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SM: massless neutrinos



Bl vo B v, ' V;
2 . . .
+ 3 " Neutrino oscillations
, — neutrino mass
- Ams, differences
21

2N s> 0.059eV
Am3, JHEP 12, 216 (2024)

_211
.... 1 |

SM: massless neutrinos



https://link.springer.com/article/10.1007/JHEP12(2024)216

Bl v Bl v, V¢
....' + 3 " Neutrino oscillations
— neutrino mass
. Ams, differences
Contradiction! T v, s 0.059eV
— Am%ll JHEP 12, 216 (2024)

_ 21
.... 1 0

SM: massless neutrinos



https://link.springer.com/article/10.1007/JHEP12(2024)216

000606

7

Z
000t

SM: massless neutrinos

Contradiction!

«—

P/ Prax

. ey, Vs
2 . . .
4 3N ‘" Neutrino oscillations
, — neutrino mass
Ams, differences

JHEP 12, 216 (2024)

T v, > 0.059eV
Amgll

1.5

21
]l <

ACDM

—— CMB
—— DESI DR1 (FS+BAO) + BBN + (6., 7.)oms
— DESI DR2 BAO + CMB (Baseline)

_0.4 0.2 0.0 0.2
> My | eV]

Cosmic surveys:
Indirect neutrino
mass sensitivity

Sm, < 0.053 eV
PRD 112, 083513 (2025)



https://link.springer.com/article/10.1007/JHEP12(2024)216
https://journals.aps.org/prd/abstract/10.1103/w9pk-xsk7

000606

7

Z
000t

SM: massless neutrinos

Contradiction!

«—

P/ Prax

. ey, Vs
2 . . .
4 3N ‘" Neutrino oscillations
, — neutrino mass
Ams, differences

W s, 5 0.059eV
Am3, JHEP 12, 216 (2024)

1.5

21
]l <

|

30 tension!

ACDM

—— CMB
—— DESI DR1 (FS+BAO) + BBN + (6., 7.)oms
— DESI DR2 BAO + CMB (Baseline)

_0.4 0.2 0.0 0.2
> My | eV]

|

Cosmic surveys:
Indirect neutrino
mass sensitivity

Sm, < 0.053 eV
PRD 112, 083513 (2025)



https://link.springer.com/article/10.1007/JHEP12(2024)216
https://journals.aps.org/prd/abstract/10.1103/w9pk-xsk7

000606

7

Z
000t

SM: massless neutrinos

Contradiction!

«—

. ey, Vs
2 . . .
4 3N ‘" Neutrino oscillations
, — neutrino mass
Ams, differences

JHEP 12, 216 (2024)

T v, > 0.059eV
Am%ll

P/ Prax

Neutrinos have mass, in contradiction to the
Standard Model. Not observable with oscillation
experiments, elusive in cosmic surveys!

1.5

|

30 tension!

ACDM

—— CMB
—— DESI DR1 (FS+BAO) + BBN + (6., 7.)oms
— DESI DR2 BAO + CMB (Baseline)

_0.4 0.2 0.0 0.2
> My | eV]

|

Cosmic surveys:
Indirect neutrino
mass sensitivity

Sm, < 0.053 eV
PRD 112, 083513 (2025)



https://link.springer.com/article/10.1007/JHEP12(2024)216
https://journals.aps.org/prd/abstract/10.1103/w9pk-xsk7

e v mm oy, Ve
2 . . .
5 4 3N " Neutrino oscillations

5 — neutrino mass
Y Ams, differences
I I 2n
Contradiction! T v, s 0.059eV
£ «— Ams3, _ JHEP 12, 216 (2024)
eo0e e
W

SM: massless neutrinos I

Neutrinos have mass, in contradiction to the
Standard Model. Not observable with oscillation
experiments, elusive in cosmic surveys!

M ACDM
15 ' ' '

30 tension!

Lab: Direct neutrino —— CMB
—— DESI DR1 (FS+BAO) + BBN + (6,,7)cump mic surv :
Mass measurement — DESI DR2 BAO + CMB (Baseline) Icr:]c()j?rect ieutﬁ?‘l]z
gl | mass sensitivity

Klein

P/ Prax

Sm, < 0.053 eV
PRD 112, 083513 (2025)

0.4 _0.2 0.0 0.2

-17500 -15000 -12500 —10000 —7500 —-5000 —-2500 0 E :
E - Eo [eV] ml/,eff [GV]



https://link.springer.com/article/10.1007/JHEP12(2024)216
https://journals.aps.org/prd/abstract/10.1103/w9pk-xsk7

Direct Neutrino Mass Measurement L

« Sensitive to electron-weighted neutrino mass:
2 2 2
mue,eff _ Z ‘ Uei‘ m;



Direct Neutrino Mass Measurement
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. Sensitive to e\ectron vveighted neutrino mass:

ueff 2‘

» Electron capture on Ho\mium: ECHo, HOLMES

Counts/0.01eV
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Direct Neutrino Mass Measurement
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. Sensitive to e\ectron vveighted neutrino mass:

ueff 2‘

» Electron capture on Ho\mium: ECHo, HOLMES
 Tritium beta decay: KATRIN, Project 8, QTNM
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Direct Neutrino Mass Measurement L
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Sensitive to e\ectron vveighted neutrino mass:
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Electron capture on Ho\mium: ECHo, HOLMES
Tritium beta decay: KATRIN, Project 8, QTNM
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Neutrino mass affects spectral endpoint
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g State-of-the-Art: KATRIN

GHENT
UNIVERSITY

T, source detector

p. (without E field)

Running 2018-2025 at TLK
Molecular T2 source

1/2 of decays into forward direction

MAC-E ftilter: Magnetic Adiabatic
Collimation with Electrostatic filter =
high-pass filter

Electrons above filter energy counted:
iIntegrated spectrum

[KATRIN, https://www.katrin.kit.edu/]
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NN

State-of-the-Art: KATRIN G

* Running 2018-2025 at TLK
* Molecular T2 source
« 1/2 of decays into forward direction

1 ¢ -  MAC-E filter: Magnetic Adiabatic
. I Bror B Collimation with Electrostatic filter =
T, source electrodes detector h glﬁ_paSS I‘J[el’
e, Electrons above filter energy counted:

f f///gi_?,),)ﬁzf/ ~ Integrated spectrum

. Current best limit: m, . < 0.45eV

U,,
* Design sensitivity: 0.2 eV
» Technology not further scalable

KATRIN, Science 388, 6743 (2025)]
KATRIN, https://www.katrin.kit.edu/
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Next Neutrino Mass Experiment: Project 8
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Necessary key technology developments:

» Strong atomic tritium source
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Next Neutrino Mass Experiment: Project 8

GHENT
UNIVERSITY

Necessary key technology developments:

» Strong atomic tritium source

» Ultra-precise, differential electron spectroscopy
» Compatibility of spectroscopy with atomic

tritium
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Next Neutrino Mass Experiment: Project 8 G

Necessary key technology developments:

» Strong atomic tritium source

» Ultra-precise, differential electron spectroscopy
» Compatibility of spectroscopy with atomic

tritium

» Project 8 goal: 40meV sensitivity to m,, ¢
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o Cyclotron Radiation Emission Spectroscopy (CRES) i

* Electron in B-field: cyclotron motion & radiation —

¢(B) b

“Never measure anything but
frequency!” — A. L. Schawlow

[PRD 80, 051301 (2009)]
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o Cyclotron Radiation Emission Spectroscopy (CRES) i

* Electron in B-field: cyclotron motion & radiation —
e(B) b
2nf = ————
m,+ K,/c?

* Energy resolution:

“Never measure anything but
frequency!” — A. L. Schawlow

[PRD 80, 051301 (2009)]


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.80.051301

o Cyclotron Radiation Emission Spectroscopy (CRES)s:.EVNJRS.w

* Electron in B-field: cyclotron motion & radiation —
e(B) b
2nf = ————
m,+ K,/c?

* Energy resolution:

 Emitted power: Py, B? « f?

“Never measure anything but
frequency!” — A. L. Schawlow

[PRD 80, 051301 (2009)]
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o

““““Cyc\otron Radiation Emission Spectroscopy (CRES)

—
1

GHENT
UNIVERSITY

* Electron in B-field: cyclotron motion & radiation —
e(B) B
2nf = ———
m, + K,/c?

* Energy resolution:

A Af
me f
. Emitted power: Py, «x B* o f* CRES advantages

+ high precision

+ [ transparent to radiati

+ No electron transport:

“Never measure anything but losses, no background

frequency!” — A. L. Schawlow

On

10
S

+ differential - high statistics

[PRD 80, 051301 (2009)]
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o CRES Electron Motion .

UNIVERSITY

. * Electron trapped in magnetic field

N
oton * Three superimposed motions:
| | M » Cyclotron motion with frequency
Cyctl_otron il f _ 1 6<B>
~ © 2mme+ E/c?
: molion

. Axial motion with frequency J, that depends on
trap design and electron’s pitch angle

. Grad-B motion Jy, ; from magnetic trapping
field gradient
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Frequency - 24 GHz (MHZz)

T
" +* —_—
A Typical®* CRES Event
P * so far
792
e(B)
2rf =
790 —20 / m, + K,/c?
-
786 S
&
784 2
10 £
T
782 g
7p
780 >

/78

Time (ms)

[PRL 114, 162501 (2015)]
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A Typical®* CRES Event

GHENT
UNIVERSITY

Frequency - 24 GHz (MHZz)

P * so far
792
e(B)
2nf =
790 120 m, + K,/
g
788 =
[
786 R
@
= 2
[Ead Cyclotron radiation 0 &
— energy loss =
782 S
)
780 O

/78

[PRL 114, 162501 (2015)]
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A Typical®* CRES Event

GHENT
UNIVERSITY

Frequency - 24 GHz (MHZz)

P * so far
792
e(B)
2nf =
790 —20 m, + K,/ c?
788 c
ke
786 R
&
T S
&M Cyclotron radiation T T 0 &
— energy loss =
782 f e Scatters down in energy =1
— up in frequency D
780 O

/78

[PRL 114, 162501 (2015)]
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T
N * —_—
A Typical®* CRES Event
P * so far
792
e(B)
2nf =
0] B
L 788 £
¥ 5 2
S 786 ® 5
N %
1 .6
<f&ad Cyclotron radiation et 0 &
“é — energy loss : T | T
S 782 T i Scatters down in energy 5
H- — up in frequency \
780 -
778

Start frequency: determines
electron energy before losses [PRL 114, 162501 (2015)]
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Phase | & || Results




Phase |: CRES Demonstration
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Cryocooler
Cryogenic Signal
. >
Amplifiers
Gas Su pp|y a
Waveguide

Superconducting
Solenoid Magnet

Gas Cell

[PRL 114, 162501 (2015)]
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Phase |: CRES Demonstration T -

Frequency (GHz)

25.6 25.4 25.2 25.0 24.8
C 0-30 _l | | | | | | | | | | | | | | | |
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- 600
Crvoseni igna u _
yogenic o B [
. > < | 500
Amplifiers < B S -
® 0.20— O
Q - < 400
© B —
- B 8_ _
Waveguide § 0.15H o 300
7 N =
5 - Q 200
(()) |
Q 0.10[— ©
. *UE) — 100 ‘
Superconducting S - ||
Solenoid Magnet ! 3 0.05— 0 A e,
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as € 16 18 20 22 24 26 28 30 32 34

Reconstructed energy (keV)

o 83MKr: electron conversion lines at 18 keV, 30 keV and a 32 keV

 Demonstrated energy measurement of single trapped electrons via
CRES, resolution: 15 eV (FWHM)

[PRL 114, 162501 (2015)]
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«  Phase |I: First CRES Neutrino Mass Extraction @

MSHAON "3 ‘UBWPUIT Y HP8ID

* Effective volume: 1Tmms3
* Demonstrated CRES on continuous tritium spectrum

[PRL 131, 102502 (2023)]
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/ Phase |l: First CRES Neutrino Mass Extraction s

Cryocooler i —— Frequentist intervals
1754 , + Literature
O i l 2009, Bestfit result
Signal D h
— % 150 X E | §>\ 1502 -
_:l> / N O )
Gas Supply ﬁ — 125 - N, -
> i S
| % {2 i I —1502 -
Waveguide ) c 100 7]
) - i
> 3 - } —2002-
z © 75- §  Tritium data | ! !
> . . : ) i 18500 18600
=. ] ---- Bayesian best fit Endpoint (V)
Superconducting = 50 - 10 Bayesian quantiles I P
Solenoid Magnet —— Frequentist best fit I ¥
25 e Literature £, ¥
Gas Cell and 1 H FE 10 Bayesian credible interval
Trapping Coils 04 H Eo 1o frequentist confidence interval

16500 17000 17500 18000 18500 19000 19500
Reconstructed kinetic energy (eV)
e Effective volume: Tmms3

* Demonstrated CRES on continuous tritium spectrum
. First neutrino mass upper limit extraction with CRES: m,, . < 155 eV/c?(90% C . L.)

e?

. Zero background observed — background rate <3 x 1071%eV~-1s=1(90% C.L.)
 High energy resolution: 1.7 £ 0.2eV (FWHM)

[PRL 131, 102502 (2023)]
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Phase Il R&D: Atomic Tritium




Atom Production GHENT

Credit: A. Lindman

heating filament

» Prototype with Hydrogen / Deuterium
* [hermal dissociation:
* Hot Tungsten surface (2200K-2500K)

» Hydrogen Atomic Beam Source (HABS) @
JGU Mainz

Credit: L. Thorne



Atom Production GHENT

Credit: A. Lindman

heating filament

» Prototype with Hydrogen / Deuterium
* [hermal dissociation:
* Hot Tungsten surface (2200K-2500K)

» Hydrogen Atomic Beam Source (HABS) @
JGU Mainz

e Plasma dissociation

N

“ O < Initially discarded due to T20O formation

- * Revisiting new quartzless cavities @ Indiana U

Credit: L. Thorne



Atom Production GHENT

Credit: A. Lindman

heating filament

» Prototype with Hydrogen / Deuterium
* [hermal dissociation:
* Hot Tungsten surface (2200K-2500K)

» Hydrogen Atomic Beam Source (HABS) @
JGU Mainz

 Plasma dissociation
“ O < Initially discarded due to T20O formation

- * Revisiting new quartzless cavities @ Indiana U
 HABS rebuilt for Tritium @ TLK

Credit: L. Thorne



Atom Cooling

GHENT
UNIVERSITY
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Atom Cooling s

Tl T2cracks to T on hot 1. Accommoadator: cool to 150K with multiple
tungsten (2200K) bounces at low recombination rate
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| Credit: A. Lindman
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Atom Cooling s

Tl T2cracks to T on hot 1. Accommoadator: cool to 150K with multiple
— tungsten (2200K) bounces at low recombination rate
2. One-bounce nozzle to cool to 10K
Lot _ - T binds to solid
surfaces (~10K)
<
— 100 _
1071
10—2_
| Credit: A. Lindman
10"33
(I) 1OI00 ZOIOO 30l()O

1
(V) (MS™) Gredit B J. P. Jones



Atom Cooling s

Tl T2cracks to T on hot 1. Accommoadator: cool to 150K with multiple
— tungsten (2200K) bounces at low recombination rate
2. One-bounce nozzle to cool to 10K
3. Cool by evaporation of hottest atoms
Lol ] - T binds to solid
surfaces (~10K)
<
— 10° -
10—1_
1072
10"33
1 , , , Hot atoms
0 1000 2000 3000 evaporate as

(v) (ms™1) Credit: B. J. P Jones confining field drops



Atom Cooling ol

UNIVERSITY

T eracks to Tonhot |- ACCOMModator: cool ':0.15QK with multiple
— tungsten (2200K) bounces at low recombination rate

2. One-bounce nozzle to cool to 10K
3. Cool by evaporation of hottest atoms

T binds to solid
surfaces (~10K)

T gravitationally storable
in 3m high trap (*1mK) Hot atoms

1000 2000 3000 evaporate as
(v) (ms™1) Credit: B. J. P Jones confining field drops




Magnetic Evaporative Cooling Beamline

GHENT
UNIVERSITY

» Can cooling be done in a beamline”
* Prototype with Lithium-6 @ UT Arlington / U Manchester

Li vapor
source

Zeeman slower Thermometer 1

Transfer Magnetic cooling Thermometer 2

Permanent magnets

solenoid coils

Flux
measurement

RGA

- _jllllllllllllllllTl_ =

—F
_.__“lllllllllllllllllll —

= o
o
25
— -
er
500 mW
- r*8_7
(resonant)

Frequercy
| Approx scale ~1m |

This side is beam prep to 5K
(uses visible lasers to slow Li)

:
:

{slowing)

- -

DC for
solenoid field

This side is P8 Prototype MECB
(no lasers, except for thermometers)

[PRA 112, 033311 (2025)]
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Atom lrapping
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UNIVERSITY

Frequency, GHz
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Low-field seeking states
U=+ uB

Dipolar spin flip

High-field seeking states
U=-uB

» Confine atoms Iin low-field
seeking state magnetically

18



Atom lrapping

GHENT
UNIVERSITY

Frequency, GHz

4 -
(m51 mi)
/
> _ (+1/2y
(+1/2,-1/2)
0
\(-1/2,-1 /2)
2] (—1/2m

Low-field seeking states
U=+ uB

Dipolar spin flip

U=-uB

High-field seeking states |

» Confine atoms in low-field
seeking state magnetically

 |offe trap creates
magnetic wall

» Central part free of field
variations for CRES
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Phase |l R&D: CRES Detection




Challenge:

|_arge-Volume CRES

GHENT
UNIVERSITY

ow CRES fields for atomic tritium

trapping

— low emitted powers

80 —

Phase | & |l
| [PRL 131, 102502 (2023)]
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Challenge:

| arge-Volume CRES i

ow CRES fields for atomic tritium

trapping

— low emitted powers

80—| ] 1 1 1 111 ] 1 1 1111 ] 1 1 1111 ] IIIIIII_

T
Phase |l & |V
= Phase | & I
(PRL 131, 102502 (2023)]
|
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Challenge: Large-Volume CRES i

* Low CRES fields for atomic tritium
trapping
— low emitted powers

» Large volumes for high statistics

80—| ] 1 1 1 111 ] 1 1 1111 ] 1 1 1111 ] IIIIIII_

T
Phase |l & |V
= Phase | & I
(PRL 131, 102502 (2023)]
|
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Challenge: Large-Volume CRES

GHENT
UNIVERSITY

ow CRES fields for atomic tritium

trapping
— low emitted powers

Large volumes for high statistics

Solution are large resonant cavities:
» Large volumes at low frequencies

« Resonant enhancement of electron
signal
« Compatible with atomic tritium

Count rate

Frequency

Electron power
off-resonance

suppressed

Electron power
on-resonance
enhanced

Electron Egergy




CRES in Cavities GHENT

grad-B

> / motion

A ) axial motion

—_—

off-axis cyclotron motion

at
D)

(@)

T -
oo | — onaxis

» Cyclotron motion gets modulated by axial motion
—(B) experienced by electrons depends on pitch angle

[Arxiv 2601.07848 (2026)] 21
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CRES In Cavities

GHENT
UNIVERSITY

A ) axial motion

— On-axis
— Off-axis

cyclotron motion

» Cyclotron motion gets modulated by axial motion
—(B) experienced by electrons depends on pitch angle

* Necessitates the detection of the carrier frequency and a

ower sideband
— accurately links (B) to individual e

— allows accurate energy reconstruct

[Arxiv 2601.07848 (2026)]
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https://arxiv.org/abs/2601.07848

o CRES in Cavities

]
GHENT

UNIVERSITY
Power
Cavity bandwidth
A ( axial motion ; ?nrsﬁc-)li g
|
D)
(@)
> .
w| 8;2’;}2 cyclotron motion /\ \ |
? _ Frequency
z J 1\
fC o fa fC f(; —1_ fa
‘ “ [
» Cyclotron motion gets modulated by axial motion | /
—(B) experienced by electrons depends on pitch angle . 5
* Necessitates the detection of the carrier frequency anda @ i
ower sideband o >
— accurately links (B) to individual electron =
. - = o
— allows accurate energy reconstruction -
* Range of axial motions sets bandwidth requirements for

the cavity design

[Arxiv 2601.07848 (2020)]
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Time (ms) Credit: S. Bhagvati
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The Cavity CRES Apparatus i

» Cavity at 26 GHz:
L=14cm,R=0.7cm,V ~ 20cm’

* Inserted into 1 T MRI magnet @ U of Washington
* Same frequency as Phase ||

» Small-scale cavity-CRES demonstration
 Aim: 0.3 eV energy resolution




The Cavity CRES Apparatus i

» Cavity at 26 GHz:
L=14cm,R=0.7cm,V ~ 20cm’

* Inserted into 1 T MRl magnet @ U of Washington
* Same frequency as Phase || e

» Small-scale cavity-CRES demonstration _
 Aim: 0.3 eV energy resolution

waveguide readout

O

| . thermal straps @

Credit: J. Pena =

: <

circulator Py - ’ . o

opening for injection of vl 4 Kamplifier &
electrons from y | & =]

electron gun e 2
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CCA - Commissioning S
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» Status: Commissioning
ongoing

» Expect first cavity
CRES data soon

All happening right now @ UW 23
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» Status: Commissioning
ongoing

» Expect first cavity
CRES data soon

All happening right now @ UW 73
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I'he Low Frequency Apparatus
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» Scale up in volume:

+ f=560MHz, B =0.02T,V ~ 1.5m> - 0(10°)
larger than CCA

» Scale down in collected power:

. P &« B? - 0.5% of radiated oower
compared to Phase |

ONE DOES NOT SIMPLY
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I'ne Low Frequency Apparatus o

UNIVERSITY

~ * Scale up in volume:

Work @UGent  §
supported by ./
ERC Starting 1
Grant

larger than CCA
» Scale down in collected power:

. P &« B? - 0.5% of radiated oower
compared to Phase |

ONE DOES NOT SIMPLY
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SCALE A:D}ETECTOR BY ORDERS OF MAGNITUDE

» f=560MHz,B =0.02T,V ~ 1.5m’> - 6(10°)
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Ihe Low Frequency Apparatus S

~ * Scale up in volume: -~
« f=560MHz,B=0.02T,V~ 1.5m® - 6(10°) {2 2
larger than CCA

» Scale down in collected power:

. P &« B? - 0.5% of radiated oower
compared to Phase || q
CRES — \

* Integrated magnet design solenoid

» Upgrade with atomic tritium beam for
competitive, sub-eV neutrino mass limit

NS

Work @UGent
supported by

ERC Starting
Grant
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Phased Approach Fgi.
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Phased Approach Fgi.
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Phased Approach Fgi.
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¢ 102l decreasing power by 10%
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Phase [V concept
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o Phase [V concept i

. Even bigger: f = 150 MHz, V ~ 100 m”

LFAXx 10
¢ LFA, threshold: 1.7m?3, 1 yr Preliminary:
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Phase [V concept

. Even bigger: f = 150 MHz, V ~ 100 m”
* 10 detector modules
« 40meV sensitivity

¢ LFA, threshold: 1.7m3, 1 yr Preliminary:
@ LFA, target: 1.7m3, 1 yr -

A One full-size module: 100m?3, 1 yr
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lake-Home Message
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* Neutrino mass remains one of the outstanding unknowns in both particle

ohysics and cosmology

. Next neutrino mass experiment to have 40meV sensitivity to My, off

* Project 8 Is developing key technologies:

* (CRES for high-precision, differential electron spectroscopy

* Atomic tritium for higher statistics, lower systematic uncertainties

* Resonant cavities as scalable detectors compatible with atomic tritium
* Many exciting results along the way: competitive mass limit with the LFA!
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Stay tuned for results on
oavitg CRES, atomlce trittum, and more!
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Goals of the CCA GHENT

Technology goals:

 Demonstrate CRES In
cavities, allowing for
orders-of-magnitude
INncrease In detector volume

* Improve energy resolution
to 0.3 eV

e Demonstrate new electron
gun calibration source
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Physics goals:

* Most precise measurement of
33MKr conversion electrons

« K-, L-, M-, N- lines
« Shakeup and shakeoft



Analysis Overview: Krypton s

UNIVERSITY

Conversion electron spectrum model VY
Taken from literature/theory

+ shakeoff

* Spectrum model o] = Bt

Intensity (%/eV)
|

01

e From literature _
* Underlying physics T o

83mKr shakeup and shakeoff spectrum VY, [48]

® E n e rg y p O i n t_ S p re ad fu n Ct i O n Convolve with energy point-spread function Rps:

R is obtained from simulation and calibration data. Its composition is illustrated in Fig. 9.

10 __ Shallow trap Rpsr 1'0? —— Deep trap Rpse The Sha”OW_Frap- polnt-

. . ' . n 2 | spread function is used
* From simulation and calibration data | |

€056 £ 0.6 analysis (Sec. VI.E). The

é/o 4 é’o 4: deep trap point-spread

' _— . = 2 ] function is used for the

o T / £0.2] £0.2- calibration with &MKr

DeteCtlon ef |C|ency <00 . H <oo: (Sec. VI.F and Sec. VIII)

T 17.80 17.84 W75 i7e 177 176 176 iso 2ndthe detailed tritium

Reconstructed kinetic energy (keV) Reconstructed kinetic energy (keV) model (Sec. VII.A).
* From field-shifted data

. Efficiency depends on frequency and| |..  woeww
energy

* CRES spectrum model for 83mKr JESS=

Frequency - 25 MHz (MHz)

* In shallow and deep trap

Fit to data to obtain results for parameters of interest.

" ___Shallow trap 83MKr K-line Deep trap 83MKr K-line
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PhyS ReV. C 109, 035503 (2024) Signal models S for shallow and deep trap 83™Kr K-line data. The

fit results are presented in Sec. VI.E and VI.F.




Analysis Overview: Tritium
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* Spectrum model
* From literature
* Underlying physics

e Ener

gy point-spread function

* From simulation and calibration data

» Detection efficiency

* From field-shifted data

o Eft

iciency depends on frequency and

energy

* CRES spectrum model for tritium

o it
 X]

to data
ract endpoint, neutrino mass upper

128

t, background rate

Phys. Rev. C 109, 035503 (2024)

Tritium beta spectrum model Y:
Taken from literature/theory

N w ) [6,]
A N T

Decay rate (arb. units)

o

=
M

16.5 17.0 17.5 18.0 185 19.0 19.5

Kinetic energy (keV)

Tritium beta spectrum VY, [7] with molecular final states [12]

Convolve with energy point-spread function Rps:
R is obtained from simulation and calibration data. Its composition is illustrated in Fig. 9.
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—— Deep trap Rpse

The shallow-trap point-
spread function is used

analysis (Sec. VI.E). The
deep trap point-spread
function is used for the
calibration with 83mKr

(Sec. VI.F and Sec. VIII)

175 176 177 178 179 180
Reconstructed kinetic energy (keV)

and the detailed tritium
model (Sec. VII.A).

in the high-resolution Kr

<

Multiply with detection efficiency e:
€ is obtained from analyzing field-shifted calibration data.
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1 —— Relative efficiency &(f-(Exin))

The efficiency € varies
with frequency and
energy. The
construction of €(f,)
and €(f.(E;,)) are
described in Sec. VI.D
and VIII.D respectively.
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CRES spectrum model for tritium Syy:
Fit to data to obtain results for parameters of interest.
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I Tritium data

spectrum model

Deep trap tritium
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Signal model S for deep trap T, data is described in
Sec. VII. Tritium data analysis is presented in Sec. X.A.




