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Neutrino Mass from Tritium /S~ Spectroscopy %

Tritium [3- spectroscopy Is
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Why tritium? Q = 18.6 keV

3@{‘ . » Well understood spectral shape
H ‘": * Relatively low endpoint of 18.6 keV and short half-life of 12.3 years
SHe

e 2Xx10-13 within 1eV below endpoint
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= L > Working principle
_6_6_ Q" * Source gas in a strong
o\ \/J A\ homogeneous magnetic field
» Trap electron in magnetic
bottle trap

In uniform magnetic field, a
charged particle will have a
helical trajectory

Accelerating electron will

radiate EM waves at » Electrons emit cyclotron

o
frequency: 9 radiation
Q
| o <+ € >
fore = 1gb 1 4B = - Detect radiation and
2 my  2mm,+E, reconstruct kinetic energy

Axial distance
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_6_6_ Q" * Source gas in a strong
R A homogeneous magnetic field

» Trap electron in magnetic

In uniform magnetic field, a
charged particle will have a 921
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Cyclotron Radiation Emission Spectroscopy (CRES) K
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e Magnetic trap (no energy change)

e Extends observation time of
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Cyclotron Radiation Emission Spectroscopy (CRES)
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Count rate [arb. units]
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Cyclotron Radiation Emission Spectroscopy (CRES) N
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In uniform magnetic field, a
charged particle will have a
helical trajectory

Frequency measurement

Source is transparent to

Accelerating electron will microwave radiation

radiate EM waves at

frequency: Differential spectrometer

1l gB 1 ¢gB Compatible with atomic tritium

 2mmy _Zme+Ee

Cyc
Low background

=) High precision

No electron transport;
volume scaling

=)

=) |ncreased statistical efficiency
=) Avoids T, final-state broadening

=) More info near endpoint



Project 8 - Sensitivity Goal .
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Project 8

Phase | first demonstration
of CRES

Phase Il first CRES
experiment with molecular
tritium, sensitivity to neutrino
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Project 8 - Phase I

Wave guide experiment for
molecular tritium

B field

Signal

Pre-amplifier

0.85mT
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Superconducting
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Project 8 - Phase I

First molecular tritium spectrum recorded with
CRES

» 3770 events after all cuts

* Frequency range corresponds to 16.2 — 19.7 keV
* No background events beyond the endpoint

83mKr data for systematic studies and calibration
» Quasi-monoenergetic internal conversion lines

» 17.8 keV is close to tritium endpoint (18.6 keV)

- Ideal for calibration and systematic studies

» Resolution width depends on magnetic trap depth
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Project 8 - Phase I
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Project 8 - Phase I

Demonstrated understanding of detector
response, control of systematic effects from
scattering & field inhomogeneity (statistics-limited)

Stringent background limit, no events above
endpoint!

T2 endpoint measurement in agreement with
literature

First neutrino mass measurement using CRES

Background rate
< 3x1071%ev~1s71 (90% C.1.)
T, endpoint
Frequentist: E, = (18548*13) eV (10)
Bayesian: E, = (18553*1%) eV (10)
Neutrino mass

Frequentist: < 152 eV/c?2 (90% C.L.)
Bayesian: < 155eV/c2(90% C.L.)
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Beyond Phase Il - Path Towards 40 meV
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Atomic Tritium Development

Atomic T for Project 8: 104 atoms/s at ~2 mK
- Theoretical and computational basis for evaporative cooling in a beam.
- Demonstrations in progress now. Developing all steps of atomic tritium production and cooling to 50mK
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Beyond Phase Il - Path Towards 40 meV R
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Cavity CRES in Project 8 *

~
Key Elements of CRES ™
D

00000000000000000000000HE

Tritium
e Atomic source
Magnetic trap for atoms

B field

Uniform magnetic field
Magnetic trap for e-
Cavity Pitch angle 6
Sensitive receiver

Pinch B

Signal
Readout
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Cavity CRES in Project 8 *

A Low-Frequency Cavity Experiment

Low field

- smaller losses of atomic tritium

- Need spin selected atomic tritium to trap
magnetically

-
o
c
o
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=

2
0
2
#
=
=

Low frequency
- Large cavity volume scales with 1/3
- Simpler mode structure

Pinch B

Signal
Readout
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Developing CRES Techniques

Increasing volume and efficiencies
with cavities

ms3-scale effective
volume

A. Ziegler

Ik L T. Wendler

Position-sensitive reconstruction for better
resolution; improved simulations

Improved signal with quantum amplifiers

New calibration techniques and optimized
magnetic trapping field shape for higher

resolution
21



Demonstrating Key Technologies

Atomic trap demonstrator A

LK)J E-gun : Untrapped e

Towards an atomic tritium
experiment

vfiducial
10+ m®

Multipole Magnet

Multipole Magnet

Low Field

Large-volume cavity-based CRES 4
ritium
Solenoid: CRES field B .. . Atoms
! - Halbach / loffe: o — s i z

/ atom trap
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Cavity walls
R £
Hot atoms 2 2
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JL’JK 2500K 160K 10K
. . . O :
Field from pinch coils SCular tritiym recirculation and supply <. ©" Magnetic Evaporative Cooling Beamline

Project 8 Collaboration, Contribution to Snowmass 2021, arXiv:2203.07349 (2022).
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Future of Project 8

Phase lli

» Sensitivity to ~ 0.1 eV/cz
neutrino mass

TR E AR

» Leading sensitivity to eV-scale
sterile neutrinos 0000 @ e e e

Inverted Ordering

Phase IV

- Sensitivity to 0.04 eV/c2 S ; Project 8 sensitivity goal
(40 meV/c?2) neutrino mass 10

| llllllll | llllllll | llllllll ] | 1 1 1 111

- Measure neutrino mass or - e e s
exclude inverted Ordering Mass of lightest mass eigenstate (meV)

T T

- IIIIII

23



Future of Project 8

Phase lli

» Sensitivity to ~ 0.1 eV/cz
neutrino mass

» Sensitivity to eV-scale
sterile neutrinos

Phase IV
» Sensitivity to 0.04 eV/c2
(40 meV/c2) neutrino mass

 Measure neutrino mass or
exclude inverted ordering

meg (meV)

10

TR

" Normal Order

- IIII||

Mainz, Troitse —

Am?, (eV?)

107 3

----- Reactor

] P8 Sensitivity (95 % C.L.)

) |
Anomalies (95 % C.L.)

10_2'5 — Phase Ill - T>
' —— Phase lll - T
; -  Phase |V
10~ ——— —
102 101 100

Sin22914
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Summary and Outlook g7
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. . . 44o/ecu ar trit: , _ S . ‘ ) | . .
C R ES eStabI IS h ed aS a p ro m ISI ng Q ritium recirculation and supply “-. ©* Magnetic Evaporative Cooling Beamline
technique for a neutrino mass experiment Progress toward key technology
demonstrations, sub-eV neutrino mass
Phase Il demonstrated background-free sensitivity, and the path to the 40 meV

operation, control of systematics, first CRES limit experiment. Stay tuned!
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