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* Observable: effective electron antineutrino mass m? = Z,-IUeilzml2

B decay rate in s'eV*

* Kinematic approach: electron energy spectrum of tritium B-decay

0 10000 E, = 18575
electron energy E in eV

Analysing plane

Electrostatic high pass filter Electron
Uana(r) v

Radon atom

e Rydberg atom

- Positive 1on

t B F

- &5

el
krASE

3 L

- )
N n|
J‘“‘ S T g

= e .l
2 =l - 1
T[] LD

Segmented

N Transport and
Tritium source detector

Rear wall and pumping
electron gun

gy - -
WA IS ettt
VS =

Main spectrometer

Probing new light particles with the KATRIN experiment 1 TAUP2025



Standard Model 3-decay of tritium

A—->B+e +7,

(2m)

4
* Fermi’s golden rule (decay rate): dI’ = IM|? dD .-
2m 4 -

M = —%(B_OhA)(éOfV)

. . d
* Differential spectrum % (E m,z,) =C-(E+m,) p, E,- \/(E0 — E)2 —mé? - Corr(E)

* Energy scale: tritium Q-value ~ E, = 18.6 keV (kinematic limit)
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Inferring the neutrino mass — spectrum fitting

e C++-based analysis framework KaFit A—>B+e +7,

E dr
* R(qUret) = Asig [,y f(E = qUre) 7 (E,m3) dE + Rgg

* Four free fit parameters: { Spectrum for KNM1 data with
) 10" - 10 error bars (x50)
S
. 2 N
* Neutrino mass my % ‘ Spectrum for KNM2 data with
= 10 error bars (x50)
- 5 10° -
* Endpoint E, 3
 a— +{
* Background Rg, 50 - KNM?
<
= B KNM2
* Many free nuisance parameters (systematic effects) = ‘ ‘ ‘
O —
->m, <0.45eV (90% CL) 50 100

Retarding energy (18,574 eV)
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Beyond the SM: emission of additional light particles

A->B+e +v,+X

* Beyond SM (BSM) theories: new leptophilic particles (= light boson X)

igey’veX, igey’eX, or gi.ytv.X,, gey'eX,, gj; X,

ref. Arcadi et al.:

JHEP01(2019)206

OfeX
Ve

(a) boson X coupling to the neutrino ¥ (b) boson X coupling to the electron e”

- Consequence: spectral modification due to emission of the additional real particle

1. dynamics: special coupling structures, virtual intermediate leptons (27[)4

dI

2. kinematics: shifted endpoint, four-body final state 2m g

M4 dD
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Spectral modifications with light bosons

- Additional decay channdel dI’: dr _dip  dIx > dl’p

dE, dE, dE, ~ dE.
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Ve
1le—18 le—18
1 2 7] dl, . _ 16 | dls . —
% 10- %%(E; m,=0,my=10eV) % 1.41 %%(E;ml,:O,mX:lOeV)
= N —— total B-spectrum 4L (E) = 1.2- —— total B-spectrum L(F)
3 0.8 tree-level process: ¢
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Search for light bosons with KATRIN

* Analysis procedure: likelihood scan over “new physics”
parameter space (my, gy)

* Model of emission spectrum required

* - Empirical parametrization in JHEP01(2019)206:

dr, T(EmaX—E)”

X _ x|
dE \ Me \ Emax + Me

* Kand n from fit of semi-analytic results (with strict m, = 0)

-> This work: Comparing ansatz above to investigation of
very detailed spectral shape in the endpoint region (incl. m )
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Spectrum calculation — numerical integration

dI‘X 12+(E) M324+(E M M1234+(M122=M324) Mf4+(E€,M122,M§4,Mf34) |M|2 ) ) ) )
T 55(9.0)6 dMi,d Mz, dM;3,d My,
dE, 2 (Zﬂi) my Iz, ME,_(EoME) Mz, (MyM2)  IME_(EM,MEME) =B

Vo1, X-—>2, e—>3 B-o4

* No general exact analytic solution for the integral was found

* Highest level of flexibility and modularity: MC sampling of entire phase space

. i : i ! . nce
- statistically converging approximation of the integral (uncertainty « 1/v/N) Pegg ,’;’gle
le—24
averaged rate
2.00- estimated 10 x 1 o uncertainty
* Numerical stability: C++ framework with GNU Multiple e
Precision Arithmetic Library (GMP) 1504
? 1.25
 Sampling stability: compensation of strong enhancements 4 1,00 —
In the amplitude = Importance sampling S 75 o NA,.\MMW
0 | 5 0 . ’.'l.'\«"
0.25 1
PO T e T 1ee 1ot 1o
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Refined parametrization

* Numerical results are fitted with new
ansatz of order k:

dI

k
1g = €XP ; 0;1n’(x)

Emax — E

X = € [0, 1]

Emax

* Parameters K and n(x) are extracted:

Z_‘;Z& 011 h’lj(x)
Emax — E\* - g
K n(E)
( Emax )

—> Computations performed on the

bwForCluster NEMO (Freiburg, GER)

> Precise analytic model
in the sensitive region
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Example scenario:
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Analysis procedure

Dataset Analysis (grid scan)
* Based on second KATRIN science run (KNM2, 2019): e 35 X 40 fixed grid points in my-gx-plane
- 1400 fits

e 4 x 10° collected electrons in RO
* Fixedm?s=0
* ROI:[E;—40¢eV, Ey + 130 eV]
* Free Ey, Asig, Rpg
* This work: using MC Asimov twin dataset of KNM2:
* Systematic (nuisance) parameters free,
* Experimental settings adapted with pull terms

e mZ=0, gy =0 (no signatures) * 90% CL contour at yZ... = xar + Ax?
with Ay? = 4.61 for 2 DOF

B KNM2 (28 subruns)

N
PN I S T

Live time (d)

H
P R N T

T

18550 18575 18600 18625 18650 18675 18700
Retarding potential (V)
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Sensitivity of the 2" KATRIN science run

4 x 108 electrons in the
analysis interval

106 -

igx ey e X
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new light boson X: KATRIN MC sensitivity (90% CL, m, =0)
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Breakdown of systematics "NM2 MC gatg

sensitivity breakdown for coupling of pseudoscalar to neutrino

e 2202000009092 ———

steta
] ] SYS. _— HEl total SenSitiVity
* Uncertainty budget of systematic BB uncertainty budgets o, (stat. /sys. )
. . 2 2 | | | | | | I |
effect i: o; = \/O-stat+i — Ogiat 0.0 0.2 0.4 0.6 08 1.0 1.2 1.4 1.6
1o sensitivity to boson coupling gx
-> analysis with all relevant systematic odo -
contributions (i) individually Eloss e
Plasma .
* Relative contributions reveal BOpenning T
ordering for different masses my Boanve 1
BQJsiope 1 boson mass
AP 1o related to my =10""eV
Bpch 1 BN source . myx=10""eV
Bs\c B background mm my=10%eV
Bl fields H m,=10!eV
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rel. contributions ogx,,-/ogx(sys. ) to systematic uncertainty oy, (sys. ) = \/ZG_C%X,,-
/
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Future: final light boson sensitivity of KATRIN

* Data taking with KATRIN continues until end of 2025

* Expected final dataset: improvement of factor ~40 in statistics (1000 days in total)

new light boson X: KATRIN MC sensitivity (90% CL, m, = 0)

pseudoscalar

dx
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Future: TRISTAN upgrade

Detector upgrade in 2026 - search for keV sterile neutrinos

Measurement of full tritium 3-spectrum

Differential measurement

new light boson X:
pseudoscalar

) —m = OmeV_ i
— m_ = 1000 meV | |
X -21 [ v 1

2x107+

MC sensitivity (90% CL, m, =0)
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Probing new light particles with the KATRIN experiment

10 15
my (eV)

13

20

vector boson

10! - — gxVYy*vX,
gx eyte X,
e— ngfeXu /
10—1 1 - '/’//'
y ' 4
10-3 {
107> -
1077 sensitivity type
— KATRIN final estimate (stat. only)
TRISTAN estimate (stat. only)
10_9 | | |
1073 5 10 15 20

my (eV)

TAUP2025

E, = 18575



Summary & outlook

This work:

* Highly adaptable and modular framework for boson emission spectrum computation

* Detailed description of the spectral branch in the endpoint region of B-decay (incl. boson and neutrino mass)
* Refined sensitivity of tritium-based direct probe to new light particles at low energy scale

* |mpact of the individual systematic effects of KATRIN

* Improved sensitivity (stat.) with further data of KATRIN and TRISTAN upgrade @ %“}‘ 5/'
" ’
& & o

Outlook:
* Analysis of a subset of our data (second science run) w.r.t. light boson signature Is currently in preparation

* Potential for significant future improvement with upcoming data and upgrades

Probing new light particles with the KATRIN experiment 14 TAUP2025





