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Neutrinos present a number of unanswered questions and are a leading candidate for the potential
hiding place of other new physics phenomena. Various of these hidden signatures of new physics
can be explored with the KATRIN experiment. The principal objective of KATRIN is to quantify
the neutrino mass through precision spectroscopy of tritium β-decay. Recently, KATRIN has
improved the upper bound on the effective electron-neutrino mass to 0.45 eV at 90 % CL and
is continuing to take data until end of 2025. Further, beyond the neutrino mass investigations
involve the search for specific Lorentz invariance-violating parameters, that are only accessible via
interaction processes such as the β-decay. Improved limits of the respective parameters have been
obtained, solely based on the first measurement campaign. Additionally, the possible existence
of an eV-scale sterile neutrino is being probed. Its existence is today predominantly motivated
by the Gallium anomaly and KATRIN is engaged in investigating the associated parameter space.
Furthermore, the β-spectrum is being scrutinised for general neutrino interactions, thus enabling
a broad search for novel interactions. Here, we present first preliminary constraints based on the
second measurement campaign.
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1. The KATRIN Experiment and its Measurement of the Neutrino Mass8

Neutrino oscillation experiments have demonstrated, that neutrinos must possess mass. This9

insight provides guidance as to where to search for physics beyond the Standard Model. The10

KATRIN experiment provides a unique way to access the absolute neutrino mass scale via a11

direct kinematic measurement approach using the β-decay of tritium. The neutrino mass signature12

manifests itself in the spectral shape close to the endpoint. The high intensity gaseous molecular13

tritium source generates the β-electrons. Their energy is examined with unprecedented precision, at14

the level of approx. 1 eV, based on the MAC-E filter method [7, 20, 22] with the main spectrometer15

[5]. Based on the initial five measurement campaigns, conducted between the beginning of 2019 and16

mid-2021, KATRIN has recently improved its world-leading upper limit on the effective electron17

anti-neutrino mass to 0.45 eV at 90 % CL [1]. Furthermore, data collection is ongoing until the end18

of 2025, with the simultaneous analysis currently underway.19

2. Investigations for Lorentz Invariance Violations20

CPT and Lorentz invariance violation emerge in various beyond the Standard Model theories,21

such as String theory [17, 18], loop quantum gravity [14], and non-commutative quantum field22

theory [9] at high energies. The Standard Model Extension (SME) [11, 12] provides a framework23

to study these symmetry breakings by adding all possible Lorentz-invariance violating operators24

for neutrino propagation to the Standard Model. With this approach stringent constraints can25

be derived from Neutrino oscillation [16] and time-of-flight experiments. However, a subset of26

Lorentz-invariance-violating parameters can only be accessed using direct interaction processes,27

such as the β-decay of tritium at the KATRIN experiment [13, 19]. These parameters arise when28

introducing the external vector field 𝑎𝜇. The corresponding Lagrangian takes the form29

L𝑎
SME = −𝜓̄𝑤 𝑎𝜇 𝛾𝜇 𝜓𝑤 , 𝑤 ∈ {T, He, e, 𝜈}. (1)

Through the rotation of the earth in the external vector field, the forward going momentum of30

the electrons within the experiments acceptance angle 𝜃0 continuously changes its relative direction31

with respect to 𝑎𝜇 with the frequency 𝜔⊕, as displayed in figure 1a. This results in a time-dependent32

and time-independent shift in the endpoint 𝐸0. The time-dependent component is described by33

the sidereal oscillation Δ𝐸0 = 𝐴 cos(𝜔⊕𝑡 − 𝜙) with phase 𝜙 and amplitude 𝐴, giving sensitivity34

to | (𝑎 (3)
of )11 | via 𝐴 ∝ |(𝑎 (3)

of )11 |. The time-independent global shift in 𝐸0 can be expressed as a35

linear combination of | (𝑎 (3)
of )00 | and | (𝑎 (3)

of )10 |, allowing to constrain these parameters. Applying36

this search to the data of the first KATRIN neutrino mass measurement campaign has not revealed37

a significant oscillation of the endpoint 𝐸0. The exclusion contour is shown in figure 1b. We set38

the first upper limit of 3.7 × 10−6 GeV at 90 % CL on | (𝑎 (3)
of )11 | [4]. Similarly, no significant shift39

of 𝐸0 has been observed. The existing limits on the corresponding parameters are improved to40

| (𝑎 (3)
of )00 | < 3.0 × 10−8 GeV and | (𝑎 (3)

of )10 | < 6.4 × 10−4 GeV at 90 % CL [4].41
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(a) Sketch of equatorial coordinate system. (b) 90 % CL exclusion contour for sidereal oscillation.

Figure 1: Search for Lorentz Invariance Violations (a) The earth is rotating with KATRIN in the
external vector field 𝑎𝜇. The relative change in direction between the forward momentum of the β-electrons
and 𝑎𝜇 leads to a sidereal oscillation pattern of the endpoint 𝐸0. (b) Exclusion contour at 90 % CL for
Lorentz invariance violating parameter | (𝑎 (3)

of )11 |, amplitude 𝐴 and phase 𝜙, obtained for the first KATRIN
measurement campaign [4].

3. The Search for eV-scale Sterile Neutrinos42

The presence of multiple anomalies in the oscillation data has provided the motivation for a43

series of experiments to search for light sterile neutrinos at the eV-scale. Figure 2 provides an44

overview of the current constraints on the parameter space. Short baseline experiments, such as45

DANSS and PROSPECT, are capable of probing the parameter space up to a sterile neutrino mass46

of approx. 10 eV2. The KATRIN experiment is most sensitive in the sterile neutrino mass range47

of 10 eV2 to 1600 eV2. The reactor antineutrino anomaly (RAA) is considered to be resolved,48

following the re-estimation of theoretical rates of nuclear reactions and corresponding fluxes of49

antineutrinos from the reactors [15]. However, the Gallium anomaly (GA) persists and has recently50

been confirmed by the BEST experiment [6]. To investigate the possible existence of sterile51

neutrinos at the KATRIN experiment, a second branch of the β-spectrum for the heavier sterile52

mass eigenstate, 𝑚4, is added to the active neutrino β-spectrum. The superposition of the two53

spectra gives rise to a distinctive kink-like signature, which encodes information on both 𝑚4 and54

the active-to-sterile mixing sin2 𝜃. By employing this approach, extensive regions of the GA have55

been excluded based on the combined data set of the initial two measurement campaigns [3]. No56

significant sterile neutrino signal has been identified in this data set. In combination with the short57

baseline experiments, only a modest portion of the parameter space of the GA remains unexamined.58

This part, along with the Neutrino-4 result, will become accessible with the extended KATRIN59

data set of the first five measurement campaigns. The projected final sensitivity will further push60

forward into unexplored regions of the parameter space.61

4. Probing General Neutrino Interactions62

There exists a multitude of theories attempting to predict new physics phenomena, but the63

process of individually testing them against experimental data is inherently time-consuming. To64
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Figure 2: Search for eV-scale sterile neutrinos. Overview of exclusion contours from short-baseline
experiments and KATRIN, and regions of the reactor antineutrino anomaly (RAA), the by BEST confirmed
Gallium anomaly (GA), and the Neutrino-4 result. The projected sensitivity for the combined analysis of the
first five measurements campaigns covers the last piece of parameter space of the GA and the full Neutrino-4
result.

more efficiently address this challenge, this study employs a broad approach to search for any65

additional small contributions to the weak interaction. The theory of general neutrino interactions66

(GNI) [8, 21] provides the necessary framework, describing the individual contributions of the67

possible new interactions. In a left-right symmetric approach for the neutrino mass states, the68

theory considers scalar, pseudoscalar, vector, axial vector, and tensor interactions of the neutrinos69

with fermions [21]. The Lagrangian for charged-current interactions is given by70

LCC
GNI = −

𝐺F𝑉𝛾𝛿√
2

10∑︁
𝑗=1

(
(∼)
𝜖 𝑗 ,ud

)𝛼𝛽𝛾𝛿 (
𝑒𝛼O 𝑗𝜈𝛽

) (
𝑢̄𝛾O′

𝑗𝑑𝛿

)
+ ℎ.𝑐, (2)

with operators O (′ )
𝑗

of the new kind of interactions 𝑗 connecting the interacting particles. The71

coupling strength is described by 𝜖 𝑗 and 𝜖 𝑗 for the left- and right-handed neutrino eigenstates,72

respectively. 𝑉𝛾𝛿 is the CKM matrix, 𝐺F the Fermi coupling, and Greek indices run over flavour.73

The mapping of low-energy GNI operators onto the dim 6 SM(N)EFT terms enables probing heavy74

new physics [8, 10]. The total differential decay rate for tritium β-decay is derived from the75

Lagrangian and takes the form76

dΓ
d𝐸 =

𝐺2
F𝑉

2
ud

2𝜋3 𝐹 (𝐸 + 𝑚e, 2)
√︁
(𝐸 + 𝑚e)2 − 𝑚2

e (𝐸 + 𝑚e) (𝐸0 − 𝐸)∑
𝑘=β, N

√︃
(𝐸0 − 𝐸)2 − 𝑚2

𝑘
𝜉𝑘

[
1 − 𝑏′

𝑘

𝑚𝑘

𝐸0−𝐸

]
Θ(𝐸0 − 𝑚𝑘 − 𝐸). (3)

Here, 𝐹 (𝐸+𝑚e, 2) is the Fermi function, dependent on the electrons’ mass𝑚e and the electrons’77

kinetic energy 𝐸 . The GNI contributions to the rate are parameterised by the dimensionless78

coefficients 𝜉𝑘 and 𝑏′
𝑘
, defined in terms of the couplings 𝜖, 𝜖 , the mixing matrix contributions and79
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Figure 3: Search for General Neutrino Interactions Exclusion contours at 95 % CL in the presence of a
heavier sterile neutrino mass state 𝑚N based on the second measurement campaign. The contours are drawn
at 𝜒2

crit., 2 dof predicted by Wilk’s Theorem.

nuclear form factors 𝑔𝑉 , 𝑔𝑆 , 𝑔𝑇 and 𝑔𝐴. Given the sensitivity of KATRIN to light sterile neutrinos,80

the GNI contributions can be applied to the β-spectrum of the light neutrino mass states (β) and to81

the additional β-spectrum branch of heavier neutrino mass states (N) [3]. The neutrino masses are82

denoted by𝑚𝑘 for 𝑘 ∈ {β, N}. The Standard Model is recovered by setting 𝜉𝑁 = 𝑏′
𝑘
= 0. The model83

is applied to the data of the second measurement campaign in order to search for characteristic shape84

deformations in the β-spectrum. Further details on the data set can be found in ref. [2]. Here, we85

consider the case that includes the additional, heavier neutrino mass states. The 95 % CL exclusion86

contours are presented in figure 3. No significant GNI signal has been identified in the data set.87

The contours’ shapes visibly depend on 𝑏′N, since this parameter is capable to either enhance or88

diminish the kink-like feature due to the second β-spectrum branch. In addition to taking 𝑚β = 089

for the primary analysis, other treatments of 𝑚β have been applied to explore the correlation effects90

between the neutrino mass states. Given that the sensitivity in statistics dominated, an improvement91

of one order of magnitude is anticipated for the final KATRIN data set. Finally, constraining the92

GNI parameters 𝜉N and 𝑏′N allows to probe more specific scenarios, such as the couplings of single93

types of interactions, and hints for right-handed W bosons, Leptoquarks, and a charged Higgs.94

5. Conclusions and Outlook95

It has been demonstrated that the capabilities of KATRIN extend well beyond the neutrino96

mass search. A selection of the several different beyond the Standard Model scenarios, that can97

be probed, have been introduced in the scope of this work. Any investigations involving heavier98

neutrino mass states will gain further significance with the upcoming Tristan detector upgrade,99

optimised to look deeper into the β-spectrum and to reveal hidden signatures of new physics [23].100
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