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NEUTRINO MASS: HOW!

* 4 approaches to absolute neutrino mass measurement:

. Cosmic Microwave Background

2. Supernova time-of-flight oxe .
O ;
You
B SUPERGIANT  CORE - ’

Search for neutrinoless double beta decay ERGPNT  RE - NEUTRNOS)

4. Kinematic methods

o
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count rate [o.u.]
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NEUTRINO MASS: HOW!

* 4 approaches to absolute neutrino mass measurement:

|, Cosmic Microwave Background

(HEEE?
2. Supernova time-of-flight oy
Yoo’

- T (CORE }n p} :—n p::

3. Search for neutrinoless double beta decay ~ *ome " oumse RS R
' e X
4, Kinematic methods ' |
: . . . TR
» Via electromagnetic collimation £x* a)

Vi NS

| s\l \ ?l
* Via frequency-based measurement M

count rate [o.u.]
)
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count rate [o.u.]
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NEUTRINO MASS: HOW!

* 4 approaches to absolute neutrino mass measurement:
|, Cosmic Microwave Background
2. Supernova time-of-flight
3. Search for neutrinoless double beta decay

4. Kinematic methods

. . : . TR
» Via electromagnetic collimation £x*

N

| s\l \ ?l
* Via frequency-based measurement M

* Via calorimetric measurement

count rate [a.u
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NEUTRINO MASS: HOW!

* 4 approaches to absolute neutrino mass measurement:

|, Cosmic Microwave Background

(HEEE?
2. Supernova time-of-flight oy
Yoo’

- T (CORE }n p} :—n p::

3. Search for neutrinoless double beta decay ~ *ome " oumse RS R
' e X
4, Kinematic methods ' |
: . . . TR
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e FROIECT 8 EXPERIMERNES

« (Goal: absolute neutrino mass measurement

» Jechnigue: measure cyclotron radiation from trappec

tritium beta decay

electrons ("CRES™: cyclotron radiation emission spec

Design sensitivity: 40meV at 90% C.L

Magnetic
trap

https://www.project8.org
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https://www.project8.org

PROJECT 8 MEASUREMENT TECHNIQUE

CRES: cyclotron radiation emission spectroscopy H e ++ Ve

|, Trap decay electrons from tritium
source gas within local minimum of a
homogeneous B field —

count rate [a.u.l
O
o

2. Beta decay electron undergoes 02
cyclotron motion with frequency feye

energy £ [keV] E—Eo [eV]

i Tritium I1sotope has attractive beta decay properties:
3. Radiation detected decay Is super-allowed, practical half-life (~12.3yr),
fairly low endpoint energy (~ | 8.6keV)

Jolu
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PROJECT 8 MEASUREMENT TECHNIQUE

i : : . : APQ
CRES: cyclotron radiation emission spectroscopy grac-B
motion >
e Wﬁ “\ |
|, Trap decay electrons from tritium
source gas within local minimum of a o |
homogeneous B field axial
motion

2. Beta decay electron undergoes //

cyclotron motion with frequency feyc

AU U VU Ut v
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3. Radiation detected

|
q{B)
ni, T Ekin

fcyc X
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PROJECT 8 MEASUREMENT TECHNIQUE

A : : . : AI\l
CRES: cyclotron radiation emission spectroscopy grad-B
motion >
e Wﬁ W Wl 1
|, Trap decay electrons from tritium
source gas within local minimum of a moton | i
homogeneous B field axial
// § motion
2. Beta decay electron undergoes
cyclotron motion with frequency feye “
o . 325MH oo | 1R
. Radiation detecte % - M — oot
m Q<B> — off-axis
cyc
m, + Ekin Pinch B
~ | 8.6keV
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PROJECT 8 MEASUREMENT TECHNIQUE

CRES: cyclotron radiation emission spectroscopy g{B)
fcyc X
|, Trap decay electrons from tritium M, + i
source gas within local minimum of a
homogeneous B field

Reconstruct differential spectrum:

2. Beta decay electron undergoes 0
cyclotron motion with frequency feye

L'(Eips mp)

3. Radiation detected ——————m——>
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PROJECT 8: MEASUREMENT TECHNIQUE

Sample (tritium) CRES event: * FIrst detection of single e MKE

[ B e e e L T B 2 e electrons using CRES: Phys. Rev. Lett.
_F == |0 R ey Z 00 (A0 5)
< 9201~ - = * FiIrst results with tritium (17), both
= sl = . |
N 1N — -requentist and Bayesian: Phys. Rew.
G 919 - e El A ett.131.102502
Al e — —_— — —
2.918— . %
% = = 4a 1.4mT
3917 —= =—=== —
FOE e 12

916/ — B - —

02 0 02 04 06 08 1 12 14 16 ©
Time [ms]
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PROJECT 8: MEASUREMENT TECHNIQUE

SampIe (tr|t|um) CRES event:
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* FIrst detection of single e MKE

electrons using

CRES: RhysSixerascus

4 R ITEZ SICHS (2 ORES)

* First results wit

N tritium (T2), both

-requentist anc

Bayesian: Phys. Rev.
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PROJECT 8: FIRST RESULTS

17597

1501~

Frequentist intervals
+ Literature (Bodine et al.)
200 Best fit result
N | — 150
X >
\ 9,
Ne, 0
S
~1502
I —200°2
Tritium data L2 18500 18600
- Bayesian best fit Endpoint [eV]
10 Bayesian quantiles I
Frequentist best fit I , H
Literature E, (Bodine et al.) | H

Eo 10 Bayesian credible interval
Eo 10 frequentist confidence interval

16500 17000 17500 18000 18500 19000 19500

Reconstructed kinetic energy [eV]

Source: Phys.Rev.Lett. |31, 102502 (2023)

Tritium beta decay endpoint (90% C.L.):

= el 19
+ Frequentist: 1854874 eV

- Bayesian: 18553f5‘g eV
Neutrino mass (90% C.L.):
+ Frequentist: < 152 eV/c?

» Bayesian: < 1355 eV/c?
Background count rate (90% C.L.):

- No events above endpoint!

+ <3 %107 ps/eV
Resolution:

+ 54.3 eV (FWHM)
Effective volume:

+ 1.20 £ 0.09 mm3 eV
Statistics-limited (3 months  worth of data)

Larisa Thorne (Johannes Gutenberg University Mainz)
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Excess
Electrons

R&D FOR FULL-SCALE EXPERIMENT [ 8

QOO0 0

N -~
Cyclotron Radiation #{S2

Large sensitivity Improvements achieved by:

()

I I
I I
! Me' !
| Switching from molecular — atomic tritium source | Vo B LA
HIl | 10+ m? = |2
H] S =| |Id
2. Scaling up CRES detection volume Il mk B |l
| Tritium § %\'LGE’I
R ) Atoms E 1 I
-.:A... S i -

Hot atoms
evaporate as
confining field drops

Quadrupole
Quadrupole

Cracker Accommodator Nozzle .-

2500 K 160 K 8 K

&

ecy, Ny Magnetic Quadrupole
far tritium recirculation and SUPPIY i

Velocity Selector & Cooler
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R&D FOR FULL-SCALE EXPERIMENT

10 | | I I | |

Large sensitivity Improvements achieved by:

Atomic T

oo
|
—
N
l

|. Switching from molecular — atomic tritium source

N
|
]

Relative probability
|
<
]

2. Scaling up CRES detection volume

| —— Atomic

—— Molecular, same conditions
10 8 -6 4 2 0 2

Relative Extrapolated Endpoint (eV)

n
=24,
$
|_'
= R
§ Hot atoms L L
oS evaporate as SN S
b confining field drops L E
o SHIE
2 Cracker Accommodator Nozzle
| Phase IV (0.04 eV) '4
ase .04 e - o
2500 K 160K 8K

&

e Magnetic Quadrupole

Velocity Selector & Cooler

104 108 108 10V

Cular trii : . |
(Atomic / molecular) number density n (m=3) lum recirculation and supply
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Excess

R&D FOR FULL-SCALE EXPERIMENT FB| _——=

Large sensitivity iImprovements achieved by:

A

Cyclotron Radiation §

P

5

°
- v

|, Switching from molecular = atomic tritium source 1l | Vi
§ 10+ m® g
2. Scaling up CRES detection volume 2| - 21 |1E
Tritium %
Atoms -

| I m

Fiducial volume: ~cm3 — ~|0m?3
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EOCIRCE: ATOM PRODUCTHICOMN

Dissociator

1.0
- Required atom flux: 107 atoms/s
—  0.8-
S
»  Measure dissociation (test with Hy — H): 5o 0o
90 g6- £
= Two complementary techniques: mass 1 0.4- c
spectrometry and recombination heating N ?
E oa-
= Dissociation Is dependent on gas flow, 2
ISP Enattife et == OPmize 0.0 : 3

1800 2000 2200 2400 2600

e e K
- Measure spatial distribution of atom beam TIK]

Larisa Thorne (Johannes Gutenberg University Mainz) 18



BOURCE: ATOM PRODUCTHICOIN

Hydrogen dissociation measurement at |GU Mainz:

|
3 i
__ 10 :
7 -
i
L. 402 : |§
T ' 5
- G=
D : k5 m/z = 1 Signal at 1 [sccm] of Hydrogen
2 ] U ] | [ |
0 —e— Plateau #9, Scan #0 from file390_ap 100 + A(Tmax) = (31 +6/-5) %
1“ 0 0 Fit results: 1 — Best fit T——;
—--- (A1, E_ion1) = (8.026, 15.62 - = 100%
Source \‘ E N 10 : EAZ, Ej822;=§174.6,18.77§ — { ® Counts/s
= - . & 80 7 0 Scale uncertainty
IS 15 20 25 30 35 40 c /
S Electron energy [eV] B 60 \I
- O
< : prie\\™
§= RN L
0 Optimize S a0 .
& (q]
electron energy 3 5
o ]
& 20 <
/ : a=0% %
] ‘ - O
Mass e configuration 0 1 o
S Opt\m‘ze P 0 500 1000 1500 2000 2500 3000 3500
Capillary Temperature [K]
100e-3 100e-7 100e-5 100e-3 100e-1

JG|u P
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BCIRCE: ATOM PRODUCHICON

Beam profile measurement with wire detector at |GU Mainz:

Recombination
2H — H,
(~ 4.46eV)

Credit: D. Fenner

\Q) 2
E 0.06 - \ f_,_) -2.4 4 WIRE3 (primary wire) 0
=1 ° 48] . A
= 0.04- ' e\\ Z = % max. voltage: 21.49 mV T E
_ g P q J : G
' S 0.02] Iz = 2.8 S
- Q D o e
- S % -3.0 10
T 0.00- Omax @) S 7 %3
] — Pae N _3.2 =
_ —-0.021 } data, x2,=1.133 =
. E * -3.4
] Q2.5
] L * + 10.0. 12,5« 15,0 | 17:57 #20.0=5 52215 =7 51| R 20/ A= R U
L S ey S By A s S S R S U LI AL AL O 0'0 | + X—pOSition [mm]
300 600 900 1200 1500 1800 2100 2400 2700 3000 3300 3600 wn + +
g —-2.51 ] , ‘ !
T 20  -10 0 10 20

central angle [deg]
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BOURCE: ATOM PRODUCTHICOIN

Surface: Temperature (K)

Dissociator © 3
:
5
7 0 on o lg ¢ Surface coo\ing at recombination I
1&g minimum (~ [ 50K)
% ‘g 4250
3 I * First thermal simulations to
N . {0 calculate required LN2
% -5 ...:...- Coo‘lng pO\Ner 200
8!0 i - -
* For cooling to ~ | 0K: aadrtional

= rmew © ¢ 'nozzle” on downstream end
with LHe

)\

Larisa Thorne (Johannes Gutenberg University Mainz) 21



Dissociator

o
Q
v ©
5 ¥ ‘8§ K]
29 £ O N
g v £ A
oN 68 <
- o X
< v}

<

6-20 K

(e
¥
@ruz»

—

Gas handling

BCIRCE: ATOM PRODUCHICON

SC magnet
multipole
(=5T)

Permanent magnet
multipole (may
include chicanes)

Beam
transport +
measurement

Atom trap Analysis
(PM + coils) chamber

Beam
dump

[

Atoms
thermalize

Reduce

Hot atoms

trap depth

., escape

Credit: B. Jones

e

Ho

Mo

Tes

Atoms ¢
thermalize

L atoms (highe
mentum) esca

~ transverse
De

- stand to valic

ate MECB

simulations, using 6L
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BCIRCE: ATOM PRODUCHICON

Magneto-gravitational trap,
Disspdiater ect using Halbach array:

Surface: Magnetic flux density norm (T) Contour: Magnetic flux density norm (T) Arrow Surface: Magnetization
T T T T T T T T T T T T

08
0.12
0.1
0.7
0.08
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0.5 >_-
0.02 |
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-0.02 8
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g 'g 0.16 0.14 0.12 0.1 0.08 0.06 0.04 0.02 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
= 5 m
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TRAP / DETECT: CAVITIES
G —

CRES In a cavity:

» Lower dipolar decay rate at lower B — lower [ and
onger trapping times

» Low [ ( £ 1GHz) and scalable; ideal application for

resonant cavities

l 1 1 lllllll 1 llllllll

80 —

)

“N
L
O
©
¥

22 3 -1
m S
o
)
|

—— on-axis
—— off-axis

| |
NOOOOOO XG0 ¥ |

Untrapped e~

Cavity

' Multipole magnet
~ atom trap

‘ Cavity

termination

CRES field

Larisa Thorne (Johannes Gutenberg University Mainz)

o
©
© 40— 2 —_ B = JL
© o — Pinch B
- o
© —
g = —_—
© N ()] .
< | T N (7)) B ) -
S 20 © © Pinch coils:
S © c <= electron tra
a - o - i v
O CRES R&D | Atoms / molecules in j oignal
\
Readout
O—I T T T TTTT] T T T ITT1TT] ""l ”l_
0.001 0.01 0.1 1 10
Magnetic field (T)
24

Solenoid magnet:

Source: . Stachurska




ey DETEC T CAVIEES

LUCKEY:

»  Optimize for large volume
+ Frequicney/ R

A HCHOE) |

* Volume: 0.025 m3

- Status: developing magnet design

LFA (Low-Frequency Apparatus):
«  Optimize for high E resolution, large volume
- Develops technology needed for tritium experiments
e, — 1 GHZ
2 ORISR
* Volume: 0.3 m3
- Status: design phase

10 : Pilot T,and T
1k LFA
CCA (Cavity CRES Apparatus): -
% 0100 LUCKEY
«  Optimize for high E resolution SR - .
S 0.010: r | o
* Frequency: 26GHz - ; ¥
o ! 5
b T S 0.001] :
4 -
* Volume: 20 cm? 1077 Phase I -
- -5/ CCA ¢ Q
St Nmode f 10°°} o 3
* lest with e-gun, 83mKr == = — [N 0.2 0.5 1 2
PSSl — = [ ~a Resolution (eV)

» Status: under construction ‘“

Larisa Thorne (Johannes Gutenberg University Mainz) 25



SUMMARY

» Final analysis results for demonstrator-scale experiment: my < [55eV/c?
at 90% C.L. [Phys.Rev. Lett. [ 31.102502]

»  Defined set of demonstrators needed to develop technology needed for

final 40 meV-sensitivity experiment:

* hirst steps to atomic tritium source via atomic hydrogen test

' 10°1 ¢ Molecular, conservative
Staﬂd at JGU MaIﬂZ COmp|ete zggs;;'oh?oingty ¢ Molecular, reaching PlIl target | ,
< ¢ Atomic, conservative 10
E 103 ¢ Atomic, reaching PIV target |
5 . : N = Atomic, hi ilot-T t t
- Resonant cavity development/testing ongoing N Mo eocngplocT e |
HEEERENS <
- - - S v
*  Synergies with other experiments & 10°
83 | E 1071 &
‘;\P'S?’ e6 MK Special thanks to: £ [Phaselli(02ev) TR O o
\QP‘ JGU Mainz colleagues @ N
Project 8 collaborators Phase IV (0.04 eV)
Funding agencies (PRISMA+) 10T 109 107 165 102 10 10t 107 07
Th ‘ Efficiency x Volume x Time (m3y)

Larisa Thorne (Johannes Gutenberg University Mainz)
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PRIMER  ON NEUITRINOS

PMNS mixing
/ matrix
« Neutrino oscillation: _ _T—
Ve Ui Uep Ues | [1h
Vi — Uﬂl U,u2 U,ug Vo |
.5 U, _U7-1 U5 U7-3_ V3 _
\ \
S
g | F|aVOF‘ MaSS
T eigenstates eigenstates
0.0 . - E -
1 10 100 v > v, >
Distance (km)
!/
o M >
/ | \
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PROJECT 8: DESIGN PRINCIPLE

3H = SHe™ ++ Va Via Fermi's Golden Rule:
d°N  Gg] Vud‘z |

dEd:  2x3
) %,
i

g

Mnucl ‘ZF(Za E)pe(E - me)

count rate la.u.]
O
(8))]

0L 3
energy £ [keV] E—E, [eV] mﬂz,eff — Z | Ue’i |2m12
Select tritium because Its beta decay Is super-allowed, has .
appropriate half-life (~12.3yr), endpoint energy fairly low ,
(~18.6keV) ~ g

Larisa Thorne (Johannes Gutenberg University Mainz) 29



FRASE o PO

Cryocooler
i CaF., window trap colls CaF, window
Cr | ignal 2
ryogenic /
Amplifiers /
/
/
\3[.’, b e /
/
Waveguid;/
” . 1. ; ;
P gas port field-shifting solenoid RF terminator
-
. |
Superconducting T e i T e e T N
: (el MR o S vt N ... o i I
Solenoid Magnet § R

Gas Cell

-
=
S
£
)
ad
ad
+
=
L
@,
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PROJECT 8: SPECTRUM ANALYSIS

Deep trap frequency - 25 GHz [MHZz]

*Took data in 'fshallow trap” (two
colls with depth ~0.08mT) to

demonstrate high-res CRES, and

"deep trap’ (fopr coils with depth
~1.4mT) to increpse effective volume;

also has 40x event rate.

920 915 910 905 900
—— Shallow trap data N
20007 .. Shallow trap fit result '/“‘.‘
— Deep trap data ," |||‘
> PO &
25' 15001 ---- Deep trap fit result i \
g o
o ".
= 1000- ‘
- \
> \
S \
O \
500- Y
19500 17600 17700 17800 17500 18000
Reconstructed kinetic energy [eV]
FIG. 3.

Data and fits of the 17.8keV %™Kr conversion

electron K-line, as measured in the shallow (high-resolution)
and the deep (high-statistics) electron trapping configura-
tions. The shallow trap exhibits an instrumental resolution of

1.664

calibration of the tritium data-taking conditions.

-0.16eV (FWHM), while the deep trap provides direct

—— Frequency response only r1.50
—— Full &(E) efficiency - 1.25
_1.5- >
= -1.00 é
L 1.2- D
3 -0.75 ¢
G )
< 0.9- -0.50 v
g 2
i -0.25 8
S 0.6 [z
-0.00
0.3
OO J T 'I=" S =
840 860 880 900 920 940 960 980 1000
Frequency - 25 GHz [MHZ]
~3.0 ~1.5 0.0 '

1.5

: 3.0
Background field shift [mT]

FIG.4. The 17.8keV ®*™Kr conversion electron line recorded
in the deep trap with varying magnetic background fields (red
to blue). The gray curve shows the efficiency response to
frequency variation, extrapolated from single trap data. The

green curve is corrected for energy dependence and shows the
relative efficiency predicted for tritium data.

Af

| AE
Resolution: —

Larisa Thorne (Johannes Gutenberg University Mainz)
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m

e
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*Use /7.8 keV Kr
line and sweep
magnetic field

(0.0/mT steps, over

a £3.2mT range)

* Notch in
efficiency Is caused

by the interaction
with TMO| mode

of detection cavity




BOURCE: AIOM BEAM CHARAC | ERIZATISES

 Proof of hydrogen cracking is only the first step m/z=1 at 0.Isccm flow:

—— AP cycle at ~ (2172.8 +/- 6) K
- Atomic hydrogen beam characterization in progress: il
»  Current measurements give us a handle on composition, ey
: o 4007
absolute number density, and background due to non- = ;
E &
beam molecular hydrogen S :
» Address backgrounds via dedicated measurement S S S—
campalgns Electron energy [eV]
* First results from measurements with newly upgraded
setup show much promise ]
i 1.36 X 107 hPa 16 2 molecules
m
1.38 X 10—23= x 300 K

K

Larisa Thorne (Johannes Gutenberg University Mainz) 30



=

} Converts Hy to H by thermal dissociation

[ ANAARRRRSY

Mass spectrometer S

7 Measure atom signal (approach # )

— Beam dissociation measurement

— Differentiate between beam,
/  background atoms

Wire detector |

Measure atom signal (approach #2)
— FIts In tight spaces
— Beam profile measurement

N

Larisa Thorne (Johannes Gutenberg University Mainz)
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Bis



BCIRCE: ATOM PRODUCHICON

Mass spectrometer \

Symmetric
differential

DUMPING Y

Wire detector

N

—
—>

—
—

backg

Cracker } Converts H; to H by thermal dissociation
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EOCIRCE: ATOM PRODUCTHICOMN
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SIMULATIONS

0.9535

0.9530 B field of
09525 optimized 3-coll :
5 trap, at r=0 G
0.9515 ;
o
0.9510 as
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0.9505 O
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SIMULATIONS

Sample spectrum (Kassiopeia, CRESana): Power spectrum of 6 = 90° electron (CRESana, Locust):
1d 6=87.92° | le—17
35 B = Bpe g : —— interpolation 4.0 —— Locust numeric
' E 3.5 —— external numeric
3.0 : % X analytic
I c 3.0
2 é 25 1 %
%20 F =20 5
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0-3 | 0.5 T T O
0.0 15 W WS W W W W W W 0 e X X
—1.00 -0.75 =0.50 =0.25 fo.oo 0.25 050 0.75 1'1()% -1.00 -0.75 -0.50 —-0.25 0.00 0.25 0.50 0.75 1.00
[HZ] < f [Hz] 1e9
le—-19
1.3
| ! Validation campaign
Detected signal power as 21

| | improved analytic modelin
function of observation 0o L P )4 g
Analytic power

angle (CRESana): 08 e < her>

—+— < Sjpcust " Aeff >

Credit: F. Thomas

and understanding of signal
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Phase |V =
Phase lll x 10
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