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Mystery of the Neutrino Mass Scale
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] Probing the Neutrino Mass Scale
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] Probing the Neutrino Mass Scale

Cosmology

3
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Neutrinoless Double-Beta Decay
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- Capable of probing Majorana nature of neutrino
* Model dependent sensitivity to neutrino mass with explanation of disparate mass
scale

- Tonne-scale program is top experiment recommendation of 2023 NSAC LRP
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| Probing the Neutrino Mass Scale
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- Capable of probing Majorana nature of neutrino
* Model dependent sensitivity to neutrino mass with explanation of disparate mass
scale
- Tonne-scale program is top experiment recommendation of 2023 NSAC LRP
« LEGEND-1000 to be flagship US-led experiment
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] Probing the Neutrino Mass Scale

Cosmology
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Tritium Beta Decay

« Tritium has been the workhorse of the direct neutrino mass field
» Best limits for 75+ years (since 1948), and counting

—_

 Endpoint: 18.6 keV

- Half-life: 12.3 yr 08 Zote o msoey
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| Fermi (1934): Endpoint Method &

Neutron Beta Decay
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| KATRIN =4

« State-of-the-art in field is KATRIN
experiment

- Employs gaseous molecular tritium
source and MAC-E filter
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| KATRIN
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] Sensitivity after KATRIN
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] Beyond KATRIN Concept
oo

> Never measure anything

> 3H-3H but frequency.

3
>

>, — Arthur Schawlow

B
PR A

N
.
.
1

e

VAVAVAVE

B. Monreal “._
after Phys. Rev. D 80 (2009) 051301R |+

w INDIANA UNIVERSITY 11 September 2025 Walter C. Pettus




] Cyclotron Radiation Emission Spectroscopy
(CRES)

B field

« Harness frequency-energy relation for relativistic electrons
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] Cyclotron Radiation Emission Spectroscopy
(CRES)

« Harness frequency-energy relation for relativistic electrons

_ 1 eB
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] Cheat Sheet: 3H vs ®He

 Endpoint: 18.6 keV

Endpoint: 3.5 MeV

* Physics in last ~eV » Physics across full spectrum
distortion
* Phase « Existing Data
« ~1T, ~26 GHz « Variable field, ~T
« 200 MHz bandwidth « 2.3 GHz bandwidth

« 2 eV energy resolution

* Future phases: * Future
« 21 mT, 550 MHz * More DAQ channels, less magnet
» Lower power, flatter slope tracks ramping
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] CRES Spectroscopy

- Data taken in two trap configurations Project 8, Phys. Rev, Lett.
« Shallow trap for high-resolution studies 131(2023) 102502
« Deep trap for high(er)-rate, used for tritium oo P trap frequency - 25 GHz (MHz) 500
1.0_' B Shallow trap data L
CRES frequency related to average field g |- snalowtrep it resur
1 eE :E; O.8j Deep trap data r
fC —_ EW -\8{9016_: ————— Deep trap fit result _
? o.4—f -
Bunax § ]
ooz -
AB 0'1075;;)_0_‘"_‘_”‘_”;-7—6_06 © 17700 17800 \71~7éoo‘ © 18000

Reconstructed kinetic energy (eV)

Instrumental resolution: 1.66+0.19 eV
83mKr K-line linewidth: 2.83 eV
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] CRES Spectroscopy

- Data taken in two trap configurations Project 8, Phys. Rev. Lett.
« Shallow trap for high-resolution studies 131(2023) 102502
« Deep trap for high(er)-rate, used for tritium S D‘ee‘p frg}F’Sffeﬁ“ﬁ”fyg'}jf G“Z ('f”;'?zf," o
1.0_' B Shallow trap data "
CRES frequency related to average field g |- snalowtrep it resur
1 E g 0.8 ] Deep trap data
¢ fC = ° o) 1 ---- Deep trap fit result
2T (m+Ekin) :“3 0.6
. 4%0.4
- Shallow trap shows low energy satellite £
peak N " N B 7
» Both scattering and shakeup/shakeoff o a0 oo | 0o | oo Tsdos
effeCtS Reconstructed kinetic energy (eV)

Instrumental resolution: 1.66+0.19 eV
83mKr K-line linewidth: 2.83 eV
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] Scattering, Sidebands, & Track Visibility

« Scattering peak has contribution from short tracks and invisible (but

trapped) electron pitch angles
» Interference pattern and frequency modulation give rise to (dis)appearing
tracks, variable intensity between carrier and sideband
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| Efficiency Corrections

* Tritium analysis spanned 160 MHz (~3 keV) around endpoint

- Field-shifted Kr data used to study frequency-dependent efficiency

» Analytic correction of cyclotron radiation energy dependence Project1§.1P(g>6sz.3F;e1vdzL5eét2-

oL Tritium Equivalent Energy (eV)
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] Phase ll: First Tritium Limits

* Improvement in spectroscopic performance
 First RF-based neutrino mass limits (mg < 155 eV)

« Zero-background measurement (< 3x10710 counts/eV/s) Project f Prys Rev. Lot
175_5 —— Frequentist intervals
Tritium Beta Spectrum Measurement and ] 20024 ;ite;a;ture .
Neutrino Mass Limit from Cyclotron Radiation 150- ey oo
Emission Spectroscopy ] >
A. Ashtari Esfahani et al. (Project 8 Collaboration) 209 125': g 01
Phys. Rev. Lett. 131, 102502 — Published 6 September 2023 » ] ,
PhvETa SYNOPSIS £ 1004 —150%+
YSICS See synopsis: . . . 5 > ] _ 2|
Neutrino Mass in the Crosshairs Im 8 75 1 200
s i | ] Tritium data 18500 18600
The first frequency-based limit on the neutrino’s mass sets the stage for next-generation experiments. ] ---- Bayesian best fit Endboint (eV)
50+ 10 Bayesian quantiles P
E —— Frequentist best fit H
25 - Literature £, H
H  Eo 10 Bayesian credible interval
0 _: H  Eo 1o frequentist confidence interval

' 16500 17000 17500 18000 18500 19000 19500
Reconstructed kinetic energy (eV)
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] Phase lll - The Path Forward

« Two major R&D thrusts to develop design of 40 meV neutrino mass
experiment:

» Cavity CRES towards large-volume, high-resolution, optimized efficiency
spectroscopy

« Atomic tritium source — production, cooling, and trapping

* Independent R&D packages come together in integrated apparatus as
culmination of Phase ll|
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] Phase lll - CRES Development

« Two major R&D thrusts to develop design of 40 meV neutrino mass

expenment 1000 - Phase IV: 10 copies of “Pilot”
®  Sensitivity to mg=0.04 eV
Phase lll final: “Pilot”
o e
1 S tivity t =0.1eV
» Cavity CRES towards large-volume, ansifiisptammgs0.lie
L] . [l . . . _——
high-resolution, optimized efficiency &
é gk Phase lll mid-scale:
spectroscopy s Low-Frequency Apparatus (LFA)
E ® LFA with Li beam, then
LFA+ with atomic T beam

- .

—_ Sensitivity to

g me=0.2-0.4 eV

0.001 -
Phaselll
Limit set:
me<152 eV
Phase Il precision: 8
Cavity CRES AEQQFZJIUS (CCA) L
0.5 1.0 1.5 2.0

Energy resolution FWHM (eV)
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] Cavity CRES Apparatus (CCA)

« First demonstration of CRES with cavity
« High-precision 83MKr spectroscopy

* Improved energy resolution with electron
gun calibration
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Cavity CRES Apparatus (CCA)
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] Sideband Reconstruction

- Sideband analysis allows full electron kinematic reconstruction
» Sideband spacing encodes axial frequency information _
» Axial frequency related to average field experienced 1 eB

ial Power _ _
A cyclotron axia Cavity bandwidth
u motion motion e
>
o
- |1
? > ———Frequency

Z
ﬁjﬁ\ﬂ+ﬁ
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] Sideband Reconstruction

Frequency [GHz]
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Sideband analysis allows full electron kinematic reconstruction

Sideband spacing encodes axial frequency information
Axial frequency related to average field experienced
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] Scaling CRES: LFA

1799 0.9 012
SR I

e t

1R
1l
1B

* Low Frequency Apparatus (LFA)

* 1.5 m3 cavity at 560 MHz, 21 mT
« Capable of ~0.3 eV neutrino mass measurement with

tritium source upgrade

« Low frequency cavity naturally scales to large volume
* Further scaling planned to Phase IV module scale

« Integrated field design to allow for tritium upgrade
* High-multipole magnetogravitational atom trap
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|  Why Atomic?

« Sensitivity beyond inverted hierarchy requires atomic tritium

10 T T T T T T
T, molecule
rotation
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Atomic Experiment Concept

Three broad sections:

« Dissociator: produce high flux of “hot” tritium atoms
« Cooling: cool with minimized losses
« Trap: hold ~mK atoms in CRES detection volume

\
\‘%’f

evaporate as ~—
confining field drops

With complicated interfaces between sections

Cracker Accommodator Nozzle ™

160 K 10K |
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Magnetic Multipole Cooler & Slower

Low Field
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] Dissociation

. ‘g see also
- Start with pure molecular hydrogen/tritium gas Project 8, arXiv:2501.01268
« Dissociate high flux into atoms
« Thermal cracking on tungsten filament
m/z = 1 Signal at 1 [sccm] of Hydrogen
1004+ f;(-‘rr:afx: = (3‘1 +6/-5) ‘Vl‘:
— beslT
— ® Counts/s
R 80T Scale uncertainty //
‘E 60 // %§
0 500 1000 15I00 2000 2500 3000 35000‘

Capillary Temperature [K]

w INDIANA UNIVERSITY 11 September 2025 Walter C. Pettus




] Dissociation

- Start with pure molecular hydrogen/tritium gas

« Dissociate high flux into atoms
« Thermal cracking on tungsten filament
« ECR plasma source

accommodator
(gas outlet)

optical FJ__,_} |
viewport
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] Accommodation

« Cooling by accommodation (collisions off cold surface) works in limited

temperature range T T T T T uesses
o TR oY
. H | L M ALLIMIMU i
«  Somewhere around ~40 K optimal for T? : [,
» Isotopic dependence not fully explored, E'ﬂ"' I
needs new experimental data r
« Careful geometry, temperature gradient? é'*‘ I ]
..... % g - .- 4 *g ;F:
: B ¥
£ e 2
= @ wo 0 W W 8w
< TEMPERATURE (K)
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] Evaporative Cooling e projects,

arXiv:2502.00188

- Evaporative cooling will be workhorse of cooling stage
» Efficient performance below ~1 K, down to 1 mK target temperature
* (Longitudinal) momentum can be redirected to transverse and cooled

5 E 3
1 Dissociation F
. h Accommodation I I
x 0 I I II ‘ ' - [ E
; State selection 3
'otentia ] i
3 2 | B
g e .
— mean py —— mean p, —— local T [ x RMS(p)] . Capture with
6 -E seattering
E E loss E
g /\/W\/\/v\ = ] &
V. 2 A0 R
3 24 5 3 Compression * 3
T QO 7 —e
0 - Evaporative ._,.-:-E' = =
3 Cooling g—g E
-2 —s
. .—:_ 2 L
Ensemble averages - —e L
-4 T T T T E *~— =
0 10 20 30 40 50 B Emann e e s e S s

emperature (arb. units)
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] Other Cooling Ideas (Xing Wu)

« Centrifuge Decelerator Detector n
« Cryogenic Buffer Gas Cooling .

N Time of Flight Guide
Molecules 200K = (TOF)

He 6.5K/ Ne 17K

X. Wu et al, Science
Detector (Optional) 358 (2017) 645

Plate Capacitor (Optional)
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] High Multipole Trap
* Need high-multipole trap to provide steep magnetic walls with large

uniform field region
» loffe-Pritchard (alternating current direction): EIC magnet winder at BNL

« Halbach Array (alternating permanent magnets): UIUC group
«  Will use loffe design for LFA trap

log10(|B|) in @ 200mm diameter trap

— Alternating
... Halbach

- .5 mm
1 mm
2.5 mm
5mm
10 mm

5|0 Sb TIU SIO 9|0 ].LllD
Radius (mm)
Walter C. Pettus
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Tritium Experiment: Integrated LFA

m INDIANA UNIVERSITY

LFA designed to be upgradeable to run with tritium Pinch coil
* Inventory unclear, depends on recirculation

300 meV tritium limit with 1 year operation
» Competitive with KATRIN

Phase IV will require additional scaling, multiple

modules

Atom source

(nOt ShOWn) HRSESOEE

11 September 2025
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Injection line ~
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Solenoid ~
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] Tritium Experiment: Integrated LFA

¢ LFA, threshold: 1.7m3, 1 yr CaV|ty
LFA, target: 1.7m?3, 1 yr . . \
A One full-size module: 94m3, 1 yr L 100 PInCh COII ~

100 e # Phase IV=Ten full-size modules: 940 m?, 8 yrs

Solenoid ~

|offe coils~

90% CL on mg (eV)
Standard deviation in m3 (eV?)

— L1073
Phase IV (0.04ev) Tt ] 0

10-1 10° 10! S
Livetime (years) Injection line ~

Atom source g,
(not shown)
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] Conclusions

« Understanding and measuring the neutrino mass scale remain grand open

experimental challenges
* Implications span nuclear, particle, and astro-physics

« Phase |l produced first RF-based neutrino mass limits
« Demonstrated zero-background measurement, improved spectroscopy

« Phase lll will complete critical R&D
 CRES in cavities with sub-eV resolution and
scaling to large volume
* Atomic tritium production, cooling, and storage
« Ultimate 300 meV sensitivity with tritium upgrade

H .“‘\;;;""Z;f‘. Lt 2 J:-;::
Phase IV concept for 40 meV neutrino mass HOW DOES PROJECT 8 FIT INTO

experiment under development THE ATOMIC FUTURE?

o
=

m INDIANA UNIVERSITY 11 September 2025 Walter C. Pettus




] Project 8 Collaboration

yii  Case Western Reserve University

g * Razu Mohiuddin, Ben Monreal, Vihanga Ranatunga
Heidelberg University

 Felix Spanier
University of lllinois

» Paul Harmston, Jaako Koivuniumi, Chen-Yu Liu
Indiana University

» Robert Cabral, Manjinder Oueslati, Walter Pettus, Anna Reine
Johannes Gutenberg University, Mainz

» Sebastian Bdser, Aya el Boustani, Martin Fertl, Christian Matthé,

Brunilda Mucogllava, Rene Reimann, Florian Thomas, Larisa Thorne

Karlsruhe Institute of Technology

* Thomas Thimmler
Lawrence Berkeley National Laboratory

* Alec Lindman, Tianhuan Luo, Alan Poon, Marcos Turqueti
Lawrence Livermore National Laboratory

» Kareem Kazkaz
Massachusetts Institute of Technology

 Hannah Binney, Joseph Formaggio, Mingyu Li, Junior Pefia Ghent Qniversity .
7" Pacific Northwest National Laboratory * Juliana Stachurska, Lars Wilocx
"+ Ben Foust, Jeremy Gaison, Noah Oblath, Jonathan Tedeschi, Brent VanDevender Carnegie Mellon University

Pennsylvania State University

- S Mok L Di P
+ Srinikitha Bhagvati, Matthew Brandsema, Luiz de Viveiros, Richard Mueller eung ok Lee, Llana Farmo

Michigan State University

University of Pittsburgh . C e .

+ Ehteshamul Karim, Vivek Sharma, Pranava Teja Surukuchi * Alex Frenett, Sebastian Miki-Silva, Xing Wu
University of Texas, Arlington Colorado School of Mines

* Morgan Elliott, Ben Jones, Akshima Negi, Varghese Chirayath + Kara Stogsdil, Wouter Van De Pontseele

University of Washington

» Peter Doe, Sanshiro Enomoto, Paul Kolbeck, Stephen Kuenstner, Elise Novitski, Hamish Robertson, Gray Rybka, Yu-Hao Sun, Meg Wynne
Yale University

» Karsten Heeger, James Nikkel, Luis Saldana, Penny Slocum, Arina Telles, Talia Weiss

This work is supported by the US DOE Office of Nuclear Physics,

INDIANA UNIVERSITY 11 September 2025 the US NSF, the PRISMA+ Cluster of Excellence at the University of
Mainz, and internal investments at all institutions.




	Slide 1: Precision Tritium Beta Decay Measurement for Neutrino Mass with Project 8
	Slide 2: Mystery of the Neutrino Mass Scale
	Slide 3: Probing the Neutrino Mass Scale
	Slide 4: Probing the Neutrino Mass Scale
	Slide 5: Probing the Neutrino Mass Scale
	Slide 6: Probing the Neutrino Mass Scale
	Slide 7: Tritium Beta Decay
	Slide 8: Fermi (1934): Endpoint Method
	Slide 9: KATRIN
	Slide 10: KATRIN
	Slide 11: Sensitivity after KATRIN
	Slide 12: Beyond KATRIN Concept
	Slide 13: Cyclotron Radiation Emission Spectroscopy
	Slide 14: Cyclotron Radiation Emission Spectroscopy
	Slide 15: Cheat Sheet: 3H vs 6He
	Slide 16: CRES Spectroscopy
	Slide 17: CRES Spectroscopy
	Slide 18: Scattering, Sidebands, & Track Visibility
	Slide 19: Efficiency Corrections
	Slide 20: Phase II: First Tritium Limits
	Slide 21
	Slide 22: Phase III – The Path Forward
	Slide 23: Phase III – CRES Development
	Slide 24: Cavity CRES Apparatus (CCA)
	Slide 25: Cavity CRES Apparatus (CCA)
	Slide 26: Cavity CRES Apparatus (CCA)
	Slide 27: Sideband Reconstruction
	Slide 28: Sideband Reconstruction
	Slide 29: Scaling CRES: LFA
	Slide 30: Why Atomic?
	Slide 31: Atomic Experiment Concept
	Slide 32: Dissociation
	Slide 33: Dissociation
	Slide 34: Accommodation
	Slide 35: Evaporative Cooling
	Slide 36: Other Cooling Ideas (Xing Wu)
	Slide 37: High Multipole Trap
	Slide 38: Tritium Experiment: Integrated LFA
	Slide 39: Tritium Experiment: Integrated LFA
	Slide 40: Conclusions
	Slide 41: Project 8 Collaboration

