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Neutrino mass with f-decay spectroscopy
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Neutrino mass with f-decay spectroscopy

. , Am?
< Neutrinos oscillate as they travel P(vo — vg) = sin’(20) sin® ( o L)
distance — neutrinos have non-zero
mass!

-
o
™

* What is the absolute mass scale?
What is the mass ordering?

*» Tritium B-spectroscopy is the leading
technique for direct neutrino mass
measurement
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Neutrino mass with f-decay spectroscopy

. , Am?
< Neutrinos oscillate as they travel P(ve — vg)|= sin®(26) sin’ ( L)
distance — neutrinos have non-zero
mass!
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* What is the absolute mass scale?
What is the mass ordering?

*» Tritium B-spectroscopy is the leading
technique for direct neutrino mass
measurement

= Best limits from KATRIN: 0 - — = e
mﬁ <0.45 eV/c2 (90% CL) electron energy (keV)

= Final sensitivity goal of 0.3 eV/c?
still above cosmological and inverted
ordering (IO) mass scale

Sh University of “10‘\‘ )

Count rate (arb?)- -

1 o N OB~ O
L LA BRI BLEL LN AL

count rate (arb. units)




Cyclotron Radiation Emission Spectroscopy (CRES)

10.1103/PhysRevD.80.051301

\/

% Place electron from -decay (Tritium) in uniform magnetic field

3H 3He I/e
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Cyclotron Radiation Emission Spectroscopy (CRES)

10.1103/PhysRevD.80.051301

\/

% Place electron from -decay (Tritium) in uniform magnetic field
* Undergoes cyclotron motion and emits cyclotron radiation
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Cyclotron Radiation Emission Spectroscopy (CRES)

10.1103/PhysRevD.80.051301

\/

% Place electron from -decay (Tritium) in uniform magnetic field

\/

* Undergoes cyclotron motion and emits cyclotron radiation

\/

* Trap the electron long enough to measure the cyclotron frequency

Coil 2

~
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~ ~‘
3 H 3 He Ve Capyright € 2004 Pearson Education, Ino., publishing as Addison W shoy,
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Cyclotron Radiation Emission Spectroscopy (CRES)

10.1103/PhysRevD.80.051301

*» Place electron from g-decay (Tritium) in uniform magnetic field
% Undergoes cyclotron motion and emits cyclotron radiation
% Trap the electron long enough to measure the cyclotron frequency

% Cyclotron frequency depends on electron kinetic energy 27 fc|= 2m — E

Coil 2

~
-~
-~
3 H 3 He Ve Capyright € 2004 Pearson Education, Ino., publishing as Addison W shoy,
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Cyclotron Radiation Emission Spectroscopy (CRES)

10.1103/PhysRevD.80.051301

% Place electron from -decay (Tritium) in uniform magnetic field
* Undergoes cyclotron motion and emits cyclotron radiation
% Trap the electron long enough to measure the cyclotron frequency

¢ Cyclotron frequency depends on electron kinetic energy 27 f|= 27 — =

* Extract electron spectrum with enough of these electrons 3 | ¢

M -~
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3 H 3 He Ve Capyright € 2004 Pearson Education, Ino., publishing as Addison W shoy,
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Cyclotron Radiation Emission Spectroscopy (CRES)

10.1103/PhysRevD.80.051301

*» Place electron from g-decay (Tritium) in uniform magnetic field
% Undergoes cyclotron motion and emits cyclotron radiation
% Trap the electron long enough to measure the cyclotron frequency

% Cyclotron frequency depends on electron kinetic energy 20 f = 2m = =

% Extract electron spectrum with enough of these electrons ; | ¢

Radiated Power ~ 1 fW
for 18.6 keV electrons in
~ 1 T B-field
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3 H 3 He Ve Capyright € 2004 Pearson Education, Ino., publishing as Addison W shoy,

Sh University of “10‘\‘ )
PHENO ‘26 | Ehteshamul Karim | May 11, 2026 Slide 3 Pittsburgh. pRO>>



http://dx.doi.org/10.1103/PhysRevD.80.051301

.
Cyclotron Radiation Emission Spectroscopy (CRES)

Goal: Sensitivity to 40 meV/c2 neutrino mass
covering the Inverted Ordering (10) region

Unlver51ty of ‘ 1 )




.
Measuring mg; using CRES with Project 38

 Phase-1I:
= First detection of single-electron cyclotron radiation spectroscopy (2015)

1 e(B)
B 2nm, + Ey/C?

Frequency - 24 GHz (MHz)
Signal-to-noise ratio (linear)

0 1 2 3 4 5
Time (ms) 10.1103/PhysRevLett.114.162501
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Measuring mg; using CRES with Project 38

 Phase-1I:
= First detection of single-electron cyclotron radiation spectroscopy (2015)

1 e(B)
B 2nm, + Ey/C?

Frequency - 24 GHz (MHz)
Signal-to-noise ratio (linear)

S

Start frequency, f.
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Time (ms) 10.1103/PhysRevLett.114.162501
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Measuring mg; using CRES with Project 38

 Phase-1I:
= First detection of single-electron cyclotron radiation spectroscopy (2015)

792
790
788

786

1 e(B)
B 2nm, + Ey/C?

Cyclotron radiation

el -> Energy loss
-> Frequency chirp

el Start frequency, f.
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Time (ms) 10.1103/PhysRevLett.114.162501
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Measuring mg; using CRES with Project 38

 Phase-1I:
= First detection of single-electron cyclotron radiation spectroscopy (2015)

792

Energy loss
790 (frequency —
) jump) due to o
I 788 g
= scatter off gas =
‘§ e Cyclotron radiation ] 2 — ! e<B>
A -> Energy loss = : 2nm, + Ey/C?
& -> Frequency chirp i
g 782 T 5
L e [92]
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el Start frequency, f.
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Time (ms) 10.1103/PhysRevLett.114.162501
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Measuring mg; using CRES with Project 38

s Phase —I:
= First detection of single-electron cyclotron radiation spectroscopy (2015)
 Phase -l
= First T, endpoint neutrino mass measurement using CRES = 152 eV/c? (90% C.I.) (2023)

= Science run - 82 days of data taking; 3770 events, 1 mm?3 effective volume
= No events past endpoint! — set limit on background rate: < 3 x 10""9eV"'s™" (90% C. L.)
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Moving to CRES using Cavity (Phase lll)

Antenna Array

“ After extensive study between antenna
array (Phys. Rev. C 112 (2025) 4, 045506) and ? ? ? ? % ? ?

resonant cavities, resonant cavity is RSO
favorable for scaling to larger volumes to
reach sensitivity goals Sy,

4

L)

* Higher SNR, larger volume efficiencyand A A A A A A &

low channel counts

Resonant Cavity

A. Ziegler, L. de Viveiros 3
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Moving to CRES using Cavity (Phase I

nterna
conversion

“ After extensive study between antenna
array (Phys. Rev. C 112 (2025) 4, 045506) and
resonant cavities, resonant cavity is
favorable for scaling to larger volumes to
reach sensitivity goals

** Higher SNR, larger volume efficiency and
low channel counts

s Start small: Cavity CRES Apparatus (CCA)

= Demonstrate CRES using resonant
cavity (~ cm3)

= Order-of-magnitude improvement in
energy resolution (0.3 eV) using 83MKr
iInternal conversion and Electron-gun
calibration

4
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Cavity CRES Apparatus (CCA)

CRES Cavity

Electron Trap Coils
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Cavity CRES Apparatus (CCA)

Electron couples to
TE,44 cavity mode

Electrons injected

v

CRES Cavity

g - " Electron Trap Coils

~ Electron gun
(Monoenergetic source)
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Cavity CRES Apparatus (CCA)

Electron couples to
TE,44 cavity mode

Aperture-coupled RF waveguide

Electrons injected for signal extraction

g Electron Trap Coils

~ Electron gun
(Monoenergetic source)
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Cavity CRES Apparatus (CCA)

Electron couples to
TE,44 cavity mode

Aperture-coupled RF waveguide

Electrons injected for signal extraction

v

Low Noise Amplifier
(Cold stage)

g B Electron Trap Coils

s

Electron gun E. Novitski, Junior I. Pefia

(Monoenergetic source)
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CCA commissioning underw
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Warm RF
characterization

7 . o %
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Phased approach to Cavity CRES in Project 8

*Not drawn to
scale
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Cavity CRES Apparatus Low Frequency Apparatus
(CCA) (LFA)

Pilot Cavity

26 GHz 560 MHz ~ 150 MHz
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CRES Signal Topology

+» Electrons with
different kinematics
experience different
fields within the trap

1
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CRES Signal Topology

Electrons with

different kinematics
experience different
fields within the trap

Need sideband-
aware reconstruction
to apply event-by-
event B-field
correction

cyclotron
motion
B pV T s
max ‘ B‘ axial X
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Progress in CRES Event Reconstruction

a Adapting Phase I
reconstruction for sidebands
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frequency domain data
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Phased approach to Cavity CRES in Project 8

*Not drawn to
scale
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Cavity CRES Apparatus Low Frequency Apparatus
(CCA) (LFA)

Pilot Cavity

26 GHz 560 MHz ~ 150 MHz
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Low-Frequency Apparatus (LFA)

* m?3 scale volume at lower trapping fields BEEEEELCNEERIEL
for 18.6 keV electrons in

= Demonstrate CRES compatibility with ~ 0.02 T B-field
large volume atomic trap

% Operating frequency ~ 560 MHz

< Electron-gun and 83™Kr for calibration —
upgrade source to atomic T

< Sensitivity: mz ~ 0.3 — 0.7 eV/c? (90%
C.L.) for a year of science run
< Exploring cavity designs for SNR

enhancement and energy resolution
Improvement

¢ Atomic Tritium studies also underway!
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See more

Reaching Phase IV sensitivit
y talk by Chi-
Ho Lam!

* . . y 1000 - Phase IV: 10 copies of “Pilot” ProjeCt 8’8 path
< With Phase |V, Project 8's mass ® Sensitivity to mg=0.04 eV to 40 meV
e s 2 o .
sensitivity goal r?f tllg meV/c? will ] zz:zﬁi'\:i't:ﬂil;n ot neutrino mass

B= ) - ] -
probe beyond the |O case o sensitivity
™
é 1L Phase Il mid-scale: o
) Low-Frequency Apparatus (LFA) Atomic tritium
c ® Sk LFA with Li beam, then source and
5 LFA+ with atomic T beam cooling
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(>D mg= 0.3-0.7 eV
0.001 |-
Phase Il
Currently i Limit set:
here mg<152 eV
Phase lll precision: Q
05 10 15 20

Enefgy resolution FWHM (eV)
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i . m i See more
Reaching Phase IV sensitivit
talk by Chi-
Ho Lam!
. . . , 1000 - Phase IV: 10 copies of “Pilot” PrOjeCt 8’3 path
<« With Phase |V, Project 8's mass ®  Sensitivity to my=0.04 eV to 40 meV
sensitivity goal of 40 meV/c? will | Phaselfinal: “Piot neutrino mass
prObe beyond the IO case Sensitivity to mg=0.1 eV sensitivity
) &
E " E g 1L Phase Il mid-scale: o
= L O Low-Frequency Apparatus (LFA) Atomic tritium
s [ = ® 3k LFAwith Li beam, then source and
5 LFA+ with atomic T beam cooling
10° & — Sensitivitv to development
= KATRIN (2025) g mg= 0.3-0.7 eV
- S KATRIN (Goal)
107 0.001 -
= Inverted Ordering P8 (Goal) Phasell
_________________________ I Limit set:
B mg<152 eV
10 = Phase lll precision: 0
. Cavity CRESApparatus(CCAy
_l 111 | 1 1 L1 1111 | 1 1 L1111 I| 1 | L1 1111 0 5 1 0 1 5 2.0
1 10 10° 10° 10*
Mass of lightest mass eigenstate (meV) Energy reSOlUtlon FWHM (eV)
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Phase-l results

Frequency (GHz)
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Phased approach to Cavity CRES in Project 8
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Cavity CRES Apparatus Low Frequency Apparatus
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560 MHz

Phase lll Phase IV gz . =\
niversity of m
PHENO ‘26 | Ehteshamul Karim | May 11t, 2026 Slide 17 Plttsburgh® ?“0’ -

~ 150 MHz




	Slide Number 1
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Slide Number 5
	Slide Number 6
	Slide Number 7
	Slide Number 8
	Slide Number 9
	Slide Number 10
	Slide Number 11
	Slide Number 12
	Slide Number 13
	Slide Number 14
	Slide Number 15
	Slide Number 16
	Slide Number 17
	Slide Number 18
	Slide Number 19
	Slide Number 20
	Slide Number 21
	Slide Number 22
	Slide Number 23
	Slide Number 24
	Slide Number 25
	Slide Number 26
	Slide Number 27
	Slide Number 28
	Slide Number 29
	Slide Number 30
	Slide Number 31
	Slide Number 32
	Slide Number 33
	Slide Number 34
	Slide Number 35
	Slide Number 36
	Slide Number 37

