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Non-zero neutrino masses are firmly established ...
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... through neutrino flavor
oscillation experiments ...

..., but neutrinos remain only
particle without measured
mass ...

... and the mass generation
mechanism remains unclear.




KATRIN: pushing a MAC-E filter at all boundaries to the extremes!
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KATRIN: pushing a MAC-E filter at all boundaries to the extremes!
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KATRIN: pushing a MAC-E filter at all boundaries to the extremes!
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KATRIN: pushing a MAC-E filter at all boundaries to the extremes!
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KATRIN: pushing a MAC-E filter at all boundaries to the extremes!
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KATRIN: pushing a MAC-E filter at all boundaries to the extremes!
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The challenges to higher mass sensitivity: systematics and statistics
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The challenges to higher mass sensitivity: systematics and statistics
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» MAC-E filter resolution scales with inverse area of analysis plane ( V.B = 0!)
Can't build a larger vacuum tank!
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The challenges to higher mass sensitivity: systematics and statistics
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» MAC-E filter resolution scales with inverse area of analysis plane ( V.B = 0!)
Can't build a larger vacuum tank!
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The challenges to higher mass sensitivity: systematics and statistics
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The challenges to higher mass sensitivity: systematics and statistics
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Project 8: Cyclotron radiation emission spectroscopy of T2
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Project 8: Cyclotron radiation emission spectroscopy of T2

Novel approach: J. Formaggio and B. Monreal, Phys. Rev D 80:051301 (2009)
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Project 8: Cyclotron radiation emission spectroscopy of T2

Novel approach: J. Formaggio and B. Monreal, Phys. Rev D 80:051301 (2009)
» Cyclotron radiation from single electrons
) » Source transparent to microwave radiation
B field 1 * No e- transport from source to detector
* Highly precise frequency measurement
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Project 8: Cyclotron radiation emission spectroscopy of T2

Novel approach: J. Formaggio and B. Monreal, Phys. Rev D 80:051301 (2009)
» Cyclotron radiation from single electrons
) » Source transparent to microwave radiation
B field 1 * No e- transport from source to detector
* Highly precise frequency measurement

\<

o fC,O 1 e

Yo 2T Me + Fiyin/c?

fe

1 2 e* 5/ 2 i 2
— B (Ekin—I—ZEkinmc )sm 6

P(Ekinama 9) — 47I'€0 3 mécd

P(17.8keV,90°,1T) = 1fW Small but readily detectable with state of
P (30.2keV,90°,1T) = 1.7fW the art detectors

M. Fertl - PSI, Oct 21st 2022 6 ]G|U




Project 8 phase I: First demonstration of CRES

Demonstrate the path to an electron neutrino mass experiment step by step!

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026

Phase | Proof of principle to show the feasibility of CRES: Use mono-energetic conversion electrons from 83mKr gas in waveguide
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Project 8 phase I: First demonstration of CRES

Demonstrate the path to an electron neutrino mass experiment step by step!
2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026

Phase | Proof of principle to show the feasibility of CRES: Use mono-energetic conversion electrons from 83mKr gas in waveguide
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Project 8 phase I: First demonstration of CRES

Demonstrate the path to an electron neutrino mass experiment step by step!

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026

Phase | Proof of principle to show the feasibility of CRES: Use mono-energetic conversion electrons from 83mKr gas in waveguide
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Project 8 phase I: First demonstration of CRES

Demonstrate the path to an electron neutrino mass experiment step by step!
2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026
Phase | Proof of principle to show the feasibility of CRES: Use mono-energetic conversion electrons from 83mKr gas in waveguide
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and Fourier transformation
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Project 8 phase |l: CRES application to a continuous spectrum

Demonstrate the path to an electron neutrino mass experiment step by step!

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026
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Project 8 phase |l: CRES application to a continuous spectrum

Demonstrate the path to an electron neutrino mass experiment step by step!

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026

Phase | Data taking

Goals:

+ 1st application of CRES to continuous /# spectrum
» 1stfrequency-based neutrino mass limit
* Demonstration of:

* high energy resolution

* zero background

» control of systematic effects
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Project 8 phase |l: Calibration measurement using 83mKr

Trap depth determines the energy resolution and the line shape!
— Calibration with mono-energetic 83mKr conversion electrons
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Project 8 phase |l: Calibration measurement using 83mKr

Trap depth determines the energy resolution and the line shape!
— Calibration with mono-energetic 83mKr conversion electrons

“Shallow trap” configuration with:
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» small pitch angle acceptance
» small magnetic field variation
* but high energy resolution
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Project 8 phase |l: Calibration measurement using 83mKr

Trap depth determines the energy resolution and the line shape!
— Calibration with mono-energetic 83mKr conversion electrons

“Shallow trap” configuration with:

» small pitch angle acceptance 1400
» small magnetic field variation
. . 1200
* but high energy resolution
| 1000
Development of line shape model: =
. ©
» Kr decay physics: shake-up and shake-off — 800
o 83mKr used in many other experiment too §
New paper: H. Robertson and V. Venkatapath, S 600
Phys. Rev. C 102, 035502, 2020
* e--scattering in (high-density) gas column, 400
background gases, missed first track 00
N O S W ,
17.5 17.6 17.7 17.8 17.9 18.0

Reconstructed kinetic energy (keV)
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Project 8 phase |l: Calibration measurement using 83mKr

Trap depth determines the energy resolution and the line shape!
— Calibration with mono-energetic 83mKr conversion electrons

“Shallow trap” configuration with:

» small pitch angle acceptance 1400
» small magnetic field variation
. . 1200-
* but high energy resolution
| 1000
Development of line shape model: =
. ©
* Kr decay physics: shake-up and shake-off — 800
o 83mKr used in many other experiment too §
New paper: H. Robertson and V. Venkatapath, S 600
Phys. Rev. C 102, 035502, 2020
* e -scattering in (high-density) gas column, 400
background gases, missed first track 00
Measured line width: (2.8 £ 0.1) eV 0‘______2./”""& W
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Project 8 phase |l: Calibration measurement using 83mKr

Trap depth determines the energy resolution and the line shape!
— Calibration with mono-energetic 83mKr conversion electrons
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Project 8 phase |l: Calibration measurement using 83mKr

Trap depth determines the energy resolution and the line shape!

s Calibrati i _ in 83m i
Calibration with mono-energetic 83mKr conversion electrons Plot by A. Ashtari Esfahani

26000 : _ + de-
: » configuration: K-line IR
Shallow trap” configuration: 55900, X2/nd = 0.3
® Double Harmonic Shallow Trap
25800

» Extreme energy precision of CRES demonstrated
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Project 8 phase |l: Calibration measurement using 83mKr

Trap depth determines the energy resolution and the line shape!

s Calibrati i _ in 83m i
Calibration with mono-energetic 83mKr conversion electrons Plot by A. Ashtari Esfahani

26000 : _ + de-
: » configuration: K-line IR
Shallow trap” configuration: 55900, X2/nd = 0.3
® Double Harmonic Shallow Trap
25800

» Extreme energy precision of CRES demonstrated

» Cyclotron freq. vs. kin. energy fit: y4/ndf = 0.3
Residuals < 50 meV (across 14 keV, < 3 - 107°)
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Project 8 phase |l: Calibration measurement using 83mKr

Trap depth determines the energy resolution and the line shape!

s Calibrati i _ in 83m i
Calibration with mono-energetic 83mKr conversion electrons Plot by A. Ashtari Esfahani

26000 : _ + de-
: » configuration: K-line IR
Shallow trap” configuration: 55900, X2/nd = 0.3
® Double Harmonic Shallow Trap
25800

» Extreme energy precision of CRES demonstrated

» Cyclotron freq. vs. kin. energy fit: y4/ndf = 0.3
Residuals < 50 meV (across 14 keV, < 3 - 1079)
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Project 8 phase |l: Calibration measurement using 83mKr

Trap depth determines the energy resolution and the line shape!

s Calibrati i _ in 83m i
Calibration with mono-energetic 83mKr conversion electrons Plot by A. Ashtari Esfahani

Em, = 31931.06 £ 0.07 eV |

“Shallow trap” configuration: 2001 T FWHM = 3.2+ 0.2 eV ]
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» Extreme energy precision of CRES demonstrated M-doublet
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o
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» Cyclotron freq. vs. kin. energy fit: y4/ndf = 0.3
Residuals < 50 meV (across 14 keV, < 3 - 107°)
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Project 8 phase |l: Calibration measurement using 83mKr

Low T2 deCay rate! 2000 Underlying ®3"Kr lineshape model

Including deep trap
—— instrumental resolution,

“Deep trap” configuration with: no scattering |
: Full del

+ large pitch angle acceptance 1500] ~~~ (up to 20th order scattering)
* larger magnetic field variation '

* but lower energy resolution

—— Deep trap calibration data [ﬂ

]

Counts [a.u
=
o
o
o

Detector response model
verified for deep trap configuration! 500

0L

17.5 17.6 17.7 17.8 17.9 18.0
Reconstructed kinetic energy (keV)
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Project 8 phase |l: Calibration measurement using 83mKr

Detector response is frequency dependent!

Sweep position of 17.8 keV 83mKr across frequency ROI
by changing the background field!

B | eB
B 27 nt, + Ekin/cz

Je
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Project 8 phase |l: Calibration measurement using 83mKr

Detector response is frequency dependent!

Sweep position of 17.8 keV 83mKr across frequency ROI 0.8
by changing the background field! 07l

—— Relative central count rate  71:30
—— Energy dependence included _ 125

11.00

B 1 eB
B 271' nt, + Ekin/cz

Je

o
U

40.75

40.50

Count rate [HZz]
o
AN

Relative detection efficiency

0.3 10.25
Direct characterization of frequency response variation ol - AN 10.00
of waveguide setup il LL 1=0.25
. . o P i Jr-_ 1, 1 e 1—0.50
Notch in detection efficiency: °1320 1360 1380 1400 1420 1440 1460 1480 1500
Frequency - 24.5 GHz [MHZz]
» TMO01 mode interaction in the waveguide “cavity” 1H5 u 05—10
due to imperfections " Background-field-shifting solenoid current [A]

» Characterized, quantitatively understood and
accounted in the spectral analysis
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Project 8 phase |l: results from molecular tritium

T2 endpoint consistent with literature value
First frequency-based neutrino mass measurement

Extremely low background rate, no events beyond the
endpoint region

200k — Fitted model
—— Predicted endpoint, Bodine et al.
. — +22
150i + lo interval = 18550715 eV
" { Data
+J
S
o 100
O

.....................

L]
........................

Residuals
=
o

16500 17000 17500 18000 18500 19000 19500
Energy [eV]
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Frequentist and Bayesian analyses:

T2 endpoint: E ;"% = (18550*77) eV (lo)
EBay = (18553*}7) eV (lo)

Neutrino mass: m;feq <178eV/c* (90%C.L.)
mg® < 169eV/e? (90%C.1. )

Background rate: <3 x 107"%eV~!s7! (90%C.1.)

+ Best fit result
40000 + Literature JEPy

20000

mg? [eV?]
o

—20000F

—40000 /

18450 18500 / 18550 18600 18650
Endpoint [eV]
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Project 8. The next steps to higher neutrino mass sensitivity ...
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Project 8. The next steps to higher neutrino mass sensitivity ...

Improved control of systematic effects:
» Magnetic field characterization

» Control of scattering

» (Gas column composition and stability

2

Standard deviation in mBZ, eV
o

10
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Project 8. The next steps to higher neutrino mass sensitivity ...

Improved control of systematic effects:
» Magnetic field characterization

» Control of scattering

» (Gas column composition and stability

Larger volume = higher statistics, but signal dilution

o
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Standard deviation in mBZ, eV
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Project 8. The next steps to higher neutrino mass sensitivity ...

Improved control of systematic effects:
» Magnetic field characterization

» Control of scattering

» (Gas column composition and stability

Larger volume = higher statistics, but signal dilution

Higher density = higher statistics, but much shorter tracks

o

2

-

Standard deviation in mBZ, eV
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Project 8. The next steps to higher neutrino mass sensitivity ...

Improved control of systematic effects:
» Magnetic field characterization

» Control of scattering

» (Gas column composition and stability

o

2

Larger volume = higher statistics, but signal dilution

Standard deviation in mBZ, eV

Higher density = higher statistics, but much shorter tracks

Development of cold atomic hydrogen/tritium sources
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... provide many research opportunities...
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... and novel results.
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6He-CRES: Fierz interference searches with broad-band CRES

Fierz term contribution to differential decay rate
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6He-CRES: Fierz interference searches with broad-band CRES

Fierz term contribution to differential decay rate
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First order sensitivity to new physics: b o« Re ( ‘MF‘
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6He-CRES: Fierz interference searches with broad-band CRES

Fierz term contribution to differential decay rate
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6He-CRES: Fierz interference searches with broad-band CRES
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Fierz term contribution to differential decay rate
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‘First cyclotron radiation signals from MeV-scale e* from 6He/'®Ne decays
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SHe-CRES
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Summary

*CRES established as promising technique for next
generation neutrino mass experiment

Phase || demonstrated background-free operation, control of
systematics, first CRES myg limit

*\Work ongoing toward key technology demonstrations on the
path to the 40 meV experiment

* First cyclotron radiation emission signals from MeV-scale e+

pave the way for wide-application frequency based precision
spectroscopy.
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