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a From electrons to tops, all particle masses fall
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a To include neutrinos, you need to extend the
plot by another 6+ orders of magnitude
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massive neutrinos _ massive neutrinos
M,=0.2eV

Yoshikawa, Tanaka, Yoshida
Proc. SC 2021
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a The signature of neutrino mass should be imprinted on the structure of the universe
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Image from Symmetry Magazine
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Direct Mass Probe Through T Decay
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Direct Mass Probe Through T Decay
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a Start with a huge number of decays
a Precisely measure energy, rate near endpoint
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a Start with a huge number of decays
a Precisely measure energy, rate near endpoint
a Somehow ignore all the low-energy decays with no useful information
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Cyclotron Radiation Emission Spectroscopy
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Cyclotron Radiation Emission Spectroscopy
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First CRES Neutrino-Mass Limit!

a T, gas in waveguide, ~1mm? volume RF window trap coils RF window
a Calibrate with gaseous 83mKr

|
gas port field-shifting solenoid RF terminator
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First CRES Neutrino-Mass Limit!

a T, gas in waveguide, ~1mm?3 volume |[SSMIEEY trap coils RF window
a Calibrate with gaseous 83mKr
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a Capture de-excitation energy in 1*3Ho

Lusignoli and Vignati,
Phys. Lett. B 697 (2011) 11
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Direct m_ from Electron Capture
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a Capture de-excitation energy in 1*3Ho

Q = 2.83 keV

De Rujula and Lusignoli, ’[1/2 = 4750 years
Phys. Lett. B 118 (1982) 429

Lusignoli and Vignat, -14 -12 -1 -08 —0.51 —IJ.-'L___—D.E 0
Phys. Lett. B 697 (2011) 11 E.-Q (eV)
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163Ho Measurements

a High-statistics measurements are coming in!

"1 HOLMES, arXiv:2503.19920
o] [hep-ex]
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C YA 6 wTb,
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163Ho Measurements

a High-statistics measurements are coming in!
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The KATRIN Approach

a Measure integral spectrum with moving threshold
a Magnetic Adiabatic Collimation + Electrostatic filter

Detector
T, source
|
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The KATRIN Approach

a Measure integral spectrum with moving threshold
a Magnetic Adiabatic Collimation + Electrostatic filter
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|

Analyzing plane

B. (without E field)

/2|

Diana Parno -- Neutrino-Mass Determination




The KATRIN Approach

a Measure integral spectrum with moving threshold
a Magnetic Adiabatic Collimation + Electrostatic filter

Detector
T, source
|

Analyzing plane

B. (without E field)

/2|

Diana Parno -- Neutrino-Mass Determination




The KATRIN Approach

a Measure integral spectrum with moving threshold
a Magnetic Adiabatic Collimation + Electrostatic filter

Detector
T, source
|

Analyzing plane

B. (without E field)

/2|

Diana Parno -- Neutrino-Mass Determination




D
=
&
©
D
an
D
L
o
-
@
)
-
=2
]
@
@
)




Spotlight on the Beamline
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Spotlight on the Beamline
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Spotlight on the Beamline
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KATRIN by the Numbers

a Target m, sensitivity in 5 calendar years:
Better than 0.3 eV at 90% confidence

Diana Parno -- Neutrino-Mass Determination



KATRIN by the Numbers

a Target m, sensitivity in 5 calendar years:
Better than 0.3 eV at 90% confidence

a Magnetic field range 3 G 1 60,000 G

Diana Parno -- Neutrino-Mass Determination
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a Target m, sensitivity in 5 calendar years:
Better than 0.3 eV at 90% confidence

a Magnetic field range 3 G 1 60,000 G
a Source activity: ~1011 decays every second
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KATRIN by the Numbers ()

a Target m, sensitivity in 5 calendar years:
Better than 0.3 eV at 90% confidence

a Magnetic field range 3 G 1 60,000 G
a Source activity: ~1011 decays every second
a 95% tritium purity
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KATRIN by the Numbers

a Target m, sensitivity in 5 calendar years:
Better than 0.3 eV at 90% confidence

a Magnetic field range 3 G 1 60,000 G

a Source activity: ~1011 decays every second
a 95% tritium purity

a Main spectrometer volume: 1240 m3
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The Plan
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h | | < 43"
The Basic Problem

a Signal bs have very little kinetic energy in
spectrometer center

a Low-energy secondary electrons can be
Indistinguishable from signal!

T, source - Detector
1 | ]

Analyzing plane

P (without E field)

e A
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Rube Goldberg Backgrounds L)

Rube Gol dberg, Collierbés Magazi
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The Rydberg Background

1) Ambient air
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The Rydberg Background

1) Ambient air 4) Sputtering
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The Rydberg Background

1) Ambient air

4) Sputtering

222Rn  Decay >‘Po
. chain q
e
2) Implantation
214P 210Ph
alpha 0
- - |
(Rydberg) |H
3) 8)| Unaffected by shielding
210Pb Decay 210Po *.A Vwire
@ | .-
-—e— o - > o
OB °.

Diana Parno --

6) Black-body
radiation

Detector

Neutrino-Mass Determination 18



The Rydberg Background

1) Ambient air

4) Sputtering
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6) Black-body
radiation

Detector

a Dominant background

a Tested with “?°Rn source
a All daughters are short-
lived

a Some component from
heavier, autoionizing states
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How Do You Solve a Background Like a Rydberg?

aOne si mpl e valuohedependent backgraund
a So, squeeze the imaged volume!
a Increase magnetic fields and shift analyzing plane downstream

A. Lokhov et al., Eur. Phys. J. C 82, 258 (2022)
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How Do You Solve a Background Like a Rydberg?

aOne si mpl e valuohedependent backgraund
a So, squeeze the imaged volume!
a Increase magnetic fields and shift analyzing plane downstream

a Energy resolution is worsened
a Analysis is a little more complex

é2x backgr oul

A. Lokhov et al., Eur. Phys. J. C 82, 258 (2022)
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Fitting the Data (in Principle)

a Fit modeled to measured spectrum with 4 free parameters

PhD thesis, Marco

Kleesiek (KIT), 2014 ——m,=00eV
,=20eV

toy measurement

Integrated rate (cps)

18569 18570 18571 18572

Energy threshold qU (eV)
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Fitting the Data (in Principle)

a Fit modeled to measured spectrum with 4 free parameters
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Fitting the Data (in Principle)

a Fit modeled to measured spectrum with 4 free parameters

PhD thesis, Marco a Group detector pixels to reduce fit

Kleesiek (KIT), 2014 "‘\-=2-g ez complexity
=2.0

SRSV 3 1 St ac kO s-voagel ar |
settings and combine runs

Neutrino a Cross-checks with multiple

Mass .
X ~\\squared modeler/fitter packages
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Background rate More analysis details in

18568 18569 18570 18571 18572 Phys. Rev. D 104, 012005 (2021)
Energy threshold qU (eV)
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KNM1+2: KATRIN Takes Flight S

a Spring 2019: 22 days at 2.5 x 10%° Bg
a ( p8t 8)A6
5 { KATRIN data with 1 o error bars x 50
a pfﬁ)A 6 W T[#:)8 ) 8 0 ) Fit result et SIRTREE

Stat. B Stat. + syst.

Retarding energy - 18574 (eV)
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PHYSICAL
REVIEW

KNM1+2: KATRIN Takes Flight Zass |
a Spring 2019: 22 days at 2.5 x 101° Bq < B

a ( p8t 8)A6
’ t wi o X
a pfﬁ) A 6 0 -,-[#:)8 , 8 _ . léi:?'rreRSIL\IItdata th 1 o error bars x 50

a Autumn 2019: 31 days at 9.5 x 101° Bq

a (Mg @ Ty IA6
4 T8AG6 w8, 8

: Stat. Stat. + syst.
Nature Physics 18 160 (2022)

Retarding energy - 18574 (eV)
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KNM1-5: Putting It Together

a How can we combine data taken under very different configurations?
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KNM1-5: Putting It Together

a How can we combine data taken under very different configurations?
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KNM1-5: Putting It Together

a How can we combine data taken under very different configurations?
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KNM1-5: Putting It Together

a How can we combine data taken under very different configurations?
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Joint Fit Across Campaigns and Patches

a Allow operating parameters to vary separately

a Neutrino-mass value is a common fit parameter across all spectra
a Model spectrum predicted for each campaign and patch
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Joint Fit Across Campaigns and Patches

Allow operating parameters to vary separately
Neutrino-mass value is a common fit parameter across all spectra
Model spectrum predicted for each campaign and patch

1609 data points across all spectra
144 correlated systematic parameters
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QOx Oy

QDO

Joint Fit Across Campaigns and Patches

Allow operating parameters to vary separately
Neutrino-mass value is a common fit parameter across all spectra
Model spectrum predicted for each campaign and patch

1609 data points across all spectra
144 correlated systematic parameters

Two-level blindness scheme:
1. Fix analysis methods using simulated data sets |
2. First look at data is model- bllnded (smear molecular flnal states)

m— KNML FSD T3
KMMS FSD T; |

Probability
(1/ev)
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QOx Oy

QDO

Joint Fit Across Campaigns and Patches

Allow operating parameters to vary separately
Neutrino-mass value is a common fit parameter across all spectra
Model spectrum predicted for each campaign and patch

1609 data points across all spectra
144 correlated systematic parameters

Two-level blindness scheme:
1. Fix analysis methods using simulated data sets =
2. First look at data is model- bllnded (smear molecular flnal states)

m— KNML FSD T3
KMMS FSD T; |

Probability
(1/eV)
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Uncertainty Budget

Statistics N . 0¢

Systematics A 1 0.072
0.00 0.02 0.04 0.06 0.08 0.10 0.12
Gas density A 0.052
Energy loss 0.034
Penning bg | 0.027
Source potential 4 0.022
Non-Poisson bg 0.015
Bg qU dependence 0.007
Analysing plane - 0.006
B 0.004 KNM1-5
souree 0 B background-related
Bmax 0.004 source-related
Rear wall - 0.004 | field-related
0.00 0.01 0.02 0.03 0.04 0.05 0.06

1-0 mZ uncertainty (eV?)
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a Still dominated by
statistics

. Background
uncertainties
substantially reduced

. Several systematics

Improvements
(especially source
scattering) on the way
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Full Disclosure

a After unblinding, we discovered problems!
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