppression

arxXiv:2203.07349 Phys. Rev. D 80, 051301 (2009)

MR

H
3 g
X 2 fo
NS

“
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Project 8 Phase I & II

Cryocooler 921F=T =" T Lo T T T
E _— 10
Signal N E =
Cryogenic L g0

Amplifiers é = 8 &
¥k 2
o 919 — g 3
Waveguide Q E — _’_d___—; g
> 918 Radiative loSs 5

o E 4
c 3
2 ok &

97— / .=
Superconducting g = : Scatterlng 2
Solenoid Magnet L = —_— = -
916 — = =
= S e P S S I i I I
Gas Cell -02 0 02 04 06 08 1 12 14 16
Time (ms)
] —— Frequentist intervals
175-: + Literature

2004 Best-fit result

Electrons are trapped in an = 1 T field and 150‘;

— 15074
>
radiation is readout in a circular 125 w 0]
waveguide B ~1501-
a ~2007-
. . = 75_: Tritium data J ;
Energy resolution of 1.66 + 0.19 eV in a : oo O s 1
H 501 o Bayesian quantiles bl
1 cm3 detection volume Rl it L .

25 — ------- Literature £
0 1 H £ 1o Bayesian credible interval
mV < 155 eV (90 /0 CL) 0-5 H  E 1o frequentist confidence interval ¢
' 16500 17000 17500 18000 18500 19000 19500
Reconstructed kinetic energy (eV)

i

Phys. Rev. Lett. 131, 102502
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Project 8 Phase III & IV

Larger detection volume
means scaling from 26
GHz —» 325 MHz

Use of resonant cavity

accounts for loss of power

Atomic source (not shown)

Quadrupole guide

Cavity
Pinch coils

Halbach
or loffe

Sensitivity Goals
Phase III (11 m3 volume, 1 year)

Molecular:
Atomic:

arXiv:2311.16415

m, < 0.2 eV (90% CL)
m, < 0.1 eV (90% CL)

=

Wil

trapped tritium
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Magneto-gravitationally

105_

Phase Il T, density
and resolution

1031

101_

10—1_
Phase Ill (0.2 eV)

Standard deviation in mj (eV?)

10 Phase IV (0.04 6V) T

Molecular, conservative
Molecular, reaching PIll target
Atomic, conservative

Atomic, reaching PIV target
Atomic, reaching pilot-T target
Phase Il (measured)

10-1' 10 107  10°°
Credit: T. E. Weiss

103
Efficiency x Volume x Time (m3y)

10-1 101 103

L 102

L 100

_10—1

1072

90% CL mg (eV)
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Conclusion and Outlook [l

KATRIN places the most stringent effective neutrino mass
limit of m, < 0.8 eV (90% CL)

Upcoming results with projected sensitivity of
m, < 0.5 eV (90% CL)
Continued data taking to reach final

Active R&D for atomic tritium source and high-resolution differential
detectors needed to push limit further

First science results are coming out from CRES and quantum readout based
neutrino mass measurements

Funded by: @ I i ﬁ HELMHOLTZ DFG

und Forschung —
| GEMEINSCHAFT <7’i\

Czech = MINISTRY OF EDUCATION
Republic.' YOUTH AND SPORTS
— 4 ar
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Systematic Improvements

Nominal AP Shifted AP

Poisson statistics F
bg overdispersion

bg qU dependence ¥
gas density

magnetic fields

= e Ui
o un o

activity fluctuations

molecular states
energy loss

y-position (m)

(I
gL 9
o wu

Penning bg B first campaign
source potential 7 wams second campaign
Y TR TR TS [NT N TR VAN TR (RN YT TN HE VN MY R T T G
0.00 0.25 0.50 0.75 1.00
1-0 uncertainty on m?2 crs
s z-position (m)

« Background reduction from shifted analysis plane and removal of

Penning trap
« Plasma systematic reduction from measurement with new

krypton source
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TRISTAN Detector Upgrade ol

« Detector upgrade to perform a
differential measurement of the tritium
B-decay spectrum

« Key detector requirements:
« 300 eV FWHM at 20 keV (ENC ~ 20)
« 108 counts per second
« O(mm) pixel diameter
« Deadlayer minimization (0(10 — 100
nm))

0.0

3v-

1600000
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TLK Atomic Tritium Processing

2022 2025 2025-2028 2028...
TLK TLK+Malnz TLK+P87/...

Atomic
tritium
(trapped, injected)

Atomic
tritium

Molecular Atomic
tritium tritium
(hot, 2500 K)

o
Offering room for extended
atomic tritium experiments

reprocessing return T, + impurities

Essential for next generation neutrino mass experiment (e.g. KATRIN++) :
processing

Demonstrate the large scale generation and cooling (~10 mK) of atomic tritium
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