PHYSICAL REVIEW LETTERS 134, 251801 (2025)

Editors' Suggestion

First Constraints on General Neutrino Interactions Based on KATRIN Data

M. Aker,1 D. Batzler,1 A. Beglarian,2 J. Beisenl<6tter,3 M. Biassoni,4 B. Bieringer,3 Y. Biondi,1 F. Block,1 B. Bornschein,1
L. Bornschein,1 M. B(jttcher,3 M. Carminati,s’6 A. Chatrabhuti,7 S. Chilingaryan,2 B. A. Daniel,8 M. Descher,9
D. Diaz Barrero,1 P.J. Doe,11 0. Dragoun,12 G. Drexlin,9 F. Edza1rds,13’14 K. Eitel,1 E. Ellinger,15 R. Engel,l’9 S. Enomoto,11
A. Felden,l C. Fengler ,l’* C. Fion'ni,5’6 J.A. Formaggio,16 C. Forstner,ls’14 F. M. Fréinkle,l G. Gagliardi,‘*‘22 K. Gauda,3
A.S. Gavin,'”"® W. Gil,' F. Gliick,' R. Grossle,' N. Gutknecht,” V. Hannen,’ L. Hasselmann,' K. Helbing,"” H. Henke,'
S. Heyns,' R. Hiller,' D. Hillesheimer,' D. Hinz,' T. Hohn," A. Huber,' A. Jansen,' K. Khosonthongkee," C. Kohler,'*'*
L. Ktillenberger,1 A. Kopmann,2 N. Kovaé,1 L.La Cascio,9 T. Lasserre,zo J. Lauer,1 T.L. Le,1 0. Lebeda,12 B. Lehner“t,21
G. Li,8 A. Lokhov,9 M. Machatschek,1 M. Mark,1 A. Marsteller,1 K. McMiChael,8 C. Melzer,1 S. Mertens,13’l4 S. Mohanty,1
I Mostafa,2 K. Mﬁller,] A. Nava,4’22 H. Neumann,23 S. Niemes,1 A. Onillon,13’14 D.S. Parno,8 M. Palvan,“’22 U. Pinsook,7
A W.P. Poon,21 JJM.L. Poyato,10 F. Priester,1 J. Rélié,12 S. Ramachandran,15 R.G. H. Robet‘[son,ll C. Rodenbeck,1
M. Réllig,l R. Sack,1 A. Saenz,24 R. Salomon,3 P. Schéifer,1 K. Schl(')ss.er,l M. Schl(isser,l L. Schliiter,21 S. Schneidewind,3
M. Schrank,l J. Schl'irmann,24’3 A. K. Schiitz,21 A. Schwemmer,m’14 A. Schwenck,l J. Seeyangnok,7 M. §eféﬂ<,12
D. Siegmann,”’14 F. Simon,” J. Songwadhana,19 F. Spanier,25 D. Spreng,B’14 W. Sreethawong,19 M. Steidl,' J. Storek,'
X. Stribl,13’14 M. Sturm,1 N. Suwonjandee,7 N. Tan Jerome,2 H.H. Telle,10 L.A. Thorne,26 T. Thl'jmmler,1 N. Titov,27
1N Tkalchev,27 K. U1rban,13’14 K. Valen'us,] D. Vénos,12 C. Weinheimer,3 S. Welte,] . Wendel,1 M. Wettelr,9 C. Wiesinger,l‘?’14
J.E Wilkerson,”"&T J. Wolf,9 S. Wl’istling,2 J. Wydlra,1 W. Xu,I6 S. Zadorozhny,27 and G. Zeller'

(KATRIN Collaboration)

nstitute for Astroparticle Physics (IAP), Karlsruhe Institute of Technology (KIT),
Hermann-von-Helmholtz-Platz 1, 76344 Eggenstein-Leopoldshafen, Germany
Institute for Data Processing and Electronics (IPE), Karlsruhe Institute of Technology (KIT),
Hermann-von-Helmholtz-Platz 1, 76344 Eggenstein-Leopoldshafen, Germany
3 Institute for Nuclear Physics, University of Miinster, Wilhelm-Klemm-Strafse 9, 48149 Miinster, Germany
*Istituto Nazionale di Fisica Nucleare (INFN)—Sezione di Milano-Bicocca, Piazza della Scienza 3, 20126 Milano, Italy
>Politecnico di Milano, Dipartimento di Elettronica, Informazione e Bioingegneria, Piazza Leonardo da Vinci 32, 20133 Milano, Italy
®Istituto Nazionale di Fisica Nucleare (INFN)—Sezione di Milano, Via Celoria 16, 20133 Milano, Italy
7Department of Physics, Faculty of Science, Chulalongkorn University, Bangkok 10330, Thailand
8Department of Physics, Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, USA
*Institute of Experimental Particle Physics (ETP), Karlsruhe Institute of Technology (KIT),
Wolfgang-Gaede-Strafse 1, 76131 Karlsruhe, Germany
10Deparz‘amenl‘o de Quimica Fisica Aplicada, Universidad Autonoma de Madrid,
Campus de Cantoblanco, 28049 Madrid, Spain
" Center for Experimental Nuclear Physics and Astrophysics, and Dept. of Physics, University of Washington,
Seattle, Washington 98195, USA
“Nuclear Physics Institute, Czech Academy of Sciences, 25068 Rez, Czech Republic
BTechnical University of Munich, TUM School of Natural Sciences, Physics Department,
James-Franck-Strafie 1, 85748 Garching, Germany
“Max Planck Institute for Physics, Boltzmannstr. 8, 85748 Garching, Germany
]SDepartment of Physics, Faculty of Mathematics and Natural Sciences, University of Wuppertal,
Gaupstrafle 20, 42119 Wuppertal, Germany
16Labomtory for Nuclear Science, Massachusetts Institute of Technology, 77 Massachusetts Avenue,
Cambridge, Massachusetts 02139, USA
17Depan‘ment of Physics and Astronomy, University of North Carolina, Chapel Hill, North Carolina 27599, USA
18Triangle Universities Nuclear Laboratory, Durham, North Carolina 27708, USA
¥School of Physics and Center of Excellence in High Energy Physics and Astrophysics, Suranaree University of Technology,
Nakhon Ratchasima 30000, Thailand
OIRFU (DPhP & APC), CEA, Université Paris-Saclay, 91191 Gif-sur-Yvette, France
*'Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
22Dipartimento di Fisica, Universita di Milano - Bicocca, Piazza della Scienza 3, 20126 Milano, Italy
B Institute for Technical Physics (ITEP), Karlsruhe Institute of Technology (KIT), Hermann-von-Helmholtz-Platz 1,
76344 Eggenstein-Leopoldshafen, Germany
* Institut fiir Physik, Humboldt-Universitdt zu Berlin, Newtonstrafle 15, 12489 Berlin, Germany

0031-9007/25/134(25)/251801(10) 251801-1 Published by the American Physical Society


https://orcid.org/0009-0003-6196-7899
https://ror.org/04t3en479
https://ror.org/04t3en479
https://ror.org/04t3en479
https://ror.org/04t3en479

PHYSICAL REVIEW LETTERS 134, 251801 (2025)

2 Institute Jfor Theoretical Astrophysics, University of Heidelberg, Albert-Ueberle-Strafie 2, 69120 Heidelberg, Germany
O nstitut fiir Physik, Johannes-Gutenberg-Universitit Mainz, 55099 Mainz, Germany
T Institute for Nuclear Research of Russian Academy of Sciences, 60th October Anniversary Prospect 7a,
117312 Moscow, Russia*

® (Received 12 November 2024; revised 17 February 2025; accepted 8 May 2025; published 23 June 2025)

The precision measurement of the tritium f-decay spectrum performed by the KATRIN experiment
provides a unique way to search for general neutrino interactions (GNIs). All theoretically allowed GNI
terms at dimension 6 involving neutrinos are incorporated into a low-energy effective field theory, and can
be identified by specific signatures in the measured tritium S spectrum. In this Letter an effective
description of the impact of GNIs on the f spectrum is formulated and the first constraints on the effective

GNI parameters are derived based on the 4 x 10° electrons collected in the second measurement campaign
of KATRIN in 2019. In addition, constraints on selected types of interactions are investigated, thereby
exploring the potential of KATRIN to search for more specific new physics cases, including a right-handed

W boson, a charged Higgs boson, or leptoquarks.

DOI: 10.1103/PhysRevLett.134.251801

Introduction—Neutrinos are considered a prime window
to new physics, with a nonzero neutrino mass calling for an
extension of the standard model of particle physics already.
The nature of these new physics contributions remains
unclear due to the abundance of theories and the elusive
nature of the neutrino. A particularly broad and therefore
powerful approach to identify such new physics is offered
by the theory of general neutrino interactions (GNIs) [1-3],
which describes the weak interaction beyond its standard
model V-A structure in a more generalized manner than
the already well-studied neutrino nonstandard interactions
[4-8]. The new low-energy effective interaction terms of
the GNI theory can also be generated by (sterile-neutrino
extended) standard model effective field theory (SM(IN)
EFT) operators of mass dimension 6 [2,9-11]. Therefore,
the GNI theory connects new physics phenomena both
below and above the weak scale through the effective field
theory (EFT). In recent years, a multitude of investigations
have been conducted for various neutrino interaction
channels, ranging from neutrino-oscillation experiments
[12—14] to neutrino-scattering processes [15-20] to studies
of f-decay processes [10,11,21,22]. In this Letter, we
examine the impact of GNIs on the f-decay spectrum of
tritium as measured by KATRIN, also considering the
potential existence of additional eV-scale neutrino-mass
states.
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Theoretical formalism—The GNI theory includes all
possible Lorentz-invariant operators for four-fermion inter-
actions involving at least one neutrino. With this approach,
the GNI Lagrangian for charged-current (CC) interactions
can be expressed as

GeV,s <% /() apys _
6= () @O0
Jj=1

+ H.c., (1)

where (9;/) are operators describing each new kind of
interaction j; see Table II in the End Matter. ¢, €; are the
flavor-space tensors, expressing the strength of interaction j
with respect to the standard model Fermi interaction. Vs
denotes the Cabibbo-Kobayashi-Maskawa (CKM) matrix
elements and Gy, is the Fermi constant. Greek indices run
over flavor.

As no assumption is made regarding the mechanism
generating the neutrino mass, heavier neutrinos with
masses up to the mass of the W boson are also accounted
for in the theory. Similarly, the theory imposes no assump-
tions regarding the Dirac or Majorana nature of neutrinos.

The mapping of low-energy GNI terms onto dimension-
6 SM(N)EFT operators allows for the description of new
physics above the weak scale. Assuming a common high-
energy origin of new physics allows one to set strong
indirect constraints on the GNI couplings from existing
constraints on the SM(N)EFT couplings. Low-energy GNI
contributions without a matching counterpart at dimension
6 may indicate the existence of low-energy new physics or
the necessity of expanding the EFT to a higher order [2].

The KATRIN experiment—The KArlsruhe TRItium
Neutrino (KATRIN) experiment performs a direct, kin-
ematic measurement of the effective mass of the electron
antineutrino in the endpoint region of the #-decay spectrum
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of tritium. KATRIN features a ell Bq high-activity
windowless gaseous molecular tritium source, where the
p electrons are emitted and are magnetically guided
through the setup [23] toward the detector. In the
KATRIN spectrometer, the electrons’ momenta are mag-
netically collimated and the electrons are electrostatically
filtered based on their kinetic energy with a filter width of
O(1 eV) [24-26]. The filter threshold is varied in steps of
O(1 eV) close to the spectral endpoint Ej in order to record
an integral # spectrum. The KATRIN Collaboration has
recently set a new world-leading direct upper limit on the
effective electron antineutrino mass to 0.45 eV at 90% con-
fidence level (CL) [27]. The high level of understanding of
the various experimental effects combined with the excel-
lent theoretical knowledge of the tritium f-decay spectrum
makes KATRIN an ideal instrument for precision mea-
surements of new physics phenomena. Unlike the neutrino
mass, showing a pronounced signature close to the end-
point, sterile neutrinos [28,29] and general neutrino inter-
actions can impact the shape of the entire recorded
spectrum.

Second measurement campaign—The analysis presented
here is based on the data of the second measurement
campaign (KNM2) of KATRIN, which was conducted
from October to December 2019 with about 45 measure-
ment days. As in the neutrino-mass analysis, the data
recorded at the scan steps within the range [E,—
40 eV, Ey + 135 eV] is used. The KNM2 campaign was
selected for the proof-of-principle study at hand because it
features a background reduced by 25% to 0.22 counts per
second, and an increased signal rate due to a 3.9 times
higher tritium gas density in the source of 4.2 x 10> m~2,
compared to the first neutrino-mass measurement [30].
Further details on the data set can be found in Ref. [31].

The spectral model—The trittum differential decay rate
in the presence of GNIs can be derived from the sum of the
GNI Lagrangian in Eq. (1) and the Lagrangian describing
the standard model contribution. The new kinds of inter-
actions with respect to both light (indicated by index /) and
additional heavier neutrinos (index N) are considered in a
left-right-symmetric model. As only lepton number con-
serving terms are considered, no distinction between a
Dirac or Majorana nature of the neutrinos can be made.
Further details on the computation are presented in the End
Matter. The differential decay rate then takes the form

dr GV,
T F(E,2)\/(E + m¢)* — m2(E + m,)
2 2 Mk
Z Z Ciejn/ & — mid {1—bk:}®(£j—mk).
J k=pN j

(2)

The Fermi function, F(E,2), models the electromagnetic
interaction of the emitted electrons with the daughter

----- SM, m23 =0.0eV?
— m} =1.0eV2 b;=0.0
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FIG. 1. Effect of different GNI contributions on the endpoint

region of the integral f spectrum. Both cases with (N) and
without (f) the presence of an additional heavier neutrino have
been considered. The position of the kinklike structure in the
signal is dependent on the (heavy) neutrino mass m?2,,. The

BN
endpoint is here at 18573.7 eV.

nucleus. The electrons’ kinetic energy is denoted by E
and their mass by m,. The impact of the molecular final
states is considered by incorporating the molecular exci-
tation energy, V;, which reduces the available neutrino
energy, ¢; = Ey — E'— V ;. The probability of producing the
excited state j is expressed by {;. Beyond that, radiative
corrections are taken into account, while further theoretical
corrections are neglected [32]. Both the &£, and the b}
parameters are defined in terms of the flavor-space tensors
€;ud and €; 4, expressing the coupling strength of GNIs to
left- and right-handed neutrinos, respectively, the mixing
matrices U,; and T; for the left- and right-handed light
neutrinos, the mixing matrices S.; and V; for the left- and
right-handed heavy neutrinos, defined according to [1], and
the nuclear form factors gy, gs, gr, and g,; see Table III in
the End Matter. The standard model differential decay rate
can be restored by setting &y = bj, =0. The distinct
signatures of & and b on the f spectrum are visualized
in Fig. 1. The explicit dependence of the effective GNI
parameters &, and b on the e parameters can be found in
the End Matter. The differential decay rate as defined in
Eq. (2) is included in the prediction of the observed integral
rate via

Ey
d
RaU) = ANr [ S H(E.qU)IE + RlaU). ()
qU;

Here, f(E,qU;) represents the experimental response
function at each retarding-energy set point gU;, which
describes the transmission properties of the experiment, as
well as accounting for additional physical effects such as
electron scatterings. ¢ is the electrons’ charge and U, the
electrostatic retarding potential of the spectrometer at scan
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step i. N serves as a signal renormalization factor for the
normalized amplitude A, and is based on the number of
tritium atoms in the source, the maximum acceptance angle
due to the magnetic field design, and the detection
efficiency. Ry,(qU;) is the background rate. All relevant
systematic effects included in the model are covered in [27]
and in the End Matter.

Analysis procedure—The presented analysis separately
investigates a case with light (quantities with index ) and
with additional heavier neutrinos (index N). Consequently,
two distinct sets of parameters of interest are considered. In
order to infer the parameters of interest in the absence of
any heavy neutrinos, we focus on the two-dimensional
parameter space comprising the effective neutrino mass
and the shape-modifying GNI parameter b;g. In the presence
of heavier neutrinos, the three-dimensional parameter space
is defined by the heavier neutrino-mass state m3 and the
GNI parameters &y, in units of £, = g3, + 3¢, and by. The
amplitude of the additional neutrino branch is scaled by &y,
while specific shape deformations are introduced by by, as
can be seen in Fig. 1 and Eq. (2). Ey, A, and the constant
background component REZ“’ are added as nuisance

parameters.

The GNI parameter space is probed on a grid, for which
the model is fit to the data with respect to the nuisance
parameters at each grid point using y>-function minimiza-
tion. This allows for a numerically robust minimization of
the y? function. The propagation of systematic uncertainties
is conducted using a pull-term approach [31].

In the absence of a heavy neutrino, a 60 x 30 linearly
spaced grid over the parameter space m% X b’ﬂ within the

intervals [0 eV2,2.2 eV?] x [-1.0, 1.0] has been employed.
The three-dimensional parameter space for the case includ-
ing heavy neutrinos with masses my > my is defined by
30 x 40 logarithmically spaced values of the parameters
mg, x Ex/ &g within [1 eV2, 1600 eV?] x [3.6 x 1074, 10.0]
times nine linearly spaced values for b} within [—1.0, 1.0].
The exclusion contours at the 95% CL are drawn at A;(ﬁ =

3.84 and Ay} = 5.99 for the grids without and with heavy
neutrinos. The critical values of the Ay? distribution have
been derived through Monte Carlo simulations on
O(10000) randomized spectra.

The correctness of the implementation of the model has
been confirmed by the conformity of the results with those
obtained with the independent sterile-neutrino analysis
framework at KATRIN; see Fig. 8 in [28]. Furthermore,
to mitigate human-induced biases, a blinding scheme was
applied. The analysis procedure was first applied to an
Asimov dataset [33]. Next, a simulated dataset with
statistical fluctuations was used to test the robustness of
the procedure. Thereafter, the analysis procedure was fixed
and applied to the experimental data.

Results—When applying this analysis procedure to the
KNM2 dataset, no significant indication of a GNI-like

=== 1000d stat.
—— KNM2, stat. x

KNM2, total
Best fit

00F=—==r=== = . . .
—1.00 —0.75 —0.50 —0.25 0.00 0.25 0.50
b,

FIG. 2. Exclusion contour for GNI contributions on the f
spectrum at 95% CL based on the KNM2 dataset. The contour is
shown considering statistics only (stat.) and full systematics
(total). The projected final sensitivity based on an Asimov data
set with 1000 days statistics and mj; = 0 eV? is shown by the
green dashed line.

spectral distortion could be identified in either case, with or
without an additional heavy neutrino-mass state. Also, the
uncertainties in both cases are dominated by statistics, as
shown in Figs. 5 and 6 in the End Matter. Figure 2 presents
the 95% CL exclusion contour for the GNI; the region with
high values of m[z, is excluded. Furthermore, a correlation
between m/% and b;, can be observed, which makes it more
challenging to constrain the latter. Consequently, the effect
of additional charged currents on the neutrino-mass observ-
able is slight [34]. The best fit is located at bz = —0.94 and
mj = 0.11 eV? with a significance with respect to the null
hypothesis of Ay? = y¥y — 12, = 0.003, thus implying
no statistical significance, and a goodness of fit of y2. =
30.6 (24 d.o.f., p value of 0.17). A combination of external
constraints  suggests |b'| < 0.26 (95% CL) [34].
Furthermore, the projected final sensitivity for KATRIN
after 1000 days measurement time was estimated using an
Asimov dataset assuming mj = 0 eV?. It is apparent that
the sensitivity to m/% is considerably enhanced while the
impact of by is diminished for small neutrino masses.
The exclusion contours at 95% CL for the GNI acting on
an additional heavier neutrino-mass state are displayed in
Fig. 3. In this primary analysis, the value of m/% was fixed to
0 eV2. The sensitivity contours visibly depend on by: it
enhances the kinklike signature due to the heavier mass
state for negative values, whereas it diminishes the mani-
festation of the signal structure for more positive values.
Moreover, the sensitivity is markedly enhanced in the
higher-mass region. This will become relevant when
KATRIN commences its search for keV sterile neutrinos
with the planned TRISTAN detector upgrade [29,35]. The
best fit is found at mﬁj = 97.45 eV?, én/Ep = 0.005, and
by = —1 with a goodness of fit of 2, = 29.9 (23 d.o.f,, p
value of 0.15). The significance of the best fit compared to
the null hypothesis is Ay?> =3.338 and is thus not
statistically significant. Furthermore, the estimate of the
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FIG. 3. Exclusion contours for GNI contributions on an addi-

tional heavier neutrino-mass state at 95% CL based on the KNM?2
dataset, taking into account full systematics. The two alternative
treatments to fixing the light neutrino mass to m3 = 0 eV? lead to
the dark red contours. The projected final sensitivity for two
different values of by based on an Asimov dataset with 1000 days
statistics and mj = 0 eV? is shown by the dashed and dotted

green lines.

projected final sensitivity corresponding to 1000 days
measurement time at KATRIN demonstrates a substantial
improvement of approximately one order of magnitude
in terms of &y/&g. In addition, there is potential for a
further order-of-magnitude improvement by eliminating
parameter correlations with respect to E; through a more
precise understanding of the absolute energy scale in

KATRIN [36,37].

An interplay between the spectral components attributed
to the light and heavy neutrino-mass states can occur during
the fitting procedure due to correlations between the fitted
masses of light and heavy neutrinos. When treating m? as a
free parameter, a loss in sensitivity for both high and low
values of m3; is observed. To avoid unphysically large
negative mj values, a different constraint 0 eV < mj <

m% is also used. The resulting exclusion contour shown in
Fig. 3 resembles the one using an unconstrained m,zj in the
high-mass region, while regaining the sensitivity of the
contour for fixed m/% at low masses.

Constraints on GNI couplings—The presented results
can be placed into the context of other experiments by
comparing the limits on individual types of GNI via their ¢
couplings. This is necessary since each of the different
experimental approaches observes a different combination
of € couplings. Here, we compare our results to experi-
ments utilizing lepton-flavor-conserving charged-current
interactions, such as nuclear and neutron f decay, and
pion decay. A more comprehensive comparison between
experiments within the neutrino sector would only be
possible under additional assumptions regarding the cou-
pling behavior of the GNI. For instance, one might assume
that the coupling strength is independent of the type of
fermion. Furthermore, a comparison to high-energy proc-
esses is possible via the matching relations of the low-
energy GNI terms to the SM(N)EFT Wilson coefficients.

The following limits on the individual contributions of
the €; and €; terms can be derived from Eqs. (A4) to (A7) in
the End Matter. The values of the nuclear form factors are
presented in Table III. When only considering light
neutrinos we assume a neutrino mass of mj =1 eV? in

Fig. 2 to provide an indication of the sensitivity of our data

TABLEL Overview of 90% CL bounds on the GNI coefficients &} from various low- and high-energy searches,
obtained with different experimental approaches. The indirect constraints by LHC are obtained at 8 TeV, evaluating
processes with missing transverse energy (MET). Global analyses combine properties of f-decay transitions,
neutron lifetimes, and neutron decay correlation coefficients to find constraints at O(100 keV) to O(1 MeV). The
bounds in this work are solely derived from the spectral shape of the f decay with the lowest energy of 18.6 keV.
They assume mg, = 400 eV? and reflect the range of allowed values for bj.

Bound (90% CL)

Source

Reference

Re(é.) < 0.06

& | < 0.057-0.118
lér| <22 x 1073
|&r| < 0.057-0.118
l&s| < 0.063

&) < 5.8 x 1073

l&s| < 0.134-0.278

6 x 1073 < |&r] < 0.024
lér| < 1.3 x 1073

|&r| < 0.020-0.042

Global f-decay analysis
KATRIN

[11]
This Letter

LHC (MET) via matching [38]
KATRIN This Letter
Global f-decay analysis using [22]
CKM unitarity
LHC (MET) via matching [38]
KATRIN This Letter
Global f-decay analysis [22]
LHC (MET) via matching [38]

KATRIN

This Letter
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set to the magnitude of the individual ¢; contributions in
a neutrino-mass regime in which this dataset is sensitive
to. We derive the following illustrative boundaries at 95%
CL: Re(T.ér) > —0.349, 0.213 < Re(7T;ér) < 0.530,
Re(T.és) > 1.952, and —0.227 < Re(T;ép) < —0.083.
Strong correlations between my and by visible in Fig. 2,
and between €; and T; visible in Eqs. (A4) to (A7) in the
End Matter present a challenge in deriving competitive
constraints on single ¢; contributions in comparison to the
existing limits.

In the case of a heavy neutrino, our constraints on €; are
derived from our high-sensitivity region at m = 400 eV?
and summarized in Table I. For all calculations we assume
> |Ueil = > |Veil ® 1. Constraints on ¢; would require
additional assumptions on 7; and S,;, and a left-right-
symmetric coupling behavior of the GNI.

Given that the impact of the GNI on the f spectrum
scales with the mass of the neutrino, our investigations
yield the most stringent constraints when including a
heavier neutrino N. KATRIN’s new constraints are distin-
guished by a precise, direct measurement of the spectral
shape of the # decay with the lowest energy of 18.6 keV.
Existing limits (see Table I) are derived at vastly different
energy scales and with disparate experimental approaches.
When compared with global analyses combining properties
of f-decay transitions, neutron lifetimes, and neutron decay
correlation coefficients, competitive bounds on & are
derived for the left-handed vector and tensor interactions
from only 5% of the expected final KATRIN dataset. The
bound for the scalar interaction is less than one order of
magnitude weaker than the competing constraints from
global f-decay analyses. The projected final sensitivity will
enable a further improvement in these limits by about a
factor of 3. The LHC’s searches for missing transverse
energy processes at 8 TeV yield indirect constraints by
matching the Wilson coefficients of a high-energy EFT to
the GNI couplings. This approach has noticeable depend-
encies on the energy scale, which benefits the sensitivity to
these coefficients. The constraints are overall one order of
magnitude stronger compared to the current f-decay
investigations and their bounds will come into reach for
the full KATRIN dataset. Moreover, the strong scale
dependence of the couplings between the markedly dis-
parate energy scales has not yet been adequately taken into
account [2,39].

Furthermore, we examine simultaneous constraints on
more than one interaction type. In this Letter, we have
selected combinations that may provide indications of the
existence of specific new-physics scenarios. The resulting
contours are presented in Fig. 4 for m3, = 400 eV? and b}
between —1 and 1. Two values for the unknown mixing S are
explored: an external, conservative constraint of S = 0.0727
from Ovpf decay [28,40] and a small mixing of § = 1075.

The W boson, which mediates the f decay, only couples
to left-handed fermions. Incorporating right-handed

S=107° S =0.0727
x107! 107!
2 2
I
. 04 & 0
wn
—24 —24
L B e e e e
—0.25  0.00 0.25 —0.25  0.00 0.25
€R S e
x107! 107!
2 2
w OA ?\Z) OA
—24 —24

o
[Sa g

L e e B L I S I
—0.25 0.00 0.25 —0.25 0.00 0.
S €5 €t

FIG. 4. 95% CL exclusion contours for selected combinations
of ¢; and €; derived from the exclusion contours on KNM2
data assuming mj =0 eV? for the high-sensitivity region at
m% = 400 eV?2. Colored regions display the not excluded region
in the range of b}, between —1 and 1, and depend on the choice of
mixing parameter S. If parameters run out of their defined range,
only the contour for by =1 is shown.

neutrino states into our theoretical framework enables
the existence of a right-handed vector-current interaction,
which may be mediated by a right-handed W boson [41,42].
This scenario would thus necessitate both ¢; and € to be
nonzero. Both S ¢ and ég can be simultaneously con-
strained at the order of 10~!. Furthermore, the GNIs
introduce scalar charged-current interactions, represented
by eg and &g, which can indicate the existence of a charged
Higgs boson [43,44]. The exclusion contours in Fig. 4
demonstrate that if such a charged scalar interaction
couples both to left- and right-handed neutrinos, the bounds
on both §:eg and &g are below 0.35. Additionally, we
present the constraints on the combination of the couplings
€g and €g, which may provide insights into the combined
interaction of a charged Higgs boson acting on the left-
handed neutrino state and a right-handed W boson. The
constraints are at an 107! level for & while encountering a
factor of 2 lower sensitivity in the S - €5 dimension. Finally,
the matching relations in [2] enable us to derive which
interactions would be needed to realize various leptoquark
models [45]. These would serve as a unified approach to
UV completion of the effective GNI theory [2]. As an
illustrative example we present the combination of the
couplings &g and &y for the scalar color-triplet leptoquark

%, as defined in [2]. We constrain ér to a precision of
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below 5 x 1072 while the constraint on &g is about half an
order of magnitude larger. The combination with one other
scalar color-triplet leptoquark S; is of interest as it allows
for the explanation of B physics anomalies [46], and is able
to generate radiative neutrino masses at one-loop level [47].
The above investigated combinations, namely ¢; and &g, €g
and &g, and &g and &r, are expected to occur in the presence
of the S leptoquark.

Conclusions and outlook—This Letter presents the first
search for general neutrino interactions at the KATRIN
experiment. We derived an effective description of general
neutrino interactions in tritium f decay and applied this model
to the data of the second KATRIN measurement campaign. In
these investigations, the possibility of the existence of an
additional heavier neutrino with m% < 1600 eV? was con-
sidered. In the absence of a significant signal for general
neutrino interactions, we present the exclusion contours at
95% CL on the effective GNI parameters.

The impact of systematic effects was studied in detail for
both the case with and without the inclusion of an addi-
tional heavier neutrino in our model. We have shown that
our sensitivity is clearly statistics-limited for the KNM2
dataset.

We derived constraints on the coupling strength of single
types of interactions on right-handed neutrinos, designated
as &. We are able to place competitive constraints with
respect to global analyses on f-decay processes for left-
handed vector and tensor interactions for high masses of an
additional neutrino with m% = 400 eV?.

Furthermore, we investigated more specific new physics
scenarios, including a right-handed W boson, charged
Higgs boson, and scalar leptoquark, by drawing exclusion
contours for selected combinations of the coupling
strengths, €; and €;.

With the full dataset of KATRIN collected until 2025, a
significant threefold enhancement in GNI sensitivity is
expected, which would entail setting leading constraints
among f-decay experiments. As the sensitivity to the
effective GNI parameters scales with the neutrino mass,
the planned detector update TRISTAN, designed to search
for keV-scale sterile neutrinos, promises significant future
potential for further GNI searches.
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End Matter

Appendix A: Derivation of an effective description of
GNIs for tritium [ decay—For deriving the effective
p-decay rate under the influence of GNIs, Ref. [1] is
taken as a starting point. The effective Lagrangian used
for this derivation is composed of two elements: the
Lagrangian describing the standard model contribution
and the charged-current GNI Lagrangian, denoted by
LE; and defined in Eq. (1). The GNI operators are
defined in Table II. In order to obtain the squared matrix
element of the decay, |M 2 a sum of traces over all
possible combinations of GNI and standard model
interactions must be calculated. Integration of |M|*> over
the neutrino energy provides a complete description of
the total differential decay rate. To simplify the lengthy
new description of the total differential decay rate to be
applicable for a search for new physics on the f
spectrum, we expand in small parameters [1]. To
incorporate nuclear effects into the quark-level
calculations, nuclear matrix elements are taken into

account. The relevant matrix elements for tritium /3
decay can be found in [11]. Given that ¢ =p, —p, <
20 keV and My = (my+ mpg)/2~3 GeV for tritium

TABLE II. Definition of general neutrino interaction coupling
constants and operators appearing in Eg%n in Eq. (1).

j €; 0; 0;
1 €L 7u(1=7°) (1 =7y)
2 &L 7u(1+7°) (1 =y)
3 er r(1=7) (1 +7°)
4 &R 7u(1+77) (1 +7°)
5 €s (]] — },5) 1
6 €g (1+79%) 1
7 —€p (1-7°) 7
8 —ép (T+9°) v
9 ér Gﬂb(ﬂ _}/5) G'W(ﬂ _75)
10 ér 0u(147°) (1 +7°)
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TABLE III. Numerical values for the nuclear form factor 1ied
in the calculations at hand (CVC, conserved vector current; MS,
modified minimal subtraction scheme).

Coupling Value Reference, comments
gy 1 [49], (assuming CVC) *H
(9a/9v) 1.2646 £ 0.0035 [50], *H

Js 1.02 £0.11 [51], MS, neutron

gp 349 +9 [51], MS, neutron

gt 0.987 +0.051 £0.020  [52], lattice, MS, neutron

decay, it is sufficient to consider terms up to
O(q/My) < 1073 in the calculation. The matrix element
associated with the pseudoscalar coupling is suppressed
at the order 10~ and therefore not further considered
due to its negligible impact. Also, the contribution of the
weak magnetism is assumed to be negligible. This leads
to an effective description of the GNI contributions in
terms of the GNI parameters &, b, b’, and ¢ as

ary _ Gve,
dE j 273

(E+ me)2 - me2

(E+me)(Eg—E)\/(Eg—E)* —m;

m n; mem;
l4+b——-b—I——c . }
5{ Etme ~ Ey=E ~(E+mc)(Ey~E)

(A1)

where m; are the individual neutrino-mass states. In this
analysis, we employ an effective mass description,
wherein the neutrino masses m; are considered to be
fully degenerate. This is a valid approximation, as the
individual neutrino-mass states cannot be resolved by the
current setup. Consequently, the sum over the neutrino-
mass states can be treated as the effective neutrino mass,
my. Since the current setup is not sensitive to the
parameters b or to b’ and c¢ individually, we apply E <
m, in the analysis. The corresponding redefinition is
&+ &by — & and &b + ey — &by For future
reference and better comparison with published results,
we give the explicit definitions for the four GNI
parameters separately in Eqs. (A4) to (A7).

The analysis distinguishes between a scenario with (N)
and without (f) an additional heavier neutrino-mass state.
In accordance to [1], we define m; and M to be the masses
of the light and heavy neutrino-mass eigenstates v/, and N',,
respectively. The left- and right-handed neutrino flavor
fields with the mixing matrices U, T, S, and V are given by

Vel = Ueil/g + SejN}Cv (AZ)
ver = T + VN, (A3)

S and T are presumably small. The explicit dependency of
the GNI parameters is analogous for both cases. Therefore,
we present the results only for the light neutrino-mass state.
With U — S and T — V the results are valid for the heavy
neutrino-mass state,

&3 =Uq*[(9% +393) (14 |eL|* + |er|* +2Re(er))
+2(g% —393) (Re(ere ) +Re(eg)) + gd|es)?
+48g1ler|?] + | Teil*[(% +393) (JeL|* + [er[?)

+2(gv =393 )Re(Eré]) + g5[&s > +48g2[er[’].  (A4)

&by = |Uqi*[2gsgvRe(es(1 + e + €r)*)
— 24gagrRe(er(1 + e — er)*)] + |Teil*[29s9v
Re(&s (& +&r)") + 24gagrRe(Er(ér — &))",
(AS)

Esbly = Re(UyTei) [29vgs {Re(Es(1 + e, + er)")
+ Re(es (61 + &)") }
- 24gAgT{Re(éT(1 +eL—e€r)")

—Re(er(e. — &)")}], (A6)

&pcp = Re(UeiTer) [2g3Re( (6L + & )(1 + e + €r))
— 6gaRe((eL —&)(1 + e —eg)")
+ 2¢3Re(egEs) + 96g7Re(erésr)). (A7)
These equations agree with the corresponding formulas in
Refs. [3,34,53-55]. In order to derive the limits on the ¢;
and €; couplings, we assume the above-defined terms and
their constituents to be real.

Appendix  B:  Systematic  uncertainties—In  the
presented analysis, all known systematic effects from
the neutrino-mass analysis [27] are considered. The
breakdown of systematic uncertainties on the contours is
performed on a simulated dataset with the neutrino mass
set to zero. Grid scans are performed, wherein each
systematic effect is considered separately. The analysis
shows that the sensitivity of the contour is limited by
statistics while the systematic effects only cause slight
alterations. To quantitatively assess the relative
contribution of each individual systematic effect [31],
raster scans are performed. For each value of mj and by,
respectively, the 95% CL contour for one degree of
freedom is drawn, and the squared difference with
respect to the statistics-only contour is calculated to
obtain the pure systematic contribution. The impact of
systematic effects on the GNI sensitivity is shown in
Figs. 5 and 6. The low signal rate for small neutrino
masses mg and my gives relevance to the background-
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Statistical uncertainty
Systematic uncertainty

00 01 02 03 04 05

Non-Poissonian background
Scan-step-duration dep. bg.
qU-dependent background
Column density xinel. cross sec.
Analysis-plane magnetic field
Pinch magnetic field

Source magnetic field
Energy-loss function
Source-potential variations

0.00 005 010 015 020
m? uncertainty at 95% CL (eV?)

FIG. 5. Uncertainty breakdown showing the impact of the
KNM2 systematic effects on the GNI sensitivity contour based on
the 8 spectrum. The breakdown is shown for b/, = 0 and obtained
from a simulated data set without fluctuations with mé =0eV>2
The uncertainty is dominated by its statistical component. The
most significant systematic effects are the non-Poissonian and the
scan-step-duration-dependent background.

related systematics, such as the uncertainty on the
non-Poissonian distributed background events and the
scan-step-duration-dependent  background = component
coming from electrons stored in the Penning trap
between the pre- and main spectrometers. Toward large
values of my, the signal-to-background ratio enlarges,
reducing the relevance of the background systematics

= 400eV?
Statistical uncertainty
Systematic uncertainty
0.000 0.025 0.050 0.075  0.100

m% = 10eV?

Non-Poissonian background
Scan-step-duration dep. bg.
qU-dependent background
Column density xinel. cross sec.
Analysis-plane magnetic field
Pinch magnetic field

Source magnetic field
Energy-loss function
Source-potential variations

0.00 001 002 003
&/ uncertainty at 95% CL (eV?)

FIG. 6. Uncertainty breakdown showing the impact of the
KNM2 systematic effects on the GNI sensitivity contour taking
into account the presence of an additional heavier neutrino (N).
The breakdown is shown for the lower- and higher-mass region of
the additional mass state with b =0 and obtained from a
simulated dataset without fluctuations with m,zj =0 eV2. In both
cases of mg the uncertainty is statistics dominated. In the lower-
mass region the most significant systematic effects are the non-
Poissonian and scan-step-duration-dependent background, while
the energy-loss function and column density gain significance
towards the higher-mass region.

while highlighting the dominance of other systematics,
such as the uncertainty contributions of the energy-loss
function and the column density.
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