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Measuring Neutrino Mass with Tritium Beta
Decay

 \We care about neutrino mass
because we do not yet know the
absolute neutrino mass scale
-4

* Neutrino mass can be probed in a
straightforward way with tritium beta
decay

» We measure the kinetic energy of the 3H dey\ ‘ electron

beta decay electrons and extract m;

* m; is the electron-weighted
incoherent sum of the neutrino mass
states 3He

* \We measure the endpoint and the
shape of the spectrum at the
endpoint
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Measuring Neutrino Mass with Tritium Beta
Decay

 \We care about neutrino mass
because we do not yet know the
absolute neutrino mass scale

* Neutrino mass can be probed in a
straightforward way with tritium beta
decay

* We measure the kinetic energy of the
beta decay electrons and extract m; :

* my is the electron-weighted i e PP
. ,B - . inetic Energy (e
iIncoherent sum of the neutrino mass
states

* \We measure the endpoint and the
shape of the spectrum at the
endpoint
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Challenges for Future Experiments

* The KATRIN experiment has the leading Yz -
tritium beta decay measurement Lo

= Current limitis m; < 0.8 eV
= Projected sensitivity is m; < 0.2 eV

* We can definitively rule out the inverted
hierarchy with a sensitivity of 0.04 eV

* Practical challenges make the needed

KATRIN Main Spectrometer

scaling of the MAC-E filter technique Atomic T vs T, Energy Spread
impractical o—
* We need a new technique that: T

= Scales with volume
*= Has high precision
* |s compatible with atomic tritium
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A New Technique: Cyclotron Radiation

Emission Spectroscopy

How to make a CRES
measurement:

1. Place tritium in a magnetic field

2. Decay electrons emit cyclotron
radiation

3. Precisely measure the
frequency of the radiation to
determine kinetic energy for
each electron
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Concept: B. Monreal and J. Formaggio, Phys. Rev. D80 051301 (2009)




A New Technique: Cyclotron Radiation

Emission Spectroscopy

CRES has several advantages:

Scales with volume

High precision from frequency
measurement

Works with a gaseous atomic
tritium source

Differential measurement for better
statistics

Potential for very low background
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Concept: B. Monreal and J. Formaggio, Phys. Rev. D80 051301 (2009)
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Demonstrating a New Spectroscopic Technique ‘,“Q/

\

Phase I: First use of CRES for Phase ll: First use of CRES for

electron spectroscopy tritium spectroscopy and a
neutrino-mass limit
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1\ \’!
Electron Detection with CRES W//‘

\

* First electrons were detected in Event O from Phase |
June 2014 S e e 1.0
- Energy lost to cyclotron e -
. : 24.79F - e s e e 0.8 2
radiation increases the s a s e o <
frequency e ==

24.787F —= = 0.6 -

« Jumps between “tracks” are s — ==
consistent with electron
scattering on residual gas S 038
molecules .. S

e S e 0.2 5

- |nitial frequency determines the = = [|n."°
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1\ \’!
Electron Detection with CRES W‘/

* First electrons were detected In Event 0 from Phase |
June 2014 S I e P L0
* Energy lost to cyclotron e s 7o
.Y . 24.79F - o e . et 0.8 2
radiation increases the L 2 =
frequency X 5 tegs "8
CWINE = e e 0.6 o
« Jumps between “tracks” are 9 = 05
consistent with electron 2 20780/ v 2 | o4l
scattering on residual gas - o 1038
molecules azell = 1 1022
« |nitial frequency determines the s 101?
energy Of the eIeCtrOn at the 24'77()8.0.75-;'0.68’ ; 06820684 OCI)85 B
decay Time [s]
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eV-Resolution Spectroscopy M/

* Demonstrated with

_ fo=25267.9767 = 0.0032
83mKr conversion- " e
electrons — T
: 200 4 BmKrK, L M, and N i k dat
° - - - 2 50 mKr K, L, M, an ine peak data
18 ’ 30 ’ and 32 kev g 259 —— Least x? fit: x2/ndf = 0.34
electrons 258
P 525.7
 Narrow natural line y m 2256

11
25266 25268 25270 25272 252

W|dthS hlghllght CRES Frequency (MHz EZS'S
resolution

« Remarkable linearity 5 20 2 24 2 28 30 %
over the energy range
of interest
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The Phase |l Apparatus

Cryocooler

Signal

Gas Supply \

Waveguide

Superconducting

Trap Coll
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1\ \’!
Trap Depth: Resolution vs Statistics W

 In Phase |l statistics and resolution are
controlled by trap depth

Electrons
experience
more field
inhomogeneity

Use a deeper
magnetic trap

Goal: Trap more
electrons

Measured
energies are
smeared out

Measured
frequencies are g
smeared out

* Tritium measurement: prioritize statistics

 83MKr line measurements: prioritize
resolution
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Shallow trap: 0.08 mT

Deep trap frequency - 25 GHz (MHz)
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Determining Detection Efficiency W

‘ .SpeCtraI .Shape_ C.Iepends. on Variation —— Relative central count rate  ]1.30
in detection efficiency with energy 0.7¢ —— Energy dependence included |; 5o >
c
. . n Q
» Mode structures in the cavity caused _7° 1100 G
strong variations in the efficiency T 0.5} 075 O
5 o
- Variation with frequency was | 1050 g
measured by detecting 83MKr K-line 5 0.3} 1025 g
electrons while shifting the magnetic © looo 2
: 0.2} =
field ©
0.1f 1-0.25 %
- Efficiency vs frequency must be 0o * T T 1-0.50
corrected for SNR variations with 1340 1360 1380 1400 1420 1440 1460 1480 1500
energy Frequency - 24.5 GHz [MHZz]
* SNR vs energy is determined with 1_0_0_5 0.0 _05__1_0
simulations and matching to Background-field-shifting solenoid current [A]

calibration data

Pacific Northwest

AAAAAAAAAAAAAAAA




i CY
Measuring Detector Response M

Start with model for the

—— Deep trap data

underlying 83MKr lineshape 2000
__ Underlying 83™Kr lineshape
model
* Add instrumental resolution 15001  Including deep trap
hd —— instrumental resolution,
_ : . S tteri
= Magnetic field inhomogeneity Z1000]

Up to 15t order scattering

Add 1st-order Scattering ——-- Full model fit result

500+ _
Pearson residuals

= Scattering + missed tracks

Compare with calibration data

OV
.ﬁ

Detector response is well
understood
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Final Phase Il Tritium Spectrum Results

* First tritium spectrum
measurement with CRES

* Endpoint agrees with
literature

* No background events above
the endpoint

T, Endpoint
Bayesian: E, = (18 553%13) eV
Frequentist: E, = (18 548713) eV

Neutrino Mass
Bayesian: mz < 155 eV
Frequentist: mp < 152 eV

Background rate
< 3x10710 ey—1g-1
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A. Ashtari Esfahani, et al., Phys. Rev. Lett. (to be published)

arXiv 2212.05048



Source of Uncertainty Contribution to

 We determined the

effects of all E:ngt:]iutnty (eV)
uncertainties on the —_—
measurement of the Statistics 7
tritium endpoint Systematics +9
Scattering +6
» Systematics includes Magnetic field broadening +4
correlations Instrumental resolution +4

Frequency-dependence of 6

 Phase || was statistics the detector response

limited

= - - < ﬂ“ ?’
Evaluation of Uncertainties ‘/

Bin signal efficiencies +4
Phase || A. Ashtari Esfahani, et al., A. Ashtari Esfahani, et al.,
Ref Phys. Rev. Lett. (to be published) Phys. Rev. C (submitted)
elerences arXiv 2212.05048 arXiv 2303.12055
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https://arxiv.org/abs/2212.05048
https://arxiv.org/abs/2303.12055
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Other Phase Il Accomplishments ?\‘Q/

CRES data
New J. Phys. 21,
113051 (2019)

Start Frequency - 26.4 GHz [MHZz]

Use of information theory
and the Viterbi algorithm
to study the optimal
detection of CRES signals
New J. Phys. 24, 053013
(2022)

Phys. Rev. C 103, 065501

Deep dive into the (2021)

phenomenology of CRES events
Phys. Rev. C 99, 055501 (2019)

I |
= mnemaiovs | Classification of CRES : ! 6
1 sidebands . . . I Interval coverage: 91%

. signals with machine , o3 .
0 . . Source density: 5%
learning for improved event | N 3710 atoms/m’ :
reconstruction : Kessiopeia o |6 8 inputted my: ooosev| [ 48
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| £ 006 g
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Successful Demonstration of Tritium
Spectroscopy with CRES

* Project 8 has demonstrated the use of CRES to place
a limit on the neutrino mass

* Phase |l showed the ability to control backgrounds,
and quantitatively evaluate systematic uncertainties

* Project 8 is using the Phase Il success to motivate and
plan the path to the 40 meV experiment
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