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Non-zero neutrino masses are firmly established ...
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Figure adapted and updated from https://commons.wikimedia.org/wiki/File:Standard_Model_of_Elementary_Particles_Anti.svg
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... through neutrino flavor
oscillation experiments, ...

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

... and the mass generation
mechanism remains unclear.




Neutrino mass from tritium [ decay spectrum
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Neutrino mass from tritium [ decay spectrum

With neutrino mixing and nuclear recoil for Tnyc:
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Neutrino mass from tritium [ decay spectrum

With neutrino mixing and nuclear recoil for Tnyc:

physical constants
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purely kinematic parameters
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Neutrino mass from tritium [ decay spectrum

With neutrino mixing and nuclear recoil for Tnyc:
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Neutrino mass from tritium [ decay spectrum

With neutrino mixing and nuclear recoil for Tnyc:
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Branching fraction
into endpoint region:
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Neutrino mass from tritium [ decay spectrum

With neutrino mixing and nuclear recoil for Tnyc:
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Tritium
Eo (Ta) = 18.59201(7) keV
Super allowed transition
SE\° T12=12.32y
B <—> BR (1eV) = 2 x 103

Eyg
Myers et al, PRL 114, 013033, 2015

Branching fraction
into endpoint region:
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Neutrino mass from tritium [ decay spectrum

With neutrino mixing and nuclear recoil for Tnyc:
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For unresolved neutrino mass splitting: m (Ve) = \/ > |Uel” m? 04  -03  -02  -01 00 o0
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Tritium What we have so far: What we want:

Branching fraction

into endpoint region: Eo (Ta) = 18.59201(7) keV

Super allowed transition
SE\° T12=12.32y
B (E_()) BR (1eV) = 2 x 103
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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-8B = 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-8B = 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)

Y » Cyclotron radiation from single electrons
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B field 1 * No e- transport from source to detector
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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
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0 P (17.8keV,90°,1T) = 1 fW Small but readily detectable with
P (30.2keV,90°,1T) = 1.7fW state-of-the-art detectors
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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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0 P (17.8keV,90°,1T) = 1 fW Small but readily detectable with
P (30.2keV,90°,1T) = 1.7fW state-of-the-art detectors

P (17 8keV.,90°,0.04 T) = 1laW@1 GHz Atomic physics drives us to lower fields
— need for quantum amplifiers!
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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

Amplification, digitization, mixing,
and Fourier transformation

Project 8 - Event O

1.0
0.9 _
24.79F - e = e ke 0.8 2
— ' , 070
CUBIE o = = = 0.6 ¢
> e a7 'g
> 2478472~ —— = o 10.4 <
b e - = : - c
A = ¢ | [R03G
24781~ 0.2 =
= = {01
a8l Am T o e e
0.079 0.08 0.082 0.084 0.085

Time [s]
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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

Amplification, digitization, mixin -
plitication, digitization, mixing, Very first CRES spectrum of 83mKr
and Fourier transformation
Frequency (GHz)
25.6 25.4 25.2 25.0 24.8

Project 8 - Event 0 00— 71 7 T~ e T T T T T
T TR e e B W R 1.0 B - g
o o 2 » 0.9 > 0.25| 600:— 3
= : e © (<) - o
2419 == i = e ke 0.8 2 o 500F =
G i e £ N > <
. 0.7 © o 020 o —
N = = = = o <t 400 &
T B e A s © 5 N 5
18I = e 0.6 E o =
O s == 3 Q Q =
> — A L 3 O 0.15— o 300 =
0 e 0.5 2 D 2 3
247847~ = ————— - — B04g S - o 200 =
3 e 2 B o o 0.10— ; 3
L - : ; e Z e o - — [ &
e e 40.3@ S u 100F f <
i o < o o n : :
INIE——= == I IPL O 0.05F- | =
,/ S T 01 s N 30.1 30.2 30.3 30.4 30.5 %
24.778 fI’ = - i = e O_l ETE 1 T B T B A B B B i A I‘llll\'lrl TP | T g

'0.079 0.08 0.082 0.084 0.085 LA - B R

Time [s] Reconstructed energy (keV)
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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

Amplification, digitization, mixing, Very first CRES spectrum of 8mKr High res. CRES spectrum of 83mKr
and Fourier transformation

Frequency (GHz) Region of inte'rest near the' 30.4 keV lines
25.6 25.4 25.2 25.0 24.8 (bins are 0.5 eV wide)
I - 0.30 T T T T T T
__Project 8 - Event 0 1.0 | L e 1.4 | Natural line widths: 1.84 &1.4 eV: Observed FWHM 3.3 eV
_ e = C> Separation is 52.8 eV —
0.9 0.95 600F < N ] g
9 - i o
4.79F - =i e e e 0.8 o 500F = <t
- 7 o o 0.20— () — @ O
E e e - 07 5 Q. <t 400 g- 4 \ :“
© 24.787F = 0.6 - 2 @ £ > 0.8 \\ - 3
= 7, =% Y o) Q 4 v, -
> e o b O 0.15— ¢ 300 = ~ O
= . e o 0.5 < 3 = 2 9 0.6 &
> 2 e e 2 © 3 200 o 5 £
o24784F7 o = " M4l B _ s 2 o
L - 2 . T ()] o B - 2 —
e ' 0.3% = B 100} £ ©
24781~ 0.2 = O 0.05H o = ' 5
s g N 30.1 30.2 30.3 30.4 30.5 o L =
— 1017 N | 2 0.0 i s | 2
24 778 7- ,,. .- Ij ’ & -, - e = 2 I--— > O _l I lllI I L1 1 I L1 1 I L1 1 I L1 1 I L1 1 I |‘|II | I Uil "ﬂ I L1 1 I 1 < 30 20 30 25 30 30 30 35 30 40 30 45 30 50
"0.079 0.08 0.082 0.084 0.085 16 18 20 22 24 26 28 30 32 34 ' ' Track Initial Emeray eVl '
Time [s] Reconstructed energy (keV) gy
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CRES compared to classical spectroscopy

83mKr commissioning run: Observation of single 17.8 keV CE electrons on real time spectrum analyzer

- RF Switch Box - sl Bulkhead Adapter

== \/acuum Feedthrough

Calibration
Signal Source

34B - Long RF Cable

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

Kapton

windows

WR-42 Electron WR-42 WR-42 WR-42 to .
: . Short Trap DPPH 90° Twist| [ 119.4 cm | |WR-28 Transition WR-28 WR-28 I

Signal source volume
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CRES compared to classical spectroscopy

83mKr commissioning run: Observation of single 17.8 keV CE electrons on real time spectrum analyzer

. +Peak I

- Time/div:
250 ms
3-D

- RBW:
12.9 kHz

| higherfrequency- -
| Towerenergy -

~—

\DPXogram & \

| Autoscale | @ CF: 1.4000 GHz & Span: 85.0 MHz

85 MHz window around 1.4 GHz central frequency
r-——
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CRES compared to classical spectroscopy

83mKr commissioning run: Observation of single 17.8 keV CE electrons on real time spectrum analyzer

. +Peak i
Unique features of CRES:
o | higher frequency: N
| Towerenergy * Pile-up(?)
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CRES compared to classical spectroscopy

83mKr commissioning run: Observation of single 17.8 keV CE electrons on real time spectrum analyzer

. +Peak i
Unique features of CRES:
o | higher frequency: N
| Towerenergy * Plile-up(?)

» Distinct signal start frequencies
» Distinct signal start times
=l | + Distinct scattering pattern

‘ | » Detected power level
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CRES compared to classical spectroscopy

83mKr commissioning run: Observation of single 17.8 keV CE electrons on real time spectrum analyzer

. . +Peak l
Unique features of CRES:
o | higher frequency: N
| Towerenergy * Plile-up(?)

» Distinct signal start frequencies
» Distinct signal start times
=l | + Distinct scattering pattern

‘ | » Detected power level

» Fully differential measurement scheme
(compared to the MAC-E scheme)
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85 MHz window around 1.4 GHz central frequency
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CRES compared to classical spectroscopy

83mKr commissioning run: Observation of single 17.8 keV CE electrons on real time spectrum analyzer

|
+Peak
- Time/div:

Unique features of CRES:
o | higher frequency: N
| Towerenergy * Plile-up(?)

» Distinct signal start frequencies
» Distinct signal start times
=l | + Distinct scattering pattern

‘ | » Detected power level

» Fully differential measurement scheme
(compared to the MAC-E scheme)

\DPXogmnw v\

~ Very different set of cut parameters
> Span: 85.0 M compared to classical e- spectroscopy!

| Autoscale | © CF: 1.4000 GHz

85 MHz window around 1.4 GHz central frequency
r-——
JG|U




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

M. Fertl - Ascona, July 6t 2023




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:

» small pitch angle acceptance
» small magnetic field variation
* but high energy resolution

0.20

T)

£ 0.15

-
—
-

Magnetic field - 959
O
-
ol

0.00

M. Fertl - Ascona, July 6t 2023

WINDOW

20

12

40 60 80 100
Distance from lower window (mm)

MOQNIM

120

I /G |U




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. Venkatapathy, 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. Venkatapathy, 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

. 17.5 17.6 17.7 17.8 17.9 18.0
|nStrumenta| W|dth (1 7 T 02) eV 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! Esfahani, et al, arXiv:2303.12055
— Calibration with mono-energetic 83mKr conversion electrons 32-

—— Eq. (2) with B = 0.959023787(42) T
4+ 23™Kr conversion electron lines

253 25.4 255 256 257 258 259 26.0
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Project 8 phase |l: Calibration measurement using 83mKr

Trap depth determines the energy resolution and the line shape! Esfahani, et al. arXiv:2303.12055
— Calibration with mono-energetic 83mKr conversion electrons 32- —— Eq. (2) with B = 0.959023787(42) T
30 - 4+ 23™Kr conversion electron lines
. . S 28
“Shallow trap” configuration: L 56-
>
- =241 L,M,N-doublets
» Extreme energy precision of CRES demonstrated S5y
201 K-line
18-

253 25.4 255 256 257 258 259 26.0
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Project 8 phase |l: Calibration measurement using 83mKr

Trap depth determines the energy resolution and the line shape! Esfahani. et al, arXiv:2303.12055
— Calibration with mono-energetic 83mKr conversion electrons 32- —— Eq. (2) with B = 0.959023787(42) T
30 - 4+ 23™Kr conversion electron lines
1 " . . ; 28_
Shallow trap” configuration: L 56-
>
- =241 L,M,N-doublets
» Extreme energy precision of CRES demonstrated S5y
201 K-line
. Ki it /2 =
Kin. energy vs. frequency fit: y4/ndf=0.3 18-
Residuals mostly < 50 meV (across 14 keV, < 3 - 107°) 253 254 255 256 25.7 25.8 259 26.0
0.2 10
O =
g 0.0 — I | 0 g
4 3
* _02- ~10%

253 25.4 255 256 257 258 259 26.0
Frequency (GHz)

M. Fertl - Ascona, July 6" 2023 2 e | U



https://arxiv.org/abs/2303.12055

Project 8 phase |l: Calibration measurement using 83mKr

Trap depth determines the energy resolution and the line shape! Esfahani. et al. arXiv:2303.12055
— Calibration with mono-energetic 83mKr conversion electrons 32- —— Eq. (2) with B = 0.959023787(42) T
30 - 4+ 23™Kr conversion electron lines
i " : : S 28 -
Shallow trap” configuration: L 2.
o =241 L,M,N-doublets
» Extreme energy precision of CRES demonstrated S5y
. " _ 20 K-line
« Kin. energy vs. frequency fit: y2/ndf =0.3 8-
Residuals mostly < 50 meV (across 14 keV, < 3 - 107°) 253 254 255 256 25.7 25.8 259 26.0
| | 0.2 10
o Determine energy of 32-keV y-line; (32153.6 £ 2.4) eV 3 T
Excellent agreement with literature value: (32151.7+ 0.5) eV T 0.0—! | | 0 2
Venos et al., NIM A 560, 2, 352-359, 2006 D S
* —0.2 - —10&)

253 25.4 255 256 257 258 259 26.0
Frequency (GHz)
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Project 8 phase |l: Calibration measurement using 83mKr

Trap depth determines the energy resolution and the line shape! Plot: A. Esfahani
— Calibration with mono-energetic 83mKr conversion electrons coo| __ Ew, = 31931.06 £ 0.07 eV |
FWHM = 3.2 + 0.2 eV .
_ Em; =31938.67 £ 0.04 eV
400 | FWH.M =28 =% Oﬁ.l eV
“Shallow trap” configuration: s | M-doublet
S 300 |
» Extreme energy precision of CRES demonstrated ‘§200
« Kin. energy vs. frequency fit: y2/ndf =0.3 100 ﬁ
Residuals mostly < 50 meV (across 14 keV, < 3 - 107°) M 9 I
3(1:70 31.75 31.80 31.85 31.90 31.95 32..100
Energy (keV) .
o Determine energy of 32-keV y-line; (32153.6 £ 2.4) eV 3 T
Excellent agreement with literature value: (32151.7+ 0.5) eV T 0.0—! | | 0o 2
Venos et al., NIM A 560, 2, 352-359, 2006 D S
* —0.2 - —10 «

253 25.4 255 256 257 258 259 26.0
Frequency (GHz)
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Project 8 phase |l: Calibration measurement using 83mKr
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Project 8 phase |l: Calibration measurement using 83mKr

Challenge with shallow trap:
Low T2 decay rate at the CRES
compatible gas density!
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Project 8 phase |l: Calibration measurement using 83mKr

Challenge with shallow trap:
Low T2 decay rate at the CRES
compatible gas density!

“Deep trap” configuration with:

* large pitch angle acceptance
* larger magnetic field variation
* but lower energy resolution

M. Fertl -

Esfahani. et al. arXiv:2303.12055

Magnetic field - 959 (mT)

=
O
a
Z
=

MOQNIM

0 20 40 60 80 100 120
Distance from lower window (mm)
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o G|



https://arxiv.org/abs/2303.12055

Project 8 phase |l: Calibration measurement using 83mKr

Esfahani. et al. arXiv:2303.12055

Challenge with shallow trap: Sonol — DeeP trap data
Low T» decay rate at the CRES ~ Underlying 83™Kr lineshape
compatible gas density! mode
1500- Including deep trap
hd —— instrumental resolution,
S no scattering
‘ , - - ey S 1000+ .
Deep trap” configuration with: © ~ Up to 15t order scattering
* large pitch angle acceptance ---- Full model fit result
+ larger magnetic field variation >007 pearson residuals
* but lower energy resolution
0
B
Detector response model w . . T
. o . . © | = * - ° - . .« ‘. B
verified for deep trap configuration! S O T T T e T T e R
a'd

17500 17600 17700 17800 17900 18000
Reconstructed kinetic energy (eV)
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Project 8 phase |l: Calibration measurement using 83mKr
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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

by Changing the baCkgrOund fleld' 1.0\1'2'; Esfahani, et al, arXiv:2303.120355
1 eB § 1'0-_
-fC — -ceU 0.8+
271' me+Ekin/C2 50.6-3
S
+ 0.4+
[ ] [ ] ] 3 N
Direct characterization of frequency response variation 8 0.24
of waveguide setup 0.0 RS S S S SR
840 860 880 900 920 940 960 980 1000
Frequency - 25 GHz (MHz)
-3.0 45 00 15 3.0

Background field shift (mT)
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Project 8 phase |l: Calibration measurement using 83mKr

Detector response is frequency dependent!
Esfahani, et al, arXiv:2212.05048

Sweep position of 17.8 keV 83mKr across frequency ROI Energy (eV)
by changing the background field! 19000 18500 18000 17500 17000 16500 16000
- —— Frequency response only F 1-50
f — 1 eB *‘é” 15- —— Full e(Ey, ) efficiency -1.25 >
C T C
271' me+Ekin/C2 _; 12_—
)
| o o © 0.9-
Direct characterization of frequency response variation © o
of waveguide setup = 1Tl
Q L
O 0.3+
Notch in detection efficiency: R e e e e
840 860 880 900 920 940
. o . | Frequency - 25 GHz (MHz)
* TMO1 mode interaction in the waveguide “cavity” . | .
due to imperfections -3.0 -1.5 0.0 1.5 3.0

+ Characterized, quantitatively understood and Background field shift (mT)

accounted in the spectral analysis
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The complete analysis flow

I1.A: Magnetic field map AL fit 83mK1' K. L N, VLA
M lines with Voigt Vefnfﬁc;tlon IV.B: Define full detailed signal model:
del Ol Je=Ekin _ *j ' .
L5 P2 CRES da rltonsip || S& Ress Ay 0.1 i00) The waveguide prototype setup revealed a lot of signal features

4

VI1.B: Introduce underlying $3®Kr
K-line spectrum model Y,

and %™K fit procedure

III.C: Measure gas scatter

fractions y; for $™Kr data II1.D: Fit mean track

duration 7

that were unknown at the time of the waveguide cell construction

VLE: Validation of

detailed model.

VLE: Fit detailed model to ;
measured resolution

$3mK r shallow-trap data V.A: Introduce

framework for

generating

— Development of a complex signal model to reflect
o | | e * Instrumental RF properties
feldhited daa o [ g (VD * |nstrumental thermodynamic properties

VI.D: Determine trap VLC.1:
weights, w. and efficiency

Preliminarily fit
for ¥2Kr, e(f.). from $¥™Kr

$3mKr pre-tritium

field-shifted data data to get SNR determine SNR(f¢)

‘ | - ::_i_:;‘::;::::—z g "
o~ \ » Change of gas composition (*He build-up)
/' ™ VB:Create
y [V1.C.2: Propagate simulated data

VIILE: Fit $3™Kr VLF: Fit $3™Ky uncertainties on p— corresponding

field-shifted data to pre-tritium and ins tal resoluti t h data set "
deemmine || postru datat i L — Completely new analysis approach for new type of data!
sp(fe)- sq(fe) determine B. p. q

VIIIL.B: Determine sS4 (fz(Ekin))

[

_—

VIIL.D.1: Implement

tritium energy 4 ' “ _ - i y uad tra
dependence to obfain \ VIIL.C: Extrapolate p. q. - ) VILB: Determine ¢ and Single trap Q P
’ (fe(Exin)) and their uncertainties to VIILA: Determine its uncertainty for
Gl \ | tritium data conditions uncertainties on B instrumental resolution / Simulated single-trap | |Field-shifted single-trap Field-shifted quad trap
“ 1 count rates
VIILD.3: Correct . » . v T~ countr
VIIL.D.4: VIILF: Priors for tritium analysis: v Count rate with optimum
: - - —1 C t rat fr
€(feEn) for | f Binto (| B.o. So(fc(Exin))- P- Sp(fe)- 4.5q(fc)- €k- YH _VILC: Define Reconstructed SNR Rec.ons'truc_ted L vs. frequency weights w; to S
track slope get € : simplified energy distribution vs. SNR pax distribution vs. match quad trap
dependence - T T M response Rpgp for frequency count rates T
bin.ne.d P tritium fit in ®3MKr analysis
Find match and obtain . .
I11.C: Measure H» gas scatter rate model B(£.). the relative Combined to determine :
fraction yy, for tritium data IX B: Fit simulated N (Exin) o VIL.B: Define changce ;) FSNRpy v5. | — tilountt‘ tratett;is. B. IvhiCh .isl Sum su:glet-trap
" i it1 - en fit with a polynomia count rates
un-simplified data with underlying tritium 8 frequency POy with weights w to ,| Count rates vs. frequency
I spectrum model | Welg i and energy
Key tritium model for tritium ’ | predict quad trap
systematics studies IX.B: S Y : : count rates
Y Simulate un- Correct for energy b Use polynomial to predict / y
rgy by :
simplified < scaling with P(f;, Exin): — c01u;:lfla:;rsg.;rfer((1)1:;:ncy Corresponds to €(f.(Ekin))
Determinations of fit IX.A: ,Flt ex.p.erlmental tritium data Obtain f(f;(Exin)) B(f.(Exin) used in T, analysis
inputs and priors data with tritium model . (Exin
Key variables X.A: Measured tritium 8~ CRES data limit Key Data Simulations Intermediate steps Models ‘ Fits ‘ Analysis outputs | Key variables
endpoint and limit on mg

arxXiv:2303.12055
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Project 8 phase |l: results from molecular tritium

T2 endpoint consistent with literature value Esfahani. et al. arXiv:2303.12055
First frequency-based neutrino mass measurement o
quentist intervals
175 - + Literature
- 2004 . Bestfit result
Extremely low background rate, no events beyond the 150- ] R
endpoint region 1151 I s 3
1254 | w0
7)) _ 2
, , £ 100- I l 159
Frequentist and Bayesian analyses: 3 ] \ —2002-
O -
75+ N !
1 § Tritium data ¢ LI ! '
T2 endpoint: E™% = (18548117) eV (lo) ] ---- Bayesian best Endooint (6V) -
Bay +18 50 - 10 Bayesian quantiles \
E — (18553_19) eV (10) —— Frequentist best fit }: ¥
25 e Literature Eg '. H
Neutrino mass: mFreq < 152 €V/C2 (90 % C L) IH FE, 10 Bayesian credible interval T
ﬂ 0- H Eo 1o frequentist confidence interval =
m>Y- < 155eV/c? (90%C.1. 77—
ﬂ ( ) 16500 17000 17500 18000 18500 19000 19500

Reconstructed kinetic energy (eV
Background rate: <3 x 107%eV~'s~! (90%C.1.) gy (eV)

M. Fertl - Ascona, July 6th 2023 16



https://arxiv.org/abs/2303.12055

Project 8: The road to higher neutrino mass sensitivity ...
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Project 8: The road to higher neutrino mass sensitivity ...

Improved control of systematic effects:

» Magnetic field optimization

» Magnetic field characterization

» Control of gas scattering

» Control of gas column composition and stability
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Project 8: The road to higher neutrino mass sensitivity ...

Improved control of systematic effects:

» Magnetic field optimization

» Magnetic field characterization

» Control of gas scattering

» Control of gas column composition and stability

Higher density = higher statistics, but much shorter tracks?

M. Fertl - Ascona, July 6t 2023

(Molecular) track length (s)
10! 100 1071 1072 10-3 1074

(Atomic) track length (s)

102 10! 100 1071 102 1073 1074
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(Atomic / molecular) number density p (m~3)
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Project 8: The road to higher neutrino mass sensitivity ...

(Molecular) track length (s)
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Project 8: The road to higher neutrino mass sensitivity ...
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Future phases of Project 8: Larger volumes, atomic tritium, lower magnetic fields, ...
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Future phases of Project 8: Larger volumes, atomic tritium, lower magnetic fields, ...

Phase I+ |l have established CRES as a high-precision frequency-based single electron spectroscopy technology
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Future phases of Project 8: Larger volumes, atomic tritium, lower magnetic fields, ...

Phase I+ |l have established CRES as a high-precision frequency-based single electron spectroscopy technology

Phase Il aims to establish the scaling relations to design an experiment with 40 meV mass sensitivity:

+ Signal detection in a small RF cavity instead of a waveguide Research areas N

= Cavity CRES Apparatus (CCA)

L e z

SR o
Electron
gun for

calibration

» Scaling of the gas volume from mm3to m3and in low field
= Low field Apparatus (LUCKEY/LFA)

Synthetic

Sensitivity to steriles
CRES antenna

* Production of trapped cold atomic hydrogen/tritium
= Atomic Tritium Demonstrator (ATD)

Matched filtering
event recons truction

R ; 005 655.04:60.02:0.01 0 0.010.02 603 0.04 605 w ] CniE g .
3 P2 - / z(m) X (m) <o . st e Om A ; R | -
n L L L] > 5 A N =
¢ S t f | t t | th | o e
clentific mhestone measurements aiong tne way. ol )
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Future phases of Project 8: Larger volumes, atomic tritium, lower magnetic fields, ...

Phase I+ |l have established CRES as a high-precision frequency-based single electron spectroscopy technology

Phase Il aims to establish the scaling relations to design an experiment with 40 meV mass sensitivity:

+ Signal detection in a small RF cavity instead of a waveguide Research areas 2 E

= Cavity CRES Apparatus (CCA)

ra .
G ’
) s e 4
y eennc: w
NS s.
Y X ©

» Scaling of the gas volume from mm3to m3and in low field L l s s ez e
= Low field Apparatus (LUCKEY/LFA) §

* Production of trapped cold atomic hydrogen/tritium
= Atomic Tritium Demonstrator (ATD)

Matched filtering
event recons truction

W ; 008 6655552001 0 001003655064 505 ° . | iag ETCR .
n (.l ] -‘ 2 /// N /A, )
’ S t f | t t | th ' P o ravtation
clentific mhestone measurements aiong tne way. . = . )

Phase IV: Ultimate sensitivity phase with (then) established technology
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Phase lll: development of all required technologies

mg < 0.1 eV,

CRES-T Compatibility,
Phase IV Risks Retired

CRES Demonstrators 2023 | 2024 | 2025 | 2026 | 2027 | 2028 | 2029 | 2030 | 2031 2032 | 2033 | 2034 | 2035 | 2036 | 2037
: RES A CCA ot Overate/Analvze Cavity-CRES Demonstrated
Cavity' G pparatus (CCA) Commission o & 83mir Results Published
Low Frequency CRES
) Operate/Analyze .
Design LUCKEY Demonstrated KPPs for Pilot-Scale
s & build
Low-Frequency Apparatus (LFA) LLoKEy LFA Upgrade T Demonstrated
""T2 System\. Exp;lzment T2 System | CDR | Construct/ mB <02 eV,
Pilot-Scale T2-Endpoint ExPeriment Det'g:: |sn ed KPPs Install/Commission Commission Dt Gallium Anomaly Tested,
y Gl —— CRES Viable for Phase IV
Atomic Tritium Demos.
‘/ HD Diss. & Ace. | TV DAZLSS' &' | H/D Diss. & Acc.
Dissociation and Accommodation r S T Diss. & Acc.
‘ T Diss. & Acc. ] T Diss. & Acc.
Magnetic Evaporative Beamline ] Li MEBC ‘ | LiMEBC Li MEBC ‘ T MEBC ‘ TMEBC | |
Cooling (MEBC) ‘ H/D MEBC ’ H/D MEBC H/D MEBC
Atom Tra In ‘ H/D Atom Trap ’ H/D Atgm Trap H/D Atom Trap ATD Atomic Tritium Viable
PpINg T Atom Trap T Atom Trap for Phase IV
Pilot-Scale Atomic-Tritium i
Endpoint Experiment Phase IV CDR | C%?r:‘rf\ti;us?gn Operate/Analyze
(Phase IV, Module 1) .
Phase IV
Phase IV Module 2-10 -
CD-0 CD-1 CD-2,3 CD-4
Critical Decisions
Planning Prototypes, Construction, Scientific Operations Milestones

and Commissioning
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Phase lll: development of all required technologies
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Phase Il Cavity CRES apparatus (CCA)
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Phase |l Cavity CRES apparatus (CCA)

Physically open ended cavity with coupling to waveguide

-

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

"‘“ s rm——

tﬁ%ﬁcredit: Junior Pena and Juliana Stachurska

M. Fertl - Ascona, July 6t 2023




Phase |l Cavity CRES apparatus (CCA)

Physically open ended cavity with coupling to waveguide

'%'credit: Junior Pena and Juliana Stachurska

* Need to establish the signal model for e in cavity
* Need to demonstrate sufficient power collection
* Need to demonstrate the analysis capabilities
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credit: Junior Pena and Juliana Stachurska

Need to establish the signal model for e in cavity

Need to demonstrate sufficient power collection

Need to demonstrate the analysis capabilities

Will use a ~1T MRI magnet for re-use of RF instrumentation
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Phase Il Cavity CRES apparatus (CCA)

Physically open ended cavity with coupling to waveguide

" credit: Junior Pefia and Juliana Stachurska F; ymc mst Des.y el
design is nearing A TR v
* Need to establish the signal model for e in cavity completion e i
* Need to demonstrate sufficient power collection o e oy R
» Need to demonstrate the analysis capabilities ST e R S
 Will use a ~1T MRI magnet for re-use of RF instrumentation

cryocooler to amplifier

Faraday cup

copper coldfinger
gas inlet to (bolted to thermal shield)

waveguide electrical |
feedthroughs "

gold-coated SS
section of
waveguide for
thermal isolation

waveguide

Not pictured: trap coils,

field-shifting solenoid credit: Elise Novitski
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Physically open ended cavity with coupling to waveguide

Phase Il Cavity CRES apparatus (CCA)

4 s

)
: “\_ L?" /L/"
/

3
| A

' "B
- \ \ y 1& 4= .‘)
:{.‘\;::}'-’
P g

~credit: Junior Pefia and Juliana Stachurska

Need to establish the signal model for e in cavity completion

Fcryogenlc Insert Design by Michael Huehn
design is nearing o

gas
gas delivery 'NPut

,,,,
— e w

braid flexibly

connecting 40 K stage el .‘
of cryocooler to 2-sta ge

thermal shield cryocooler

Need to demonstrate sufficient power collection ‘(;:{:.‘%' s e

cavity (85K)

Need to demonstrate the analysis capabilities
Will use a ~1T MRI magnet for re-use of RF instrumentation

waveguide

This is our next apparatus
to Come Online! Nf)tpictured:trapcoils,

field-shifting solenoid
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gas inlet to (bolted to thermal shield)

Faraday cup

copper coldfinger

electrical

feedthroughs SSEEEES

credit: Elise Novitski

TR

o
M. N

braid flexibly
connecting 4 K stage of
cryocooler to amplifier

gold-coated SS
section of

waveguide for

thermal isolation
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Phase |ll: Atomic Tritium Demonstrator

Need to confine cold atomic hydrogen/tritium!

Low Field

\ Higﬁ Field .

Hot atoms
evaporate as
confining field drops

Cracker Accommodator Nozzle

QOOK 160 K 10 K ~
470/ ’ )
=Sular tritium recirculation and supply - *" Magnetic Multipole Cooler & Slower
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Phase |ll: Atomic Tritium Demonstrator

Need to confine cold atomic hydrogen/tritium!

/
5> (+1/2y
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C Low-field seeking states
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-2 (-1 /Zm b High-field seeking states
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. \
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I I I
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Formaggio, de Gouvéa, Robertson, Physics Reports, Volume 914, 3 June 2021

0.3

\ Higﬁ Field .

Hot atoms

Quadrupole
Quadrupole

evaporate as
confining field drops \
Signal
Readout

Cracker Accommodator Nozzle

2500 K 160 K 10K

Q ..
Cular tritium recirculation and supply

Magnetic Multipole Cooler & Slower

figure: Alec Lindman
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Phase |ll: Atomic Tritium Demonstrator

Need to confine cold atomic hydrogen/tritium!

NE Central CRES field should be rather
H low to reduce dipolar spin flip losses!
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Formaggio, de Gouvéa, Robertson, Physics Reports, Volume 914, 3 June 2021 161
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o s - i
Hot atoms © L - L1 Uiml_ [ liilll{ Lo g L b L hdlll
evaporate as Al E 10 102 101 100 101
confining field drops H I E \ magnetic field (tesla)
o o Signal
Cracker Accommodator Nozzle Readout
A BN
- Ad Lagendijk, Isaac F. Silvera, and Boudewijn J. Verhaar
Tk Phys. Rev. B 33, 626(R), 1986
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figure: Alec Lindman
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The quest for cold atomic tritium starts with molecular hydrogen!

H/D beam line ) B
l Develop
Required overall gas flow
design - — 1H temperature > —> — >
: efficiency
inputs i l
Dissociator >
Key H density
performance H flux _ _ 1 _ H lifetime
parameters velocity profile H punty VS. 1H purity vs.
everything everything
Required . . . 1 \ |
diagnostics figure credit: S. Boser H density

for operation
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The quest for cold atomic tritium starts with molecular hydrogen!

H/D beam line ) Buy
l Develop
Required overall gas flow
design - — 'H temperature > —> — >
: efficiency
inputs l l
Dissociator >
Key H density
performance H flux _ _ 1 _ H lifetime
parameters velocity profile H punty VS. 1H purity vs.
everything everything
Required . . . 1 l |
diagnostics figure credit: S. Boser H density

for operation
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3 ¥ To L SC magnet Permanent magnet Beam .
w £ O N o . . Atom trap Analysis Beam
£ S £ & o N multipole multipole (may transport + (PM + coils) chamber dum
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The quest for cold atomic tritium starts with molecular hydrogen!

H/D beam line ) B
l Pevelop Atomic hydrogen flux requirements:
Required all gas flow
design efcf)i\é;(iae?lcy —> 1H temperature > —> —>
inputs
| | l | * > 1072 cold atoms per second
= high decay statistics
Dissociator >
Key H density
performance H flux _ _ _ H lifetime
parameters velocity profile H purity vs. 1H purity vs.
everything everything
Required . ) 3 1 l .
diagnostics figure credit: S. Boser H density
for operation
p-
o 2
1]
§ § b f; AN’ ¥ SC magnet Permanent magnet Beam Atom trap  Analvsis  Beam
; S E 8 P 8. multipole multipole (may transport + (PM + 'Ip) h ybl g
oW 9 . 2 o (=5T) include chicanes) measurement cORSy CNAmBer ump
) < : : ' i / /
] = r‘
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Gas handling
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The quest for cold atomic tritium starts with molecular hydrogen!

H/D beam line )

[ Develop Atomic hydrogen flux requirements:
Required overall gas flow
clir?::Jgtg efficiency —> H temperature > —> —
* > 102 cold atoms per second

" = high decay statistics

Dissociator >
performa:rfce:3e/ H flux velocity profile H purity vs. 15_::' ﬁfee.%?:g ’ Temperatu reS In the mK range
p enting | avenyinng = make atoms magnetically trappable
diaZi%L;itriig figure credit: S. Boser 'H d;nsity

o Atomic purity: > 104 H per Hz
= suppress contribution from T2 decay

-

et "4

3 T 2 ¥ SC magnet Permanent magnet Beam

O 98 /N 29 ) 9 Atom trap Analysis = Beam ' ' '

2 S E S ) 8. multipole multipole (may transport + (PM +coil2>) chamybcler dum N end p0|nt reglOn Of T deCay
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The quest for cold atomic tritium starts with molecular hydrogen!

H/D beam line )

l Pevelop Atomic hydrogen flux requirements:
Toewen el oo ~ —
inputs
* > 102 cold atoms per second

= high decay statistics

Dissociator

performance o i Jociy oy  Temperatures in the mK range

arameters velocity profile H purity vs. 1H pburitv vs. .

e weryiing | entning = make atoms magnetically trappable
diaZi%L;itriig figure credit: S. Boser 'H d;nsity

o Atomic purity: > 104 H per Hz
= suppress contribution from T2 decay
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c2 ES | BR  munipole multipole (may transport + Py trap Anasis ) Zeam in endpoint region of T decay
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» High efficiency of cold atom production
= manageable size of gas handling and
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=

purification loop infrastructure
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The

Required
design
inputs

Key
performance
parameters

Required
diagnostics
for operation

H/D beam line
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quest for cold atomic tr

i

overall
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gas flow
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TH flux

figure credit: S. Boser

(

T beam line

)

Required
design
inputs

Key
performance
parameters

Required
diagnostics
for operation

Dissociat

T, re-circulation
efficiency

J 1l

Re-circulation

—> T temperature
T angular profile

l

Acommo-
dator +
Nozzle

T flux

T, containment
(safety!)

>

l

velocity profile

Purification

velocity profile

hydrogen purity
isotope purity
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vS. everything
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molecular backgrounds
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Develop

tium starts with molecular hydrogen!

Develop

Atomic hydrogen flux requirements:

* > 102 cold atoms per second
= high decay statistics

 Temperatures in the mK range
= make atoms magnetically trappable

o Atomic purity: > 104 H per Hz
= suppress contribution from T2 decay
in endpoint region of T decay

Buy

» High efficiency of cold atom production

= manageable size of gas handling and
purification loop infrastructure

Technology development with Hi2) and D2
Later transfer to T infrastructure.
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The quest for cold atomic tritium starts with molecular hydrogen!

Thermal cracker:
H> — 2 H, hot, now!

A
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backing figure credit: RGH Robertson
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The quest for cold atomic tritium starts with molecular hydrogen!

Thermal cracker: Surface accommodation:
H> — 2 H, hot, now! Cold surfaces ...-2025
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The quest for cold atomic tritium starts with molecular hydrogen!

Thermal cracker: Surface accommodation: Magnetic evaporative cooling beamline
H, — 2 H, hot, now! Cold surfaces ...-2025

Hot atoms
evaporate as
confining field drops
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- T v
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The quest for cold atomic tritium starts with molecular hydrogen!

Thermal cracker: Surface accommodation: Magnetic evaporative cooling beamline Atomic beam diagnostics:
Ho — 2 H, hot, now! Cold surfaces ...-2025 Wire detector, now!

Recombination of H
Heat release
Temperature increase

50 um wire

Hot atoms

evaporate as D ~ 1 0 Very recent
confining field drops Rl success!
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3 ¥ To 2x SC magnet Permanent magnet Beam
w £ O N © . . Atom trap Beam
o ~ o N multipole multipole (may transport + )
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S S (=5T) include chicanes) measurement
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backing : i figure credit: RGH Robertson
pumps Tm

M. Fertl - Ascona, July 6t 2023 23

-




The commercial thermal cracker!
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The commercial thermal cracker!

Thermal cracker:
H—> 2 H

- —

=)
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The commercial thermal cracker!

Thermal cracker:
H—> 2 H

High-resolution mass spectrometer
for AMU 1-10 on z-translator (Hiden)
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The commercial thermal cracker!

Thermal cracker:
H—> 2 H

—

High-resolution mass spectrometer
for AMU 1-10 on z-translator (Hiden)

M. Fertl - Ascona, July 6t 2023

Mass 1 signal of mass spectrometer

W Maton 1 Profmee : : " & eamet) admn :':u.'vr(: Mden anayticad macof ] -
Q) O
"~ HAL RC PIC-RGA 11917174
] (inout)-1 = 17.9x
l [(in-BG)/(out-BG)]-1 = 35.8x
2520+ '
s 1 scem ! ( \ 1 sccm
in beam ‘ l in beam
I
MW 1 .

1 scem /
out of beam '

MS in beam
gas flow on

MS out of beam
gas flow on
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The commercial thermal cracker!

Thermal cracker:
H» — 2 H

High-resolution mass spectrometer
for AMU 1-10 on z-translator (Hiden)

M. Fertl - Ascona, July 6t 2023

] [(in-B( 8
25200+ } |
. [ |

S

£330+ - n ‘ '
1 zero / \ 1 scen / \ zero

Mass 1 signal of mass spectrometer

1 sccm !

in beam l

| | 1 sccm
l l in beam
I

! flow \ out of beam
|fow | | 4

MS in beam MS out of beam
gas flow on gas flow on
Biggest challenge:

Derive absolute cracking efficiency
Understand and control Hz bkgd!
Work in progress!
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A wire-based beam monitor

|dea: measure resistance of 50 um thick wire when hit by H beam
— recombination to Hz releases heat

— calibrate flux vs. temp. increase
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A wire-based beam monitor

|dea: measure resistance of 50 um thick wire when hit by H beam
— recombination to Hz releases heat

— calibrate flux vs. temp. increase
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A wire-based beam monitor
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— recombination to Hz releases heat
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A wire-based beam monitor

ldea: measure resistance of 50 um thick wire when hit by H beam
— recombination to Hz releases heat
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A wire-based beam monitor

ldea: measure resistance of 50 um thick wire when hit by H beam
— recombination to Hz releases heat

— calibrate flux vs. temp. increase
Challenge: Very complex interplay between heat sources and sinks

Heat Sources = Heat Sinks
| Fbeam + Fel — Fl"a,d + Fcond
_|_Fc7“acker =+ Fbearm, gas =+

 Heat exchange with

* Blackbody emission residual gas in vacuum

from cracker at =~ 2400 K

F(“I’(I(‘]\’F?‘ X Télr‘(le’Cr
 Heat exchange with
beam gas
) (]; ]‘/ LT ¢ >

* The accommodation factor

is @ measure of what portion of
energy gets deposited in the
substrate the gas molecule binds
to. It is surface and gas
dependent.

}/u am gas X ”(j/).(/- 1 ware )

Every Particle yields «(7) - 1eV /1. 164 K
at 2300K thisis ~ 7~ .. /10
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A wire-based beam monitor

ldea: measure resistance of 50 um thick wire when hit by H beam
— recombination to Hz releases heat

— calibrate flux vs. temp. increase
Challenge: Very complex interplay between heat sources and sinks

credit: Ch. Matthée
—f— 1.0 sccm, up

0.14 -
— 1.0 sccm, down

0.12

o
=
o
—_— e

Recently achieved first reproducible signal
related to cracker temperature cycle!

O

o

(00]
a—

0.06 /
0.04- / Preliminary estimate of cracking efficiency
/) . '
0.02 /|‘ for the first time!
LA
0.001 — e T*—T/”'/}f Ii/

Dissosciation/Cracking efficiency

250 500 750 1000 1250 1500 1750 2000 2250
Source Temperature [K]
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A wire-based beam monitor

ldea: measure resistance of 50 um thick wire when hit by H beam
— recombination to Hz releases heat

— calibrate flux vs. temp. increase
Challenge: Very complex interplay between heat sources and sinks

credit: Ch. Matthée
| —+ 1.0sccm, up

— 1.0 sccm, down

0.10- $ Recently achieved first reproducible signal
related to cracker temperature cycle!

O

o

(00]
a—

o
o
o

Preliminary estimate of cracking efficiency
for the first time!

o

o

e
T

o
o
N

A
ye

o
o
o

—_ N I—— //l””"l“\\i/
i B e —— T
= l

Dissosciation/Cracking efficiency

250 500 750 1000 1250 1500 1750 2000 2250
Source Temperature [K]

Appeal: Small foot print detectors along beam line as diagnostic tools
Only electrical measurements involved.

JG[U
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Development of magnetic evaporative cooling beam line

Problem: Accommodation on surfaces not possible to mK temperatures — Recombination of atomic hydrogen
Possible Mitigation: evaporative cooling of gas in decreasing trapping potential
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Development of magnetic evaporative cooling beam line

Problem: Accommodation on surfaces not possible to mK temperatures — Recombination of atomic hydrogen
Possible Mitigation: evaporative cooling of gas in decreasing trapping potential

AT R Goal 1: cooling
% Radial confinement of atomic H gas: electron magnetic moment
and radial gradient field (multipole)

Thermalization: large H density to maintain thermal equilibrium

Hot atoms
evaporate as

Evaporation: Radial confinement fields decrease along the beam line
confining field drops

— only coldest (slowest) atoms remain for injection

;: SC magnet Permanent magnet
o . .
o N multipole multipole (may
2 o (=5T) include chicanes)
1 ~ \nd 1 il 0 .I
= % oo e Thy Dt PPl [
ARt Rs g ans Rt At unntaane .- ------------
1 . L | ' , 1 T
: sIIIY, \\-\\\ n : oy \‘\

&K

2000 S
o AL

R SSSSS

==
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Development of magnetic evaporative cooling beam line

Problem: Accommodation on surfaces not possible to mK temperatures — Recombination of atomic hydrogen
Possible Mitigation: evaporative cooling of gas in decreasing trapping potential

AT B Goal 1: cooling
% Radial confinement of atomic H gas: electron magnetic moment
and radial gradient field (multipole)

Thermalization: large H density to maintain thermal equilibrium

Hot atoms
evaporate as

Evaporation: Radial confinement fields decrease along the beam line
confining field drops

— only coldest (slowest) atoms remain for injection

SC magnet Permanent magnet

mltpote multpole tmay. Goal 2: Pure atomic H beam
= | L | {— — Hzand helium has no significant magnetic moment
i %ﬁ FEREFEEE, E:;::::::::::-. — Hy and helium contaminants are not confined and leave radially
Lt Largest challenges:
— Fully integrated design with SC and permanent magnets

— cryogenics, UHV, magnetic fields, total gas load
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Development of magnetic evaporative cooling beam line

Problem: Accommodation on surfaces not possible to mK temperatures — Recombination of atomic hydrogen

Possible Mitigation: evaporative cooling of gas in decreasing trapping potential

Hot atoms
evaporate as
confining field drops

SC magnet Permanent magnet
multipole multipole (may
(=5T) include chicanes)

Goal 1: cooling

Radial confinement of atomic H gas: electron magnetic moment
and radial gradient field (multipole)

Thermalization: large H density to maintain thermal equilibrium

Evaporation: Radial confinement fields decrease along the beam line
— only coldest (slowest) atoms remain for injection

(Goal 2: Pure atomic H beam

— Hzand helium has no significant magnetic moment

= = - -
L ' ) | ™ ol
0 L L e L O L L T LA L T wfasf snNanian
slgEgigEagugts wesantasagtunanannn flaguagtnsnnnne
[ = ] C nl
- = — -
- [d - -
- L - -
- - n - ™
s | \
) S { KK (K
s SSSSS P22 LKL 0 L&
o A Do) K » <
ANAANS % SCCC(Y ’ S
™ - 1

— Hz and helium contaminants are not confined and leave radially Q“\e“&
\ de\l e\?a,(:\o(\'.
Largest challenges: 40N 2P0 T \yne

— Fully integrated design with SC and permanent magnets N (0 jg\\oo\.\“%‘o ((e‘/@r’
— cryogenics, UHV, magnetic fields, total gas load
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1 H Eo 1o Bayesian credible interval
1 H E 1o frequentist confidence interval

—— Frequentist intervals
) + Literature
I 2007 - * Best fit result
Tt : <~ 1502+
I >
- ‘l \\ 9’
- N§ 0 .
—-1502%4
"
—-2002%4
i
. Tritium data A L : :
: 1 _ | = 18500 18600
] —---- Bayesian best fit [
| _ .Endpoint (eV)
10 Bayesian quantiles E
1 —— Frequentist best fit }: :
- . ) H
e Literature Ey L H

16500 17000 17500 18000 18500 19000

Reconstructed kinetic energy (eV)

119500

Project 8 summary

Phase Il: First CRES-based neutrino mass limit

T2 endpoint: E ;"% = (18548*7) eV (lo)
EBay (18553+15) eV (lo)

Neutrino mass: m;feq' <152eV/c* (90%C.L.)
m;® < 155eV/e* (90%C.1. )

Background rate: <3 x 107"%eV~!s7! (90% C.1.)
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—— Frequentist intervals
175 + Lite?ature
200%9 . Best fit result
150 ] —~  1502-
125 E I | NEQ 04
i 2]
1004 | —150
] \ —200%-
754 y !
1 § Tritium data \ J J
-- Bayesian best fit B 18500 . 18600
90 7 10 Bayesian quantiles éEndeInt (eV)
—— Frequentist best fit }: ‘ H
25 e Literature Ey N H
1 H Eo 1o Bayesian credible interval
04 ™ Eo 1o frequentist confidence interval
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" 16500 17000 17500 18000 18500 19000 19500
Reconstructed kinetic energy (eV)

Project 8 summary

Phase Il: First CRES-based neutrino mass limit

T2 endpoint: E ;"% = (18548*7) eV (lo)
EBay (18553+15) eV (lo)

Neutrino mass: m;feq- <152eV/c* (90%C.L.)
m;® < 155eV/e* (90%C.1. )

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

Phase lll: Intense R&D program to establish the scaling relations
to design an experiment with 40 meV mass sensitivity:

» Signal detection in a small RF cavity instead of a waveguide
» Scaling of the gas volume from mm3to m3and in low field
* Production of trapped cold atomic hydrogen/tritium




6He-CRES: Fierz interference searches with broad-band CRES

Fierz term contribution to differential decay rate

F(+Z. E.
W) B Qe )AB AR = = p B (B — B dBd.d9,
T
P. P, . me J) [, Pe P, P. X P,
1 | | N aBe L Py 4 p |
5{ TTE bEe 7 7B TR, E.E. }
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6He-CRES: Fierz interference searches with broad-band CRES

Fierz term contribution to differential decay rate

+7. F.
WD Eo. Q. Q) dE.dQ A0, — 2 o ’)5 ) o B (Eo — E.)2dE.dQ.dS, x
T

P py, - (J) _. ~ Pe X Py |

2 Cg + Cq 2 Cr + C5
| Mo
Cy Ca

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

+7. F.
WD Eo. Q. Q) dE.dQ A0, — 2 S ) o B (Eo — E.)2dE.dQ.dS, x
T

P. P, 3 Fip.% b, P. X P,
: BRI 7 - D ,
¢ {1 T 7 VEIE TP EE, }

| | 2 Cg + C5 2 Cr+ Gy
First order sensitivity to new physics: b o« Re ‘MF‘ | ‘MGT‘
C
Cy A
2019 e ! prediction | wev|
0.005 _()*—>()+ 0.005 _()+—>()* I
: | ' _'.:;,‘}\,B decays |
& O'OOOf : & O'OOOf ------------- s{:’/; ------------- i
[ _ LHC ~-r"
—-0.005+ LHC —-0.005+
- - [Projections] :
-0.010 -0.010 . 1]

20002  -0001 0000 0001 0.002 0002 -0001 0000 0001 0.002

Gonzalez-Alonso, et al., Progress in Particle and Nuclear Physics,
Volume 104, January 2019, Pages 165-223
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6He-CRES: Fierz interference searches with broad-band CRES

, o , ,  Fitof  energy spectrum — S
Fierz term contribution to differential decay rate o2l EQ.(7T) o=revee | &
F(+Z, E.) , L 3
WD Ee, Qe, Q)dEdQdY, = (%35 © peEe(Ey — E)?dE.dQ.dS, % 3
P. " P, (J) F,Pe™ Py | AP XD, 2 &
1+a | | JATE 3+ B2 1D 2
5{ E.E, J 1 E.: E, =~ EE, || z
102 F : 4z
: He o
: , 2CS+Cé 2CT+Cri~ %;
First order sensitivity to new physics: b o Re ‘MF‘ | ‘MGT‘ il v g
Cy Ca 102 10" 10° 10’ 3
End-point energy, £, (MeV) =
019 | " prediction | v SHe:
' | 1. 100 % Gamow-Teller transition = C;- sensitivity
: ; : y ,-'-i;”}\ﬁ decays | . . . .
R | o oo @0 - ._ 2. No y emission with /™ decay
e ; | | e T | 3. Short half-life time: 807 ms
’ | 5 | 4. Theoretically well understood
0010/ 0010/ [PI‘OJCC./][V[HL(‘ |

20002  -0001 0000 0001 0.002 0002 -0001 0000 0001 0.002

, Neutrons:
Gonzalez-Al cetal,P in Particl d Nuclear Physics, . .
Volume 104, January 2019, Pages 165.223 T Most fundamental semi-leptonic weak decay
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e-CRES

—.1..._First cyclotron radiation signals from MeV-scale e* from ®He/'°*Ne decays

= T

= UBJ

\

arxiv:2209.02870 \
A \
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"He-

CRES

irst cyclotron radiation signals from MeV-scale e* from SHe/"*Ne decays

arxiv:2209.02870

radioactivity
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1200y

1000

(0]
o
o

Frequency - 17.9 GHz (MHz)

M. Fertl - Ascona, July 6th 2023 29




"He-

CRES

First cyclotron radiation signals from MeV-scale e+ from SHe/"*Ne decays

arxiv:2209.02870
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First cyclotron radiation signals

from MeV-scale e* from 6He/1®Ne decays

arxiv:2209.02870
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First cyclotron radiation signals from MeV-scale e+ from SHe/"*Ne decays

Ratio measurement of
1"Ne and ¢He spectra

Energy band sampled
for fixed RF bandwidth

Strong multimodal
coupling in waveguide cell

2.0T
— 0.8-
E 2.5- Predicted
E ) . 6He (b=0) 102'
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arXiv:2209.02870v2
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https://arxiv.org/abs/2209.02870v2
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First cyclotron radiation signals from MeV-scale e+ from SHe/"*Ne decays
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arXiv:2209.0287/0v2 Established viability of CRES across the full beta-decay energy range!
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https://arxiv.org/abs/2209.02870v2

Summary

I o *CRES established as promising technique for next

s ] TR s generation neutrino mass experiment

ool | [ o

1 e WL *Project 8 Phase Il demonstrated background-free operation,
° — fan h : () control of systematics, first CRES myg imit

16500 17000 17500 18000 18500 19000 19500

Reconsiructed kinetic energy (eV) *Work ongoing toward key technology demonstrations on the

path to the 40 meV experiment
s + First cyclotron radiation emission signals from MeV-scale e+
pave the way for wide-application frequency based precision
spectroscopy.
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We are looking for new group members to join our efforts in Mainz

Cluster of Excellence

PRISMA*

Precision Physics,
Fundamental Interactions
and Structure of Matter

JG|u

jonannes GUTENBERG
UNIVERSITAT MAINZ

To strengthen its neutrino physics research program, the University of Mainz offers
1 PhD position (EG13/2)

at the Cluster of Excellence PRISMA+ to work on “Project 8”, a next generation neutrino
mass experiment (http://www.project8.orqg).

Neutrino oscillations provide a clear indication that neutrinos are not massless as
assumed in the Standard Model of particle physics. Yet the masses of the neutrinos are
several orders of magnitude lower than those of other fermions, and only upper limits
have been set so far. Today, the most sensitive method to observe neutrino masses in
the laboratory is the observation of the tritium B-decay spectrum endpoint region.

Towards this goal, the Project 8 collaboration has developed the novel method of
Cyclotron Radiation Emission Spectroscopy (CRES), in which the electron energy is
determined by its radio frequency emission when trapped in a magnetic field. Recently,
we have succeeded in measuring the tritium spectrum with a small volume inside a
waveguide, read out by a single antenna. In order to scale up to the final experiment,
several techniques will need to be developed and tested.
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