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Direct Neutrino Mass Measurements m
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Measure the electron energy

Idea: spectrum from atomic tritium
beta decays 2
— E 06
?o 2X10-13 'Eur. Phys.I J. C g
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3 - Rate in the final eV makes up ~1e-6 of
o] .
L 03 o o 2ok the total amount of signals

Electron energy Ein eV E, (assuming no endpoint effects of the neutrino mass)
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The CRES technique
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Measure Frequency to reconstruct the
energy: Cyclotron Radiation Emission
Spectroscopy

(Non-destructive time-dependent cyclotron
frequency measurements)
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fe(t)
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The CRES technique i
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B Electron
Measure Frequency to reconstruct the

energy: Cyclotron Radiation Emission

grad-B
motion

axial motion (f,,)

ent cyclotron
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The CRES technique i
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4 [em Baax Measure Frequency to reconstruct the
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The Cavity CRES Apparatus (CCA) i
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_ 921:_'| =5 T ilgi_r '-r:7 T 7;_—_1—4 10
= === CCA involves a first resonant cavity
= = ——— I read out by a waveguide
<. 918~ = = === =
g E===—=_"= == — = 4 2 i .
8 = ¢ - Axial frequency reconstruction
o L= - e = e —— = = 2 .
e == possible
ey ey ™y Sl S e [ e e T 0
B - Purcell enhancement of the
Project 8 Waveguide Spectrogram rod|(]1'ed power
Phys. Rev. Lett. 131 (2023) 10, 102502

but also strong reliance on

- Correct alignment
- Magnetic field modelling
Project 8 CCA Cavity + Waveguide readout (Credits: B SlmUIOﬂon'bdsed I‘eCOI’\STI‘UCTIOH

J. Pena)
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The CCA reconstruction g
UNIVERSITY
Short-scale
Voltage frequency
Timeseries spectrum
Spectrogram Map axial and
and track ID I O D B I cyclotron
(Dependent on 4 Rt “: | frequency to
the TE mode) | SNl 1B | "~ | energy
. 1. 3 ﬁ (Credits: J. Pefa) 1852
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The CCA reconstruction

Voltage
Timeser

Spectrg
and traq
(Depent

What happens once we go to bigger volumes?

How to achieve large volume and high power?

(Low Frequency Apparatus)

LFA

Magnetic field ~ 21mT
Frequency ~ 560MHz

the TE mode)
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Pileup in the Low Frequency Apparatus (LFA)

GHENT

UNIVERSITY
Lower radiation power P~f2 I TV N T R S
(560 MHz, currently 25.9 GHz) %% I N N S S N S—
Probability of signal pileup s
Q will increase 3 L
0 o no §|u_'g 02
(higher statistics) T
O 00 R""'—

Electron outside of -100 80 -60 -40 -20 0

enerey ROl genemtes Energy - EO (18563.251) [eV]

a pileup event \

<- how does this
pileup look like?

Frequency

How to achieve large volume and high power?

Frequency _

Resonant cavities provide an attractive way of LFA
scaling Project 8 to large volumes (Low Frequency Apparatus) ROI
« High volume efficiency Magnetic field ~ 21mT
+ Power on v ~560MHz

‘ [Neutrino mass sensitivity | g Credit:
.arsmundi.de mote endnaint elections s H. Binney
Previous talk from S. Hoienko — .
Time
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LFA: Parametrization of power In pileup events g
UNIVERSITY
0 LFA 560 MHz Simulation 5
. i Scan over Energies
SCGHOFIOI TWO and orbital angles lg
“chasing” electrons i , 'I s
Mean power calculation and g | "FAEIN Uil s
simulational result agree on a 5
(dimensionless) power ratio factor . TINa L IRRRRY L clectron power
W(Af) (or equivalently, W(AE))
0 1 2 l’; 4 5 6 e
¢p [rad]
U =2+ 2acos (o + B) with a = sinc(AwT/2), f = AwT/2
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LFA: Parametrization of power In pileup events m
UNIVERSITY
LFA 560 MHz Simulation T3
S . . 49 i Scan over Energies '
cenario: TWO and orbital angles l' 8
“chasing” electrons *1H llii 4
._3 ;‘
How do we abstractly move from this result to an absolute pileup :“7
Mean p description in Project 8? )
simulati
(dimensionless) power ratio factor e [[gl TR T electron power
05 -1
W(AF) (or equivalently, W(AE)) I“QI
S ’
9; Irad]
U =2+ 2acos (po + B) with a = sinc(AwT/2), f = AwT/2
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Project 8 simulations: Locust/Kassiopeia

Kassiopeia

KSStepModifier

LMCGenerator 1

LMCFieldCalculator

Run
LMCGenerator 1

Initialize
Simulation

Run
LMCGenerator 2

Initialize
LMCSignal

Run
LMCGenerator N

Exploring Cyclotron Radiation Emission
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Digitize
LMCSignal

LMCEggWriter

Electron track
simulation:
Interface between
Locust (Simulation
of Trap/Cavity/
Readout) and
Kassiopeia (Track
building and EM
field simulation)

Run

PROJECT 8
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Locust: C++ software for simulation of RF detection
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Kassiopeia: a modern, extensible C++ particle tracking package
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Project 8 simulations: Hopper, the new Kid in town

GHENT
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Configuration EFSCK dlyn?mllcTs Signal
ode coupling, template
YAML+paths building, energy loss Complex IQ
frack
[1] dynamics, cavity ...
T |

signal, readout ...

Spectroscopy (CRES) Features in Project 8

Recent development - Written in python - Capable of multi-electron pileup
Currently benchmarked against Locust/Kassiopeia
Exploring Cyclotron Radiation Emission

PROJECT 8

International School of Nuclear Physics, 47th Course

Jan KUpperbusch 13
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Comparing two simulation

Locust+Kassiopeia
1 % Rgcreatgd from i
o = omme s B o/ Electron
| == Alowb ;
| < ~high 8 '
e R s W Scan over Pitch angle 6
and electron energy E

Downconverted fc, [MHz]

Locust: Given pitch angle and
energy configuration results in
specific axial and cyclotron

frequency
International School of Nuclear Physics, 47th Course Jan KUpperbusch
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Comparing two simulation packages
GHENT
UNIVERSITY
Locust+Kassiopeia Hopper
. —— 18.58 . ”‘ e 1858
osese e |
1 .?..‘3 Rgcreatgd from 1 ;.”.‘.'i..: !
o = e - | = B o/ Electron
E=PCTE D= ;
=== YVhigh 0 9 v |
s 140 145 150 155 1850 s 140 145 150 155 180 Scon over PiTCh C]r]gle e
e and electron energy E

Downconverted fc, [MHz]

Locust: Given pitch angle and
energy configuration results in
specific axial and cyclotron

frequency

Hopper may create these
results much faster, but is it
correct?

Exploring Cyclotron Radiation Emission
Spectroscopy (CRES) Features in Project 8

International School of Nuclear Physics, 47th Course
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Comparing two simulation packages

Locust+Kassiopeia
18.60

18.58

b Recreated from
simulation data, 1856
v 5 credits: J. Pefla =
I >
z <
W 4 w
low 6

highe N

135 140 145 150 155
Downconverted fc, [MHz]

18.50

fux [MHZ]

Hopper
18.60
8 4
~cestese
; 18.58
B ‘esssesn
6 ]
~ coseee
e 18.56
~ cesees
57 ~ ceeses =
~ oseeee 5
i X,
~ ceseee w
41 ~ ceseee
 cosee 18.54
i
3 5333083
)
]
24
 resee 1852
~ cosesee
1 4
0 - - T - r 18.50
135 140 145 150 155

Downconverted fc, [MHz]

fax residuals [kHz]

fey vs. fax residuals

=25 4

-50

-75 4

-100 A

-125 1

-150

_
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-200

0

200
fey residuals [kHz]

400

Pitch Angle [°]

88.00

Locust: Given pitch angle and
energy configuration results in
specific axial and cyclotron
frequency

Hopper may create these
results much faster, but is it
correct?

Current results show bigger residuals towards
low pitch angles (high axial frequency)

Residuals: <2.5 % (fax), <0.4 % (fcy)
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Comparing two simulation packages
UNIVERSITY

fey vs. fax residuals

Locust+Kassiopeia Hopper
99 18.60 9 18.60 =
25 e
8 y L, . e & L 89.75
ae00 B _J
7 ; 18.58 S 18.58 0 #&' i | 555
Ed & =23
= aeas L 89.25 _
- £
s == | Up next: Simulate the phase space of n > 1 event pileup for LFA, see 5
| . sim how the efficiency for reconstruction can be parametrized W
1 ez cre
: 88.50
2] o008
oee . h 88.25
1 ssses 14 o
I I -150 - ®
0 T T T T T 18.50 0 T T T T T 18.50 J ! 4 ! 88.00
135 140 145 150 155 135 140 145 150 155 -200 0 200 400
Downconverted fc, [MHz] Downconverted fc, [MHz] fc-,' residuals [kHZ]
Locust: Give_n piTc_h angle an Hopper may create these Current results show bigger residuals tfowards
energy configuration results in el T e e B T low pitch angles (high axial frequency)
specific axial and cyclotron o ' '
frequency celifsEis Residuals: <2.5 % (fax), <0.4 % (fey)
Exploring Cyclotron Radiation Emission l’l{()c“;(:'l’ 8 International School of Nuclear Physics, 47th Course Jan Klpperbusch 7
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Summary i
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Project 8: Non-destructive electron spectrometry
Cavities:
- Increase information gain through resonant amplification
- allow axial frequency measurement
Challenges:
- Power decreases with lower frequency
- High statistics require a well-prepared reconstruction
Simulation:
- Locust/Kassiopeia: Physics-wise gold standard, workhorse
- Hopper: Developed for large simulation sets

18
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Direct Neutrino Mass Measurements i
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Measure the electron energy < AT [ '
. _p 'n R —m, = 0 meV
Idea: spectrum from atomic Tritium = \\ ------ m, = 350 meV
5 Y3 ----m, = 1000 meV
beTO deCGyS D 25102 Eur. Phys. J. C |
L g™ o (2019) 79: 204
?v % Eur. Phys.lJ. C ®
oA (2019) 79: 204 ;
= 0 5
-Lg —qu ) e
S 1000 . . -1.5 -1.0 -0.5 0.0
o « Electron energy E - E; in eV
i g_) Distortion of the high energy tail is
8 o related to the neutrino mass
2
| 0 T T T
= 0 5k 10k 15k 20k dN
2
Electron energy EineV  E, dE ~ (E - EO)\/(E — EO)2 — mﬁ
End

Exploring Cyclotron Radiation Emission ST . .
Spectroscopy (CRES) Features in Project 8 P“()JIZL 1 8 International School of Nuclear Physics, 47th Course
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The PROJECT 8 Experiment m
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21 Institutions, three countries, over 60
graduate- or higher researchers

Multi-stage experiment aiming to lower the
experimental limit for mgusing atomic tritium

Tritium Beta Spectrum and Neutrino Mass Limit from Cyclotron Radiation Emission

—— Frequentist intervals
Spectroscopy 1754

| T First two stages proved that:

*  Bestfit result

A. Ashtari Esfahani,

S. Biiser,? N. Buzinsky*[F| M. C. Carmona-Benitez, C. Claessens,!* L. de Viveiros.*

P. J. Doe,' M. Fertl,? J. A. Formaggio, J. K. Gaison,® L. Gladstone,® M. Grando,’ M. Gi g\u‘.T J. Hartse,! 150 1507 .
K. M. Heeger,® X. Huyan,>[7]J. Johnston,® A. M. Jones,*[] K. Kazkaz? B. H. LaRoque,” M. Li;* A. Lindman,? C R E S WO rkS u S I n
E. Machado," A. Marsteller,! C. Matthé* R. Mohiuddin® B. Monreal,® R. Mueller," J. A. Nikkel,* E. Novitski, 1254 0
N. S. Oblath,® J. I. Pefia,® W. Pettus,)*{] R. Reimann.2 R. G. H. Robertson,! D. Rosa De Jesiis,” G. Rybka,!
L. Saldaiia,® M. Schram,5[ P. L. Slocum,® J. Stachurska,? Y.-H. Sun, P. T. Surukuchi3 J. R. Tedeschi,’ » _15024 .
A. B. Telles,® F. Thomas,2 M. Thoma . T. Thiimmler,'! L. Tvrznikova,*] W. Van De Pontseele,* € 100
B. A. VanDevender,":% J. Weintroub,'? T. E. Weiss,* T. Wendler,* A. Young,'2{] E. Zayas,® and A. Ziegler* 8 —2002 G n e n n O S G n WG Veg u I eS
(Project 8 Collaboration) (&)

! Center for Experimental Nuclear Physics and Astrophysics and Department 75
of Physics, Unive

1 Tritum data

of Washington, Seattle, W

T T
18500 18600

98195, USA i M M M
2 nstitute for Physics, Johannes Gutenberg University Mainz, 55128 Mainz, Germany ---- Bayesian best fit Endpoint (eV) —
3 Laboratory for Nuclear Science, Massachusetts Institute of Technology, Cambridge, MA 02139, USA 50 10 Bayesian quantiles P
4 Department of Physics, Pennsylvania State University, University Park, P 16503, USA ' .
3 Pacific Northwest National Laboratory, Richland, WA 9935 Frequentist best fit H
© Department of Physics, Case Western Reserve University, Cleveland, st ww uUsA 25 e Literature £
" Laboratoire de Physiqu et de Hautes Encrgies, Sorbonne ; P H
Université, Université Paris Cité, CNRS/IN2P3, 75005 Paris, Fran H £ 1o Bayesian credible interval b e eXT rO CTed
SWright Laboratory and Department of Physics, Yale University, New Haven, CT 06520, USA 04 H & 1o frequentist confidence interval

9 Lawrence Livermore National Laboratory, Livermore, CA 94350,
10 Center for L:[/h/mlw/l of Energy and Matter and Department of Physics, Indiana University, Bloomington, IN, 47405, USA

T T T T T T T
wstitute of Astroparticle Physics, Karlsruhe Institute of Technology, 76021 Karlsruhe, Germany 16500 17000 17500 18000 18500 19000 19500
Center for Astrophysics | Harvard & Smithsonian, Cambridge, MA 02138, USA % i
(Dated: March 20, 2023) Reconstructed kinetic energy (eV)

Phys. Rev. Lett. 131 (2023) 10, 102502
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Transition from Waveguides to Cavities g
UNIVERSITY
Phase 2 was executed in a WR-42
waveguide
Phase 3 involves a first resonant cavity
Project 8 Phase II Waveguide insert re(]d out by d WGVGgUIde
(J. Phys. G 44 (2017) 5, 054004)
- Axial frequency reconstruction
possible
- First use of cryogenic amplifiers
Project 8 Phase III Experimental Apparatus
(Credits: S. Kuenstner)
SFEZFC):?CEISZ%S&}K(:?;?S% Egg'irﬂli:sni: r;r';séz? 8 l’“()JECT 3 International School of Nuclear Physics, 47th Course Jan Kipperbusch 23




The Project 8 Phase III reconstruction (2nd approach) m
gllzlllli\?ll-;rRSITY
Voltage Short-scale
Timeseries frequency spectrum
Spectrogram Map axial and
cyclotron frequency
to energy over
machine learning
(U-NET, GNN, SSM)
Exploring Cyclotron Radiation Emission l’ll().lEC’l‘ 38 International School of Nuclear Physics, 47th Course Jan KUpperbusch 24
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Back to reconstruction - Timeseries?

State Space Model (SSM):

Exploring Cyclotron Radiation Emission
Spectroscopy (CRES) Features in Project 8

Machine-learning propelled time

series reconstruction

More dynamically usable than the

current reconstruction

Currently explored both in
frequency and in pure time
domain reconstruction

PROJECT 8

International School of Nuclear Physics, 47th Course
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Denoising results using SSM
1076
1079
10-1¢
101
1071
107!
10-1!
10-7¢ Koy npat
Cheas target
10-7% Denosed
o 25 50 ™ 100 12% 150 175 200
Fraquency [MHz]
Energy reconstruction
(Credits:
H. Binney,
C. Reissel,
L. Felipe Koehler
Domingues)
-7 [+ 2
Residual Energy [eV]
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Back to reconstruction - Timeseries? g

UNIVERSITY

T|me domdln mCITChed Time-Domain Matched Filtering
filtering: 21

- = Signal Template

Amplitude

- Simulation-inform
ed template fitting

0.0 0.2 0.4 0.6 0.8 10
Time (ms)
- More conventional Conejation
10+ — Correlation
G ppI’OCICh c 054 e Current Correlation
g O
o
£
- Computation S
power! . ; : ; :
0.0 0.2 0.4 0.6 0.8 1.0
Delay (ms) . )
(Credits: E. Karim)
Exploring Cyclotron Radiation Emission l’ll().lEC’l‘ 3 International School of Nuclear Physics, 47th Course Jan Klpperbusch 26
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Af€[0.0,5000.0) Hz Af€[5000.0, 10000.0) Hz Af€[10000.0,15000.0) Hz

° 5000 10000 15000
DlseC'I' Sqm Ied ol Fir: W(9) =2+ cos(p +B) _ | Fit: W(g) =2 +a coslp +B) _ Fit W($) =2 +a cos(g+B) _
— 197, B:-0.15 i . T 195044 , — 183, B: -0.80 :r
. . — S mosied |l — Gt mpacriey o W — ey . 14900 SRSITY
3] _ _
Locust simulations 3
i 2 Z s
into Af slices ol -t
11 1000 1 6000 1 11000
0 . . ) : : B 5000 . T . B 10000
-  Power ratio curve shift AfE[15000.0, 20000.0) Hz AfE[20000.0, 25000.0) Hz AfE[25000.0, 30000.0) Hz
. . o Fit: W(¢) =2+ a- cos(p +B) . Fit: W(¢) =2+ a-cos(¢+B) . | Fit: W(¢) =2 +a-cos(¢p+B) 30000
chronically to the right o T o R o gl | ] | P
~ Af=00,8=90° T Af=0.0,8=90° T Af=00,8=90°
34 i .
5 18000 — 23000 — 28000 —
- loses coherent e g g ¥
. > 2 17000 ] 22000 3 27000 3
interference pattern N | |
16000 21000 26000
0 T T T 15000 T T T 20000 T T T 25000
AfE€[30000.0, 35000.0) Hz Af€[35000.0,40000.0) Hz Af€[40000.0,45000.0) Hz
35000 40000 45000
ol Fit: W($)=2+a-cos(¢+B) 1 Fit: W(¢) =2 +a - cos(¢+B) 1 Fit: W(¢) =2+ a- cos(p +B)
—  :0.88, B: -2.10 — 0067, f:-2.52 — :0.43,B: -254
___ Coherent expectation’ 34000 ____ Coherent expectation’ 39000 ___ Coherent expectation 44000
Af=0.0,0 =90 Af=0.0,6 =90° Af=0.0,6=90°
354
. 33000 — % 38000 — ) 43000 —
5 2 32000 E 37000 ‘21 42000 2
11 31000 36000 41000
0 T T T d 30000 T T T d 35000 T T T d 40000
0 ; n an 2n ’2' n 37" 2n '2' n 1;1 2n
¢ =}, mod 21 [rad] ¢ = o, mod 2m [rad] ¢ = &y mod 21 [rad]
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Modulation of Power ratio curves

P(t) (81 + s2)% = 242 [1 + cos(Awt + ©p)]
1 (T
(P) =1 /0 P(t)dt
1

AwT

= 242 [1 + (sin(AwtT + ¢o) — sin(«,ag))]

using sin(z + y) — sin(x) = 2 cos(x + y/2) sin(y/2), we find

(P) = 242 [1 + AQ = (cos (o + AwT'/2) Sin(AwT/2))]

w
o2 sin(AwT/2) AwT
=2A [1 + —AwT/2 cos | ¢o + 5

Dividing that by the average power of one particle, (P;) = A2,

the ratio of the average powers ¥ may sufficiently be simplified to

U = 2 4 2acos (go + B) with @ = sinc(AwT/2), 8 = AwT/2

Exploring Cyclotron Radiation Emission al §
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From pairwise power modulation to a distribution

GHENT
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S() = 3" afwp)ei
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Spectrogram FFT
/
P(w) = [F{S(t)}r[

T
/ dt Z a(w;)etWi—w)teipi
0 i

2

2

Z a(w;) sinc ( & _zwi)T) ei(pit(wi—w)3)
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