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Tritium [3-decay
Decay of molecular tritium produces a [3-electron spectrum
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— mi =3 U,-|2 . m,-2 can be determined with a precise measurement of the spectral shape near the endpoint
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Integrated spectrum measurement

Magnetic Adiabatic Collimation combined with an Electrostatic filter (MAC-E filter)
Beamson et al. (1980), Lobashev, Spivak (1985), Picard et al. (1992)
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electron momentum without electric field The Measurement Time Distribution
Voltage set points are scanned through to obtain an integrated spectrum (MTD) optimised for best sensitivity
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The KATRIN beamline

Goal: Measurement of the effective electron anti-neutrino mass with 0.2 eV sensitivity at 90 % C.L.

Analysing plane
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The integrated [3-spectrum
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The integrated [3-spectrum

— Integrated [3-spectrum

EO —_
. . dr 2 8
N(qu) =sig- | = (E, m2, EO) “R(QU,E)E + Ny, 2
qU £
— In the most basic form, the spectrum can be
characterised by:
— Spectral amplituder: Sig )
— Endpoint: E, £
— Squared neutrino mass: mi fzj
©
— Background: M, K]
— In reality this gets a bit more complicated ©
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Measurement campaigns

KATRIN Neutrino mass Measurements

107 Time pdo Bg
40 g "z s (hrs) (m™?) (mcps)
35 KNM1 522 1.09 x 10% 370
g ol KNM2 294 423 x 10?278
3 KNM3a 220 2.07 x 10 136
<% KNM3b 224  3.73 x 10%' 259
gzo KNM4 1267 3.79 x 10%' 150
N KNM5 1232 3.79 x 107 162
g 1.0 -
— — Published results: KNM1 and KNM2
3 Phys. Rev. Lett. 123, 221802
oot ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ Nat. Phys. 18, 160—166 (2022)
01May 010ct. 01 Nov. 01 Jul. 010ct. 01 Nov. 01Apr. 0lMay  01jun.
2019 2019 2019 2020 2020 2020 2021 2021 2021 — Current analys|3: KNM1 —_ KNM5
— Data-taking: KNM6, KNM7, KNM8
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Measurement campaigns
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KATRIN Neutrino mass Measurements

Time pdo Bg

(hrs) (m~%  (mcps)
KNM1 522 1.09 x 10?' 370
KNM2 294  4.23 x 10* 278
KNM3a 220 2.07 x 10* 136
KNM3b 224 3.73 x 10% 259
KNM5 1232 3.79 x 10* 162

Spectra fitting
00000 000 oo

— Published results: KNM1 and KNM2
Phys. Rev. Lett. 123, 221802
Nat. Phys. 18, 160—166 (2022)

— Current analysis: KNM1 — KNM5
— Data-taking: KNM6, KNM7, KNM8
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Experimental input parameters

— Column density

— Ramped up to stable
value of
~3.77 x 10°'m 2

— Tritium purity
— Very stable operation
at >97%

— Source temperature
— ~30K — ~80K with
improved gas
circulation mode

Neutrino mass determination
[e]e} 000
10/21 Monday 27" February 2023

KNM1

KNM2 KNM3 KNM4 KNM5

47 —— e e e —— — — —
S
224 ——
3
Q

1 ]——

0 T T T T T T T T T T
1.00
0991 —_——

& 0.98 1 J

0.97-\f—

%\f_—-r Il ™

Leonard Kéllenberger:

KATRIN neutrino mass analysis

0.96
100
80 —— c— —— —— — — —
g
£ 604
5
H
It
40
20 ™ T ™ ™ ™ N ™ ™ ™ T
01 May 01 Oct. 01 Nov. 01 Jul. 01 Oct. 01 Nov. 01 Dec 01 Apr. 01 May 01 Jun.
2019 2019 2019 2020 2020 2020 2020 2021 2021 2021
The KATRIN experiment Campaigns Spectra fitting Results Outlook
00e0 00000 000 oo

Institute for Astroparticle Physics



Run-wise fit parameters

- Experimental settings KNM1 KNM2 KNM3a KNM3b KNM5
have been optimised
— Background

significantly reduced

Eo — (Eo, knmx) (V)

— Between KNM1 — KNM5
1987 individual runs
were recorded for each
pixel
—> 244647 individual

spectra taken into
account in the

analysis
) P i S eI W
—> How do we combine the 01 May 01 Oct. 01 Nov. 01)ul. 01 Oct. 01 Nov. 01 Dec. 01 Apr. 01 May 01 Jun.
2019 2019 2019 2020 2020 2020 2020 2021 2021 2021
data?
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Run combination

— Runs taken under similar conditions can be stacked into

one spectrum

— Counts are summed, input parameters are averaged N ‘

{  KATRIN data (2" campaign)
— {  KATRIN data (1%t campaign)
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Fit is performed with i contributing spectra of each campaign
— One minimisation
— One combined likelihood, £

_ |0g£ = Z — |Og E,‘ (mfm E0i7 Sigi? Bgl)
i

— One common neutrino mass, mi
— Multiple campaignwise E,, Sig, and Bg
— Principle was used in combined KNM1 — KNM2 analysis
(multi-period analysis)

Spectra fitting Results Outlook
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Pixel combination

Fit is performed with i contributing spectra of each segment
== One minimisation
— One combined likelihood, £

—log L= —logL; (mi, Eyi, Sig;, Bg,-)
i

— One common neutrino mass, 117,
— Multiple detector segmentwise E,, Sig, and Bg
= Principle was used in KNM2 analysis (multi-ring analysis)
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Detector segments with similar transmission
conditions are grouped

— Uniform (NAP setting)
—> Multi-patch (SAP setting)

10!
KATRIN data (ring 3)
with 10 errorbars x 10
g"_ 100 e Fi.t resl{lt (ring 3 highlighted)
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Unbiased analysis

Analysis is performed in paralell by different fitting teams,

. . 2 ]
using independent code 10 e m2=0.0eV?
- — mj=2
Model blinding: )
10%4
— Additional broadening is applied to the model (FSD) 8
— Am> = —206° E
. . . . N & 10%4
— Neutrino mass is shifted into an unknown direction
— Other fit parameters are uneffected .
1074
Three stage unblinding procedure 001
1.) Code validation on Asimov spectra £ o0l
. . ()
2.) Blinded analysis of data E ~0.011
3.) Final unblinded analysis of data € _0.021
18530 18540 18550 18560 18570 18580 18590 18600
— Unbiased neutrino mass result Retarding energy (eV)
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Sources of systematic uncertainties

( Backgound |
- Non-Poisson component
- Retarding potential slope
- Penning trap

E I
\ Final States ‘ Herovioss
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( ) 3HeT+
0 Magnetic fields ¢ “HeT
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- Activity fluctuations - Analysing plane Baa ¢ Penning cation
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Treatment of systematics

In the KNM1 and KNM2 analyses, systematics have
been propagated via:

— Pull term

— Covariance matrix

—> Monte Carlo propagation

— Markov Chain Monte Carlo (MCMC)

Future approach — pull term:
— Adding additional free parameters (6,)

— Constraining parameters with a penalty term
— Adding pull terms widenes the X2 distribution:
. (o -0,)

X <mv, E,, Sig, Bg,91,...) 4+ — "+ ..

2
0'91
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12.5
Illustration:
10.04 » e x?(stat.)
751 “,  —— x?(stat. and sys.)
~ 501
2.54
0.0 . ; T !
) -1 0 1 2
m2 (eV?)

In the combined KNM1-5 analysis:
— Pull term as multivariate normal distribution

— Treatment of correlations between
campaigns and segments

—> ~280 fit parameter and ~100 correlations
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Latest KATRIN neutrino mass results — KNM1

First measurement campaign

Fit strategy: Stacked uniform fit B
= One spectrum with 27 data points g
— Four free fit parameters (7, E,, Sig, Bg) §
Statistics dominated fit result §

m? = —1.0+1.0eV? z

=1

<)

Factor of ~ 2 improvement on previous m,, limit g

&

m, < 1.1eV (90% CL)
Phys. Rev. Lett. 123 (2019) 221802
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Latest KATRIN neutrino mass results — KNM2

Second measurement campaign

Fit strategy: Stacked multi-ring fit

— 12 spectra with 12 x 28 = 336 data points 1.04 = Lokhov-Tkachov
. > 12.E. 12.Siq. 12.B {7} Feldman-Cousins
— 37 free fit parameters (m5,, 12 E,, 12-Sig, 12-Bg) o8l miosev:
g m, < 0.9 eV
()
. . . ~e 0.6 >
Statistics dominated fit result £ o
o N
2 0.4
m = 0.26 + 0.34 V2 = W
0.2 =
New sub-eV neutrino mass limit 0.0 i : : : : :
. -1.0 -0.5 0.0 0.5 1.0
m-v < 09 eV (90 A) CL) Measured mlz) (ev2)
Nat. Phys. 18, 160-166 (2022)
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Latest KATRIN neutrino mass results — combined results

Fit strategy: Multi-period uniform fit

—> Data is stacked within the measurement phases E
— Two spectra with 27+28 = 55 data points &
—> 7 free fit parameters (mf,, 2-E,, 2-Sig, 2-Bg) E
Statistics dominated fit result 5

m?, = 0.08 + 0.32 eV =

&

Sub-eV upper limit on the neutrino mass §

E

m, < 0.8eV (90% CL)
Nat. Phys. 18, 160—166 (2022)
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{  KATRIN data (1t campaign)
{  KATRIN data (2"¢ campaign)
1014 Fit result (1%t campaign)
—— Fit result (2"¢ campaign)
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Summary

—-200 -100 0
Leading upper limit on the neutrino mass from direct single Los Alamos (91)
[3-decay measurements Tokyo (91)
—> KATRIN combined analysis of KNM1 and KNM2 Zurich (92) 1 —_—
measurement campaigns Mainz (93) 4 .
Beijing (93) 1
0 Livermore (95) A
m, < 0.8eV (90 % CL) Troitsk (95) | .
Nat. Phys. 18, 160—166 (2022) Mainz (99) 71 o
Troitsk (99) 11 —_— |
Mainz (05) ——| =
. e Troitsk (11) 14 — .
Towards improved sensitivity KATRIN (19) 1 o )
—> KATRIN combined analysis of KNM1 to KNM5 KATRIN (21) 1 o .
measurement campaigns is ongoing KATRIN (comb.)1 = | ¢
— Expected sensitivity <0.5eV _'8 —6 -4 _? 02 |
—-200 -100 0
Best fit m2 (eV?)
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Future challenges and outlook

— KATRIN combined analysis of KNM1 — KNM5 in —200 -100 0
rogress
prog Los Alamos (91) 4 ——————
Tokyo (91)
— Mixed multi-period, multi-patch analysis ZN‘I”‘F“ 8;; | y
. . \ 5 ainz 8 ———
— Combined fit of 45 spectra with one shared m5, Beijing (93) |
Livermore (95) 4
. . Troitsk (95) -
— Treatment of systematics via pull terms
L y . P Mainz (99) 1 ot
— Fit with ~ 280 fit parameters Troitsk (99) 1 ———— |
Mainz (05) 11 —e——i| =
. . X X Troitsk (11) ———— .
— Combined fit is computationally challanging KATRIN (19) - . q
— Currently two complementing approaches are persued KATRIN (21) 7 > °
to improve computation time: KATRIN (comb.) 41 = |¢
— Model calculation through neural nets —8-6-4-20 2
—-200 -100 0
— Improved computation performance Best fit m2 (eV?)
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