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Reminder: The Challenge
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¢ Start with a huge number of decays

¢ Precisely measure energy, rate near endpoint

¢ Somehow ignore all the low-energy decays with no useful information
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Tritium: Two Main Strategies

1. Transport B away from source to measure its kinetic energy
¢ Electromagnetic spectrometer(s)

¢ Standard particle-physics techniques (but at low energy)
2. Measure [ kinetic energy in situ

¢ No energy loss in transport

¢ Need a way to “see” into source gas
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The Plan

Accessing the neutrino-mass scale
How to search for m, directly

Nitty, gritty systematics
Microcalorimetry basics (193Ho)
HOLMES

ECHo

Beta-spectroscopy basics (°H)

¢ KATRIN
¢ Working principle
¢ Backgrounds
¢ Neutrino-mass results

¢ Project 8

¢ Next-generation tritium R&D

& Sterile neutrinos and bonus physics
¢ Alternate measurement ideas
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The KATRIN Approach

¢ Measure integral spectrum with moving threshold

¢ Magnetic Adiabatic Collimation + Electrostatic filter

Detector

T, source
1
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An Analogy

Electrostatic filter principle: Slide: Chloé Goupy
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Spotlight on the Beamline o
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Spotlight on the Beamline
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KATRIN by the Numbers
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KATRIN by the Numbers

¢ Target m , sensitivity in 5 calendar years:
Better than 0.3 eV at 90% confidence

¢ Magnetic field range 3 G — 60,000 G

# Source activity: ~10"! decays every second
¢ 95% tritium purity

¢ Main spectrometer volume: 1240 m3
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Leopoldshafen, Germany
November 2006
Photo: KIT

1240 m?in Real-Li




+ Signal Bs have very little kinetic energy in
spectrometer center

¢ Low-energy secondary electrons can be
indistinguishable from signal!

T, source . Detector
1

Analyzing plane

P, (without E field)

e A/
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Rube Goldberg Backgrounds

Rube Goldberg, Collier’s Magazine, 1931
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The Rydberg Background

1) Ambient air

222Rn  Decay >Po

chain
—_— —_— _— —_— »
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The Rydberg Background
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The Rydberg Background
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How Do You Solve a Background Like a Rydberg?

¢ One simple idea: it's a volume-dependent background
¢ S0, squeeze the imaged volume!
¢ Increase magnetic fields and shift analyzing plane downstream

A. Lokhov et al., Eur. Phys. J. C 82, 258 (2022)
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How Do You Solve a Background Like a Rydberg?

¢ One simple idea: it's a volume-dependent background
¢ S0, squeeze the imaged volume!
¢ Increase magnetic fields and shift analyzing plane downstream

¢ Energy resolution is worsened
¢ Analysis is a little more complex

A. Lokhov et al., Eur. Phys. J. C 82, 258 (2022)
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Fitting the Data (in Principle)

¢ Fit modeled to measured spectrum with 4 free parameters

PhD thesis, Marco
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Fitting the Data (in Principle)

¢ Fit modeled to measured spectrum with 4 free parameters
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Fitting the Data (in Principle)

¢ Fit modeled to measured spectrum with 4 free parameters
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¢ Group detector pixels to reduce fit

complexity

¢ “Stack” similar high-voltage
settings and combine runs

¢ Cross-checks with multiple
modeler/fitter packages

More analysis details in
Phys. Rev. D 104, 012005 (2021)
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PHYSICAL
REVIEW

KNM1+2: KATRIN Takes Flight Zatss

¢ Spring 2019: 22 days at 2.5 x 100 Bq A
m2 = (—1.012%) ev?

m, < 1.1 eV (90% C.L)

t KATRIN data with 1 & error bars x 50 |
— Fit result
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PHYSICAL
REVIEW

KNM1+2: KATRIN Takes Flight Zetss

¢ Spring 2019: 22 days at 2.5 x 100 Bq ST TN
= (—1.0%77) eV?

mv< 1.1eV (90% C.L.)

t KATRIN data with 1 & error bars x 50 |
— Fit result

& Autumn 2019: 31 days at 9.5 x 107° Bq

m% = (0.26 £+ 0.34) eV?
m,< 0.9 eV (90% C.L.)

Nature Physics 18 160 (2022)

Count rate (cps)
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Retarding energy - 18574 (eV)
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KNM1-5: Putting It Together

¢ How can we combine data taken under very different configurations?

KNM3-SAP
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KNM1-5: Putting It Together

¢ How can we combine data taken under very different configurations?
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Joint Fit Across Campaigns and Patches

¢ Allow operating parameters to vary separately

¢ Neutrino-mass value is a common fit parameter across all spectra
¢ Model spectrum predicted for each campaign and patch

¢ 1609 data points across all spectra
¢ 144 correlated systematic parameters

¢ Two-level blindness scheme:
1. Fix analysis methods using simulated data sets
2. First look at data is model-blinded (smear molecular final states)
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Uncertainty Budget

Statistics N ©°¢

Systematics A 0.072
0.00 0.62 0.64 0.66 O.I08 0.110 0.I12
Gas density A 0.052
Energy loss A 0.034
Penning b I o 27
Source potential 0.022
Non-Poisson bg r 0.015
Bg gqU dependence 0.007
Analysing plane {I 0.006
Beource JH 0.004 KNM1-5
B background-related
Brnax il 0-004 source-related
Rear wall 1 0.004 | field-related
0.00 O.bl O.IOZ 0.63 O.b4 O.IOS 0.66

1-0 m2 uncertainty (eV?)
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¢ Still dominated by
statistics

¢ Background
uncertainties
substantially reduced

¢ Several systematics
improvements

(especially source
scattering) on the way



Full Disclosure

¢ After unblinding, we discovered problems!

¢ KNM4 included runs that were too different to
combine into one spectrum

¢ Split into KNM4-NOM and KNM4-OPT

¢ Discovered inconsistency in energy-loss
measurements

¢ Re-estimated uncertainty
¢ Finalizing new model

¢ Reviewed every systematic before launching
process again
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¢ Reviewed every systematic before launching
process again
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The Fits

¢ Maximume-likelihood fit with common m 2 parameter

¢ p=0.84
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The Latest Result: 36M electrons

¢ Best fit is slightly negative, plausible
within statistical fluctuations

KATRIN, Science 388 180 (2025)
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The Latest Result: 36M electrons

¢ Best fit is slightly negative, plausible

—— Lokhov-Tkachov

within statistical fluctuations Feldman-Cousins

m? = —0.147) 12 eV?

1 ---- Best fit (—0.14 eV?)

<0.45 eV

New upper limit with Lokhov-Tkachov
construction: no bonus for
underfluctuation

m, < 0.45eV (90 % CL)

KATRIN, Science 388 180 (2025)

Lokhov, Tkachov, Phys. Part. Nucl. 46 (2015) 3, 347-365
Feldman, Cousins, Phys. Rev. D 57 (1998) 3873-3889
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The Latest Result: 36M electrons

¢ Best fit is slightly negative, plausible

—— Lokhov-Tkachov

within statistical fluctuations Feldman-Cousins

m? = —0.147) 12 eV?

-- Best fit (—0.14 eV?)

<0.45 eV

New upper limit with Lokhov-Tkachov
construction: no bonus for
underfluctuation

m, < 0.45eV (90 % CL)

KATRIN, Science 388 180 (2025)

¢ KATRIN now has more than 230M Lokhov, Tkachov, Phys. Part. Nucl. 46 (2015) 3, 347-365
electrons on disk Feldman, Cousins, Phys. Rev. D 57 (1998) 3873-3889
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The Plan

Accessing the neutrino-mass scale ¢ KATRIN
How to search for m, directly ¢ Project 8

Nitty, gritty systematics ¢ Next-generation tritium R&D
Microcalorimetry basics ('°3Ho) # Sterile neutrinos and bonus physics

HOLMES ¢ Alternate measurement ideas
ECHo

Beta-spectroscopy basics (°H)
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Cyclotron Radiation Emission Spectroscopy

@7 Electron

R produced in
- - .., betadecay

First proposed: B. Monreal and J. Formaggio, PRD 80, 051301(R) (2009)
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Cyclotron Radiation Emission Spectroscopy

Electron
undergoes
cyclotron
motion in
magnetic

Blk

CD Electron

e produced in
-, - beta decay

LIS\

First proposed: B. Monreal and J. Formaggio, PRD 80, 051301(R) (2009)
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Cyclotron Radiation Emission Spectroscopy

Electron
undergoes
cyclotron
motion in
magnetic

Blk

C ®"” Electron

e produced in
-, - beta decay

LIS\

First proposed: B. Monreal and J. Formaggio, PRD 80, 051301(R) (2009)
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Cyclotron Radiation Emission Spectroscopy

Collect 1 fW
cyclotron
radiation
from
electron

Electron
undergoes
cyclotron
motion in
magnetic

Blk

C ®"” Electron

<,/ produced in
-, - beta decay

LIS\

First proposed: B. Monreal and J. Formaggio, PRD 80, 051301(R) (2009)
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Cyclotron Radiation Emission Spectroscopy

Collect 1 fW
cyclotron

radiation
from 1.0
electron 0.9
- 0.8 §
Electron =
undergoes s T et E o o7 %
cyclotron © 24.787} == 4 406 ¢
motion i.n § s = 0.5 é
magnetic g ; : e 8
field g 24.784 : / , 4 10.4 (_g
- Z 103§
24.781F - 1 |H402%
Electron _ — lo1 &
produced in , - :
beta decay 247 %079 008 0082 0084 0085 o
Time [s]

First proposed: B. Monreal and J. Formaggio, PRD 80, 051301(R) (2009)
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Cyclotron Radiation Emission Spectroscopy

Collect 1 fW
cyclotron

radiation
from 1.0
electron 0.9 _
2 0.8 g
Electron 6.7 =
\ ll ’ — . .9
undergoes o M s s N n o
cyclotron © 24.787F == 1 0.6 o
o — )
motion in > z = 'S
. c 0.5 c
magnetic o 7 : S S
field g 24.784 | : / : ] 40.4 (—g
L
Z 1033
Start = 5
24.781} 5 . 40.2 =
frequency S
Electron g N
: 0.1
produced in SR8 == 7 |
beta decay " 0.079 0.08 0.082 0.084 0.085
Time [s]

First proposed: B. Monreal and J. Formaggio, PRD 80, 051301(R) (2009)
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Cyclotron Radiation Emission Spectroscopy

Collect 1 fW
cyclotron

radiation
from 1.0
electron 0.9 _
- 0.8 g
Electron o =
WA — 70
undergoes o M s s N n o
cyclotron © 24.787} == 1 06 g
. . = )
motion in > = E 2
. c 0.5 c
magnetic g ; : e 8
field S 24.784} : = 1 [ Hoa=
s (t Scatter off a >
/ - = 0.3 .(7]
Start ~— ~ gas molecule 5
24.781} = = 1 [do22
frequency S
Electron g N
] 0.1
produced in SR8 == 7 |
beta decay " 0.079 0.08 0.082 0.084 0.085
Time [s]

First proposed: B. Monreal and J. Formaggio, PRD 80, 051301(R) (2009)
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Cyclotron Radiation Emission Spectroscopy

Collect 1 fW foo 1
cyclotron f, =

eB

" " : 2
radiation g 2T mMe + Ekn;n/C
from _ . . ; =z 1.0
electron : ' == =~ = 0.9 _
' ' - - 0.8 §
Electron BT Fre_quen,c_:y £
undergoes S S T g N chirpdueto = 0.7 %
cyclotron GO 24.787} enctay -|0£7- 1 Flos g
motion in > = = 2
. e 0.5 c
magnetic @ 7 , = 5
field S 24.784F A — = _ 104>
s (t Scatter off a )
e = 40.3%
Start ~— ~ gas molecule =
24.781} = = g lg2 2
frequency ©
Electron | 101 ?
produced in SR8 == 7 |
beta decay ' 0.079 0.08 0.082 0.084 0.085
Time [s]

First proposed: B. Monreal and J. Formaggio, PRD 80, 051301(R) (2009)
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Electron dynamics in a magnetic trap

Slide: Hannah Binney
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Electron dynamics in a magnetic trap

¢ Electron may be emitted in any direction
¢ Magnetic trap required to trap electrons long enough to be detected
¢ Pitch angle 6 = angle between the electron momentum and the magnetic field

¢ Only electrons with 8 > sin™*(y/Byin/Bmax ) Will be stored

Slide: Hannah Binney
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Electron dynamics in a magnetic trap

¢ Electron may be emitted in any direction
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Dynamics of an electron in a magnetic trap

6 =90°

motion

cyclotron OIQ'-_ “carrier”

Slide: Hannah Binney
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Dynamics of an electron in a magnetic trap

6 =90°

cyclotron OIQ'-_ “carrier”

m) 5

>

T Frequency

fe

No signal

>

Frequency

Slide: Hannah Binney
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Dynamics of an electron in a magnetic trap

Lower average B, lower f,
Ié Power A

cyclotron
0 motion __

»B amalmy\

z Frequency
-2 fa/ x fe + 214

Slide: Hannah Binney
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Dynamics of an electron in a magnetic trap

Lower average B, lower f,
5 Power A
. cyclotron
‘0 motion __
»é axial motion )
zZ >

T Frequency
fc_zfa/ fc xfc-i-Zfa
Minimum trapped pitch angle, 8 = sin_l(\/Bmin/Bmax )

Higher average B, higher f,
- Power 4
2

cyclotron
f) motion

l ~ axial motions =
B /\

Zr

T Freque’ncy
fc_zfa] fc fc+2fa

Slide: Hannah Binney
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Dynamics of an electron in a magnetic trap

cyclotron
‘0 motion __

»g axialmo'tiy\

Zr

Minimum trapped pitch angle, 8 = sin_l(\/Bmin/Bmax )

f) motion

axial motions =

cyclotron

Zr

Slide: Hannah Binney

Power 4

A

Lower average B, lower f,

¢ Electron sees
average field (B)
depending on its
kinematics within
trap

fc - Zfa/ ]IC xfc

Power 4

Higher average B, higher f,

Frequency

+ 2f,

>

¢ Sideband
structure tells us
about (B)

A F
fc_zfa] fc
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Dynamics of an electron in a magnetic trap

cyclotron
‘0 motion __

»g axialmo'tiy\

Zr

Minimum trapped pitch angle, 8 = sin_l(\/Bmin/Bmax )

f) motion

axial motions =

cyclotron

Zr

Slide: Hannah Binney

Power 4

A

Lower average B, lower f,

¢ Electron sees
average field (B)
depending on its
kinematics within
trap

fc - Zfa/ ]IC xfc

Power 4

Higher average B, higher f,

Frequency

+ 2f,

>

¢ Sideband
structure tells us
about (B)

A F
fc_zfa] fc
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Project 8 Phasewll Apparatus

Located at
CENPA at the
University of
Washington

"

Figures: A. Lindman, H.
Harrington, A. Ashtari
Esfahani, . Wendler

Slide: Elise Novitski
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Project 8
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Project 8 s
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RF amplifiers

' Superconducting
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First CRES Neutrino-Mass Limit!

TS T2 gas in waveguide, ~1mm?3 volume ey trap coils RF window

+ Calibrate with gaseous 83mKr

I
field-shifting solenoid RF terminator
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First CRES Neutrino-Mass Limit!

TS T2 gas in Waveguide, ~1mm?3 volume ey trap coils RF window
+ Calibrate with gaseous 83mKr

Deep trap frequency - 25 GHz [MHz]
920 915 910 905 900

—— Shallow trap data ~
1\
Shallow trap fit result i Sha”OW’

F .
Deep trap data i 1 hlgh-reS
I' 1
-- Deep trap fit result ',' '.I trap
1

=
(%
o
o

RF terminator
Deep, high-

statistics trap\

=
o
o
o

>
©
—
(]
+—
©
—
)
C
>
o
O

500

17600 17700 17800 17900 18000
Reconstructed kinetic energy [eV]

Calibration spectrum

Project 8, PRL 131 (2023) 102502
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+ T, gas in waveguide, ~1mm3 volume

First CRES Neutrino-Mass Limit!

175 Frequentist intervals
¢ Calibrate with gaseous 8mKr I yogp] T Lierature (Bodine eral)
150 [ — 1502
Deep trap frequency - 25 GHz [MHz] : ¥
920 915 910 905 900 o
—— Shallow trap data . 1251 o 01
2000 A Shallow §
---------- Shallow trap fit result ;".I ’ ) ~1502-
— Deep trap data ," l‘l hlgh'res g 1001 2002
> ] _ 1
@ 1500 ---- Deep trap fit result \ trap 8
‘6‘ || 75 1 T T
e . | iti 18500 18600
© Deep. hiah- \ §  Tritium data .
» 1000 _ p., 9 \ 5o ~--- Bayesian best fit Endpoint [eV]
3 statistics trap ".‘ 1o Bayesian quantiles
“ 500 \ i —— Frequentist best fit I H
// 257 ... Literature £ (Bodine et al.) H
_______________ H E 1o Bayesian credible interval
9 """""""""" 041 H E 1o frequentist confidence interval ¢
17500 17600 17700 17800 17900 18000 . . . . i . .
Reconstructed kinetic energy [eV] 16500 17000 17500 18000 18500 19000 19500
Calibration spectrum Reconstructed kinetic energy [eV]

Tritium spectrum

Project 8, PRL 131 (2023) 102502
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First CRES Neutrino-Mass Limit!

+ T, gas in waveguide, ~1cm? volume

175 Frequentist intervals
¢ Calibrate with gaseous 8mKr I yogp] T Lierature (Bodine eral)
1501 [ — 1502
Deep trap frequency - 25 GHz [MHz] ¥
920 915 910 905 900 )
—— Shallow trap data . 1251 Y 01
2000 A Shallow §
---------- Shallow trap fit result I _ ’ ) ~1502-
';' Deep trap data ," :l'll hlgh—reS g 1001 5002
© 15001 ---- Deep trap fit result i I'll trap 8 B
S fon 751 - '
I : . iti 18500 18600
© Deep. hiah- i \ § Tritium data .
» 1000 _ p., 9 \ 5o ~--- Bayesian best fit Endpoint [eV]
3 statistics trap\ 1o Bayesian quantiles
“ 500 pe \ i _ | —— Frequentist best fit I H
/,/' . Fo (Bodine et al.) H
_______________ 82 ||Ve dayS ian credible interval
————————— i—7600 17700 17800 . Eentist confidence interval +
Reconstructed kinetic en 3770 tritium events 000 17500 18000 18500 19000 19500
Reconstructed kinetic ener eV
m, < 180 eV (90% CL) gy eVl

Tritium spectrum
Project 8, PRL 131 (2023) 102502

Diana Parno - Direct Neutrino-Mass Measurements

336



The Plan

Accessing the neutrino-mass scale ¢ Project 8

How to search for m, directly ¢ KATRIN

Nitty, gritty systematics ¢ Next-generation tritium R&D
Microcalorimetry basics ('°3Ho) # Sterile neutrinos and bonus physics

HOLMES ¢ Alternate measurement ideas
ECHo

Beta-spectroscopy basics (°H)
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Project 8's Path to 40-meV Sensitivity

105'.. ¢ Molecular, conservative ¢ Increase event rate
' ZzzsreeyolTSt?oins“y ¢ Molecular, reaching PIll target ,
— ¢ Atomic, conservative 0 4 Larger volume
2 1031 ¢ Atomic, reaching PIV target . L.
~e = Atomic, reaching pilot-T target \ 4 nghel’ eﬂ:|C|enCy
S . | Phase Il (measured) F10! % .
AN gl ¢ Improve resolution, control of
& 2 systematics, field homogeneity,
1100 2 .
8 Ml  scattering effects
2 1071 S
E “Phase 11 (0.2 eV) ¢ Develop atomic tritium source
R R ¢ Overcome systematic of
Phase IV (0.04 eV) .
. molecular final states
10-1 10 107 10° 102 10! 10! 108 °

Efficiency x Volume x Time (m3y)

Slide: Elise Novitski
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The Project 8 Dream

" Tritium
Atoms

Low Field

High Fiel

2500 K 160 K

Slide: Hannah Binney
Images: Alec Lindman
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The Project 8 Dream

" Tritium
Atoms

Low Field
..~ HIg\Fiel

2500 K 160 K

I CRES trapping coils
Atomic tritium beamline N

Slide: Hannah Binney
Images: Alec Lindman
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———— — ¢ Magnetic Evaporative Cooling Beamline facilitated by
A EaE Y enhanced elastic T-T scattering at low temperature

— v/(23ms})

¢ But enhanced inelastic cross section makes T atoms
harder to trap B Tritium dipolar loss rate constants

S—— 0=
dd --

| | — dd-
—dd --

]

Pre-cooler

101 4 {d-poles) I E//IOtt and JOneS,
PRA 112 (2025)
062818

Project 8, PRA 112 (2025)
033311
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Electron’s cyclotron
radiation couples to TEy,;

. resonant mode of cavity

Cyclotron radiation coupled
to waveguide via small port

Cavity dimensions
Diameter: 15 mm
Length: 130 mm

Opening to inject RF amplifier two-stage

~
electrons from electron gun Sl RE circulator cryocooler
(can also be closed for use RN - d
i ; ; . ¥ vacuum
with radioactive gas source) cold fingers
feedthroughs

RF waveguide

Faraday cup
electron gu

positioning
system

radioactive gas
delivery line

thermal shield

electron trapping coils

electron gun

Pl sclanoid — «R&D goal: improve CRES precision
Slide: Elise Noyitski » Science goal: do ultra-precise B
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¢ Use a storage ring instead
¢ Higher efficiency

¢ Optimize B field for CRES
detection, not for trapping

¢ Demonstrator in progress

H/D/T atom supersonic beam
discharge source (30 K)

Magnetic o
state selector Injection
region

Ring

Beam S |
characterisation

characterisation

180° permanent magnet
hexapole guide

CRES region (66 Halbach arrays)

QTNM, New J Phys 27 (2025) 105006

Credit: Seb Jones
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¢ Use a storage ring instead
¢ Higher efficiency

¢ Optimize B field for CRES
detection, not for trapping

¢ Demonstrator in progress

Taes Ty

— . ’
- v LR 1.1, 2 =
ZRRTVTLCL LtEPEEECEELEFRRRELL L) Prmmpre
e Bl e e Brav
ad -
e,

o o — "
)

H/D/T atom supersonic beam
discharge source (30 K)

Magnetic o
state selector Injection
M ‘ region

Ring

Beam S |
characterisation

characterisation

180° permanent magnet
hexapole guide

CRES region (66 Halbach arrays)

QTNM, New J Phys 27 (2025) 105006

Credit: Seb Jones
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Coming Together for the Future

¢ 10-year (5-iteration) workshop series on direct neutrino-mass measurements
¢ Existing inter-experiment cooperation structures on shared challenges

¢ Parallel R&D paths help us figure out the best strategies
Y & i THERRRN § R

NuMass workshop, Karlsruhe, Germany, April 2026
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The Plan

Accessing the neutrino-mass scale ¢ KATRIN
How to search for m, directly ¢ Project 8

Nitty, gritty systematics ¢ Next-generation tritium R&D
Microcalorimetry basics ('°3Ho) + Sterile neutrinos and bonus physics

HOLMES ¢ Alternate measurement ideas
ECHo

Beta-spectroscopy basics (°H)
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Bonus Physics: Sterile Neutrinos!

¢ What if there’s a 4! neutrino flavor that doesn’t couple to the weak force?
¢ This sterile neutrino would still mix with active flavors
¢ Kink in spectrum at E,— m,

- cos’® 3 (m})

i sterle neutro UUEST
ACTIVATED
.
")

3
)
L
+—
(1)
—
>
0
o
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©
o
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=
v
—
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y—
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75 10.0 125 150 17.5
Energy (keV)
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S

(JUEST
ACTIVATED

(95% CL) @m ng

BEST + GALLEX

+ SAGE (20)

BEST + GALLEX

+ SAGE best fit

DANSS

(95% CL)

PROSPECT

(95% CL)

STEREO

(95% CL)

Neutrino-4

(20)

KATRIN exclusion
KNM1-KNM2 (95% CL)
KATRIN exclusion
KNM1-KNM5 (95% CL)

KATRIN sensitivity
KNM1-KNM5 (95% CL)

KATRIN, Nature 648 70 (2025)

sin? (20,,)
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A +
¢ Low-energy search for keV-scale sterile neutrinos ©THTE*
¢ 2026-7: Install 1500-pixel, high-rate “TRISTAN” silicon drift detector @% ) mﬁ?

“First deep look® Eur. Phys. J. C 83, 763 (2023)

S~o
S
~
~

lab constraints

\\\\\

Phys. Rev. Lett. 126, 091803 (2021) . ==-<__ !
{1 Phys. Rev. D 105, 072004 (2022) ATRIN T Tmm=a “ Overproduction

""" KATRIN projection v Se——

~
S~

Short-baseline oscillation anomalies Dark-matter candidate X-ray constraints
- ———————————

103 102 101 100 10 102 103
KATRIN, arXiv:2603.23256 ms (keV)
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IFW 7

More Bonus Physics gT 3

¢ Cosmic relic neutrions decoupled at 1s after Big Bang! A@TH AT-

¢ Proposal by Weinberg in 1962: detect by capture on tritium ..
posal by Weinberg y cap . @20

Ve t+ SH — e~ + 3He

Slide: Elise Novitski
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More Bonus Physics

¢ Cosmic relic neutrions decoupled at 1s after Big Bang!

¢ Proposal by Weinberg in 1962: detect by capture on tritium
Ve + H — e~ + *He

—|
N
T

o
a) —
count rate [a.u.]

o

count rate la.u.l

/)
PRSP YT [TV T [y Y

015 o
energy £ [keV] E—E, [eV]

Slide: Elise Novitski
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More Bonus Physics

¢ Cosmic relic neutrions decoupled at 1s after Big Bang! AT-

¢ Proposal by Weinberg in 1962: detect by capture on tritium , & |
Ve + *H — e + °He E& @0 ﬂg

—|
N
T

o
a) —
count rate [a.u.]

o

count rate la.u.l

/

1O
energy £ [keV] E—E, [eV]

Slide: Elise Novitski
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KATRIN Looked For this!

¢ Not enough tritium to detect predicted CvB abundance

¢ Instead, set limit on local CvB

overdensity n

i T
(JuEsT

: Majorana: a=1
Dirac: a=1/2

L&_ 5;"‘2 &g

e KNM 142
== == KATRIN projected 3-yr sensitivity

KATRIN,,
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. 2T i E N
KATRIN Looked For this! (JUEST
¢ Not enough tritium to detect predicted CvB abundance L, @2@

¢ Instead, set limit on local CvB
overdensity n

: Majorana: a=1
Dirac: a=1/2

¢ Other searches:
¢ Lorentz-invariance violation

¢ Generalized neutrino interactions
e KNM 1 + 2

== == KATRIN projected 3-yr sensitivity
¢ Light-boson emission

KATRIN , PRL 129 (2022) 011806
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. 2T i E N
KATRIN Looked For this! (JUEST
¢ Not enough tritium to detect predicted CvB abundance L, @2@

¢ Instead, set limit on local CvB
overdensity n

: Majorana: a=1
Dirac: a=1/2

¢ Other searches:
¢ Lorentz-invariance violation
KATRIN, PRD 107 (2023) 082005
¢ Generalized neutrino interactions

e KNM 142
== == KATRIN projected 3-yr sensitivity

¢ Light-boson emission

KATRIN , PRL 129 (2022) 011806
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KATRIN Looked For this! (JUEST
¢ Not enough tritium to detect predicted CvB abundance L, @2@

¢ Instead, set limit on local CvB
overdensity n

: Majorana: a=1
Dirac: a=1/2

¢ Other searches:
¢ Lorentz-invariance violation
KATRIN, PRD 107 (2023) 082005
¢ Generalized neutrino interactions [ B
KATRIN, PRL 134 (2025) 251801 - — — KATRIN projected 3-yr sensitivity
¢ Light-boson emission

KATRIN , PRL 129 (2022) 011806
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. 2T i E N
KATRIN Looked For this! (JUEST
¢ Not enough tritium to detect predicted CvB abundance L, @2@

¢ Instead, set limit on local CvB
overdensity n

: Majorana: a=1
Dirac: a=1/2

¢ Other searches:
¢ Lorentz-invariance violation
KATRIN, PRD 107 (2023) 082005
¢ Generalized neutrino interactions [ B
KATRIN, PRL 134 (2025) 251801 - — — KATRIN projected 3-yr sensitivity
¢ Light-boson emission
Lauer, PoS ICHEP2024 (2024), 326

KATRIN , PRL 129 (2022) 011806
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The Plan

Accessing the neutrino-mass scale ¢ KATRIN
How to search for m, directly ¢ Project 8

Nitty, gritty systematics ¢ Next-generation tritium R&D
Microcalorimetry basics ('°3Ho) # Sterile neutrinos and bonus physics

HOLMES ¢ Alternate measurement ideas
ECHo

Beta-spectroscopy basics (°H)
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Optomechanical Systems

¢ Load a microsphere with -decaying isotope
¢ Optically levitate the microsphere
¢ Measure recoil from nuclear decay

1 sph x 1 month
* 10 sph x 1 yr
1000 sph x 1 yr '
‘ 102 AR
Sterile-v mass my (keV)

Carney, Leach, and Moore, PRX Quantum 4 (2023) 010315
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Optomechanical Systems

¢ Load a microsphere with -decaying isotope

¢ Optically levitate the microsphere
¢ Measure recoil from nuclear decay

o decays have been measured this way!

| — —
A; y e o e alolo.

100 200 300 400 500 600
Reconstructed x amplitude, |Ax| [MeV/c]

Wang et al, PRL 133 (2024) 023602

1 sph x 1 month

= = =10sphx1yr ;
1000 sph x 1 yr

102
Sterile-v mass my (keV)

Carney, Leach, and Moore, PRX Quantum 4 (2023) 010315
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Combining Lots of Ideas  rrowemy vow cimcas 202620 3%
RRREARER IR

—
Source RF-tracker Transverse drift filter

(preselector) (Dynamic)

High-precision
calorimetry

focusing

Ll

Probably 18.6 keV
tritiated

graphene

Francesca M. Pofi CRES + filter tuning
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Combining Lots of Ideas  rrowemy vow cimcas 202620 3%
RRREARER IR

—
Source RF-tracker Transverse drift filter

(preselector) (Dynamic)

Ll

High-precision
calorimetry

focusing

V

E;?;ZZ'V 18.6 keV Initially planned as CvB search

graphene : Interesting R&D challenge

Each element must be
demonstrated
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Francesca M. Pofi CRES + filter tuning
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Conclusions

¢ The neutrino mass scale remains both fascinating and challenging
¢ Direct, kinematic measurements are a critical piece of the puzzle
+ Decades of work and creativity to improve precision for 3H and '%3Ho

¢ This is an exciting time for the field!
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Conclusions

¢ The neutrino mass scale remains both fascinating and challenging
¢ Direct, kinematic measurements are a critical piece of the puzzle
+ Decades of work and creativity to improve precision for 3H and '%3Ho

¢ This is an exciting time for the field!

Thank you!
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