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We present the results of the light sterile neutrino search from the second Karlsruhe Tritium Neutrino
(KATRIN) measurement campaign in 2019. Approaching nominal activity, 3.76 x 10° tritium f-electrons
are analyzed in an energy window extending down to 40 eV below the tritium end point at
E, = 18.57 keV. We consider the 3v + 1 framework with three active and one sterile neutrino flavors.

The analysis is sensitive to a fourth mass eigenstate mi <1600 eV? and active-to-sterile mixing

|U.4> 2 6 x 1073, As no sterile-neutrino signal was observed, we provide improved exclusion contours

on m? and |U,4|? at 95% C.L. Our results supersede the limits from the Mainz and Troitsk experiments.
Furthermore, we are able to exclude the large Am3, solutions of the reactor antineutrino and gallium
anomalies to a great extent. The latter has recently been reaffirmed by the BEST Collaboration and could be
explained by a sterile neutrino with large mixing. While the remaining solutions at small Am?, are mostly
excluded by short-baseline reactor experiments, KATRIN is the only ongoing laboratory experiment to be

sensitive to relevant solutions at large Am2, through a robust spectral shape analysis.

DOI: 10.1103/PhysRevD.105.072004

I. INTRODUCTION

The Karlsruhe Tritium Neutrino (KATRIN) experiment
[1,2] is designed to determine the absolute neutrino-mass
scale via the kinematics of single f-decay of molecular
tritium

T, — *HeT" + ¢ + 7, (1)

with an unprecedented sensitivity 0.2 eV (90% C.L.) after
five years of measurement time [1]. This is achieved by
measuring the integrated f-electron spectrum in a narrow
energy interval around the tritum end point at
Ey = 18.57 keV. The three known neutrino mass eigen-
states m; lead to a reduction of the maximal observed
electron energy as well as to a slight spectral shape
distortion. As the mass-squared splittings Am%j are known
to be small compared to the energy resolution of KATRIN
[3], the observable is the squared effective electron anti-
neutrino mass

3
m% = Z |Uei|2m127 (2)
i=1
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where U,; are the elements of the Pontecorvo-Maki-
Nagawa-Sakata (PMNS) matrix [3]. To date, KATRIN
provides the most stringent upper limit from a direct
measurement of m, < 0.8 eV (90% C.L.) [4] following
its limit of m, < 1.1 eV (90% C.L.) [5] from the first
measurement campaign.

Using the same datasets, this work investigates the
existence of a fourth neutrino mass eigenstate m, with
active-to-sterile mixing2 |U,.4|*. Based on the measured
width of the Z° resonance, it is well established that there
are only three light active neutrinos [6]. Therefore, my
would be mostly composed of a sterile neutrino flavor that
does not participate in the weak interaction. The signature
of a sterile neutrino in KATRIN is a kinklike spectral
distortion, that is most prominent at electron energies
around E — my. Since the neutrino-mass campaigns focus
on measuring the f-spectrum in the vicinity of the end
point, our sterile-neutrino analysis is restricted to light
sterile neutrinos at the eV scale. An extension of the
measured energy range to the complete tritium S-decay
spectrum would offer the opportunity to search for keV-
scale sterile neutrinos with KATRIN. The TRISTAN
project plans to extend the KATRIN setup with a novel
detector system after completion of the neutrino-mass
campaigns to handle the high rates involved in such a
measurement [7].

Light sterile neutrinos are motivated by accumulating
anomalies in short-baseline neutrino oscillation experi-
ments. Studying the appearance of v, from an accelerator

2Here, we use active-to-sterile mixing as shorthand for the
mixing of the electron flavor eigenstate with a fourth mass
eigenstate.
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FIG. 1.

The KATRIN beamline is composed of six main components: (a) rear wall and electron gun, (b) windowless gaseous tritium

source, (c) transport and pumping section, (d) prespectrometer, (e) main spectrometer, and (f) focal plane detector.

v, beam, the results from LSND and MiniBooNE suggest
evidence for nonstandard neutrino oscillations involving a
new neutrino mass eigenstate [8,9]. Moreover, the gallium
anomaly (GA), observed by both GALLEX and SAGE
and recently reaffirmed by BEST, describes a v, deficit
from *’Ar and °'Cr electron capture decays [10-12].
Additionally, a significant discrepancy between the pre-
dicted and observed r, flux from nuclear reactors, denoted
as the reactor antineutrino anomaly (RAA), has been found
[13]. These neutrino disappearance anomalies could be
explained with the existence of a 21 eV sterile neutrino.
However, due to difficulties in assessing systematic uncer-
tainties, these anomalies are debated. The recent >3¢ claim
on a ~2.7 eV sterile neutrino with large active-to-sterile
mixing by the Neutrino-4 7, reactor experiment kindled a
controversial discussion [14].

KATRIN offers an approach complementary to short-
baseline neutrino oscillation experiments, to search for light
sterile neutrinos. Being sensitive to the same parameters
that could explain the GA and the RAA, KATRIN is able to
probe both anomalies in an independent way. This was first
demonstrated with data from the first science run (KNM1),
in which parts of the parameter space covered by the sterile-
neutrino anomalies could be constrained [15]. Here, we
present the results of the second measurement campaign
(KNM2) as well as the combination of the first two
campaigns, improving with respect to the previous
KATRIN exclusion bounds.

II. EXPERIMENTAL SETUP

The prerequisites to measure the subtle imprints of m?2
and m3 in the tritium S-decay spectrum are a high source
activity O(10'' Bq), a low background rate O(0.1 cps),
and an eV-scale energy resolution. To achieve this, the 70 m
long KATRIN experiment combines a windowless gaseous
tritium source (WGTS) with a high-precision Magnetic
Adiabatic Collimation and Electrostatic (MAC-E) filter
[1,2]. An overview of the experimental setup is displayed
in Fig. 1. High-purity molecular tritium gas (>95%) is

continuously injected at the center of the 10 m long WGTS,
keeping the source activity stable at the 0.2% level. To
minimize thermal gas motion, the WGTS is cooled to 30 K
[16], which is above the freezing point of T,. Moving from
the source toward the spectrometer, the partial tritium
pressure is reduced by more than 14 orders of magnitude
in the transport and pumping section. This reduction is
achieved through a differential and a cryogenic pumping
section [17]. Electrons from the source are magnetically
guided through the setup [18], starting in a magnetic field
of Byouree = 2.5 T.

Applying the MAC-E-filter principle [19,20], the ener-
gies of the electrons are evaluated in the spectrometer
section consisting of the pre- and main spectrometers. By
gradually reducing the magnetic field toward the analyzing
plane to B,,, = 6.3 x 10™* T in the main spectrometer, the
momenta of all electrons are adiabatically collimated. At
the exit of the main spectrometer, the flux tube is tapered by
the magnetic field B, = 4.2 T of the superconducting
pinch magnet. Both spectrometers act as electrostatic
high-pass filters, allowing only electrons with kinetic
energies larger than the applied retarding energy qU to
be transmitted. Given the magnetic field configuration,
the filter width at the end point is AE = 18.6 keV -
(Bana/Bmax) = 2.78 eV with a maximum accepted angle

of Opax = /Bsource/ Bmax = 50.4°. Electrons transmitted
through the main spectrometer are finally counted as a

function of qU at the focal plane detector (FPD) [21]. The
FPD is a monolithic silicon PIN-diode segmented into
148 pixels of equal area. At the upstream end of the
experiment, nontransmitted electrons are eventually
absorbed by a gold-plated rear wall. To homogenize the
source electric potential, the rear wall is biased to a voltage
of O(100 mV), compensating for the intrinsic potential
difference between the rear wall and the beam-tube surface.

III. KNM2 MEASUREMENT CAMPAIGN

In the following, we describe the second measurement
campaign (KNM2). Section III A addresses the operating
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conditions of the KATRIN experiment as well as the
measurement procedure. The data selection is presented
in Sec. III B, and the data combination is presented in
Sec. HIC.

A. Measurement of the integral tritium spectrum

The second high-purity tritium campaign was conducted
in October and November of 2019. We achieved a source
activity of 9.5 x 10'° Bg, improving with respect to our
first measurement campaign by a factor of 3.8. The
operation with pd = 4.2 x 10'7 molecules/cm?, close to
the designed nominal column density, was possible as we
are no longer limited to operation in the “burn-in” con-
figuration [22]. By continuously monitoring the gas com-
position with a laser Raman system, we determined the
isotopic tritium purity as ez = 98.7% [23]. The background
rate was reduced by 25% to 220 mcps following an
improvement of the vacuum conditions in the main
spectrometer [4]. We recorded the integrated f-spectrum
by repeatedly measuring the count rate Rg,(qU;) at 39
different retarding energies in a range of [E, — 300 eV,
Ey + 135 eV]. One measurement at a given qU; is called a
scan step and lasts between 17 and 576 s. The ensemble of
all 39 scan steps, referred to as a scan, had a duration of 2 h.
The measurement time distribution within a scan is dis-
played in Fig. 2(c) for the analyzed energy range. It was
optimized with respect to the neutrino mass sensitivity prior
to the measurement campaign. The scan steps above E, are
used to determine the constant background rate.

B. Data selection

In this work, we limit the analysis to the energy range
[Ey — 40 eV, Ey + 135 eV], shown in Fig. 2, in which the
measurement is dominated by statistical uncertainties.
Applying data-quality criteria identical to Ref. [4] results
in 361 out of 397 recorded scans selected for the analysis.
The rejection of the other scans is based on insufficient gas-
composition data as well as corrupted settings of the high
voltage. The accepted measurement data amount to a total
scan time of 694 h. From the available 148 pixels of the
FPD, we select 117 pixels for the analysis. The rejected
pixels do not satisfy quality requirements, as they exhibit an
increased noise level or a broadened energy resolution or
suffer from misalignment of the beam line with respect to
the magnetic flux tube.

C. Data combination

The sub-ppm precision level of the high-voltage (HV)
system, combined with a source-potential stability of
o < 80 mV, allows us to combine the selected scans into
one effective spectrum with averaged HV values (qU);.
The temporal source-potential variations are incorporated
in our model as an energy broadening in the final-state
distribution (see Sec. IV). In addition, the excellent
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FIG. 2. (a) KATRIN data and 3v + 1 best-fit model of the

second measurement campaign with statistical uncertainties.
The error bars are scaled by a factor of 50 to improve visibility.
The best-fit model in the 3v + 1 framework comprises signal
contributions from both the active (m2 = 1.1 eV?) and sterile
(m3 = 98.3 eV?, |U,4|* = 0.027) branches. This result improves
only insignificantly (Ay?> = 2.5 with 2 dof) upon the framework
without a sterile neutrino. The best-fit uncertainties on the two
sterile parameters are incorporated in the exclusion contour in
Sec. VIC. The m? uncertainty is discussed in Sec. VIE.
(b) Mlustration of the sterile-neutrino signal in KATRIN. The
ratio of two simulated spectra without statistical fluctuations in
the 3v 4+ 1 and 3v frameworks is shown. The sterile-neutrino
signature is a kinklike structure, most prominent at retarding
energies around qU ~ Ey — my. (c¢) The integrated spectrum is
measured by successively applying different high voltages to the
main spectrometer. The cumulative time spent at each retarding
energy forms the measurement time distribution.

homogeneity of the electric (¢ < 41 mV) and magnetic
(6 <107° T) fields in the analyzing plane as well as
consistent pixel characteristics justify the combination of
all selected pixels to one effective detector area (uniform
fit). Possible radially dependent source-potential variations,
estimated with a fit that allows for a radial-dependent
effective end point, are found to be negligible (<100 meV)
[4]. The combined data spectrum that is used for the final
spectral fit is displayed in Fig. 2(a). In the 40 eV energy
range below the end point, 3.76 x 10% tritium p-electrons
and 0.41 x 10° background electrons’ were counted. While

3If the five scan steps above E|, are also taken into account, the
total number of background electrons increases to 0.55 x 10°.
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the number of background electrons has only a slight
retarding energy dependence, the number of signal elec-
trons increases steeply with decreasing gU. Therefore, we
observe qU-dependent signal-to-background ratios of (242,
88, 21, 1) at (40, 30, 20, 10) eV below the fit end point.

IV. EXPERIMENTAL MODELING

The following section will give an overview of the
analytical model describing the measured p-spectrum.
More details can be found in Ref. [24].

A. Differential spectrum

The differential spectrum Rg(E) of the superallowed
tritium f-decay can be derived using Fermi’s golden rule:

G2 - cos?®
2y _ UF c
Ry(E,m;) = — g

(E+my) - \/m
Y Lrep(E)y/ (e (E))? —m?
7

~O(ep(E) —my). (3)

|1unucl|2 : F(Z/’E)

Here, G is the Fermi constant, © is the Cabibbo angle,
and |M,,|> is the energy-independent nuclear matrix
element. F(Z',E) is the Fermi function with Z' =2 for
the helium daughter nucleus. The neutrino energy & is
given by &,(E) = Ey — E -V, with the kinematic end
point E,. E represents the kinetic energy of the electron,
and m, is the electron mass. Rotational, vibrational, and
electronic excitations of parent and daughter molecules are
taken into account by summing over all molecular final
state energies V; with probabilities ¢, [22,25,26].

Further corrections are taken into account in the spec-
trum such as the Doppler broadening due to thermal motion
of molecules in the WGTS and theoretical corrections [24].
Spatial and temporal variations of the source potential
are incorporated as an effective energy broadening
(6> = (124 £ 16.1) x 1073 eV?) in the final-state distri-
bution and as a shift in the energy loss function
(Ap = (0 £ 61) meV) [22].

In our sterile-neutrino analysis, we extend the standard
p-decay model by a sterile decay branch associated with a
fourth neutrino mass eigenstate m3 and active-to-sterile
mixing |U,4|?. The decay spectrum in Eq. (3) is replaced by

Ry(E.mi, m3, |U.ql?)
=(1=|Uul) “Ry(E, mz) + |Uesl? - Ry(E, mg) (4)
with the extended 4 x 4 unitary PMNS mixing matrix U.

The simulated imprint of an eV-scale fourth mass eigenstate
with nonzero mixing is illustrated in Fig. 2(b).

B. Experimental response function

The response function f(E, qU;) describes the proba-
bility of transmission through the beam line (7 (E, 0, U))
and energy losses € due to inelastic scattering in the source.
In this work, the same description of the response function
as in Ref. [4] is used. The response function is given by

gmax

E—qU;
F(E.qU,) = / T(E-e.0.U)
e=0 0=0

-sin@- Y "P(0)f,(€)dode. (5)

The integrated transmission probability T(E,0,U) is
written as

Gmax
T(E.0,U)= T(E.0.U,)sin0do

0=0
0 ,E—qU <0
_ )11 - R 2 0<E—qU<AE
1= /1 ,E—qU> AE
(6)

with the Lorentz factor y. The transmission function
determines the filter width of the main spectrometer, which
depends on the magnetic fields in the source By, the
analyzing plane B,,,, and the maximum magnetic field
Bax- The energy loss due to inelastic scattering with
tritium in the source is described by the energy loss
function f(e¢) for s-fold scattering and the associated
scattering probability P,(0). The latter depends on the
emission angle 8, which is defined as the initial polar angle
of the electron momentum, relative to the magnetic field.
More details can be found in Ref. [24].

C. Spectrum prediction

The integrated spectrum rate R q.1(qU;) that is mea-
sured at the detector is predicted by

Ey
Rpnodel(qU;) :ASNT/ Ry(E)f(E,qU;)dE+ Ry (qU,).

(7)

Here, the differential f-spectrum of the tritium decay R;(E)
from Eq. (4) is convolved with the response function
f(E,qU,;) from Eq. (5). The integrated spectrum is multi-
plied by two normalization factors, (Nt and Ag). First, Nt
scales the spectrum to the number of tritium molecules
within the flux tube quantified by experimental determi-
nation, multiplied with the detection efficiency. Second, the
amplitude of the tritium signal, Ag, is considered a free fit
parameter as the prediction of the absolute decay rate is not
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accurate enough. The background rate Ry, (qU;) comprises
three components: a dominant flat background base Rggse, a
hypothetical background
Rgg (qU;), and a small background contribution from
electrons stored in the Penning trap between the pre-

and main spectrometers R}jg““i“g(z,.) [4].

retarding-potential-dependent

Rug(qU;) = Ry + RZg(qUi) + RE;““I“g(ti(qUi))- (8)
The Penning background increases with the mean scan-step
duration #;(qU;) at a given retarding energy setting qU,.
The retarding potential dependence of the background is
constrained to (0.0 & 4.7) mcps/keV. The scan-step-dura-
tion dependence of the Penning background is constrained
to (3.0 & 3.0) pcps/s. These constraints were determined
from independent analyses [4].

V. DATA ANALYSIS

In the following, we describe the analysis methods of our
sterile-neutrino search. Section VA is dedicated to the
inference of the sterile-neutrino parameters (m3 and |U 4|*)
from the tritium S-spectrum using the grid search tech-
nique. In this context, the applicability of Wilks’s theorem
and the blinding procedure to ensure a robust and unbiased
analysis are discussed. Moreover, the propagation of
systematic uncertainties using the covariance matrix
approach is presented. The procedure of generating the
covariance matrices, as well as their application, is
described in Sec. V B. Furthermore, the relative contribu-
tion of different systematics to the total uncertainty budget
is given.

A. Sterile-neutrino analysis

Our sterile-neutrino analysis aims to infer two physics
parameters of interest: m?3 and |U,4|*. Additionally, the four
original fit parameters (m2, Ey, Ag, R'ggse) of the neutrino-
mass analysis [4] are included as nuisance parameters.
Therefore, the sterile-neutrino constraints are retrieved
solely from the shape information within the experimental
spectrum. To infer the sterile-neutrino parameters, we
perform fits with fixed (m3,|U|?) pairs, minimizing
the standard function

-

ZZ(E) = (]_édata - ]_émodel(g))c_l (ﬁdala - ﬁmodel(é))—r (9)

with respect to all other fit parameters for each pair. Here, E
denotes the parameter set (m,m3,|U.4|*, Eo, As, Rpe).
The elements of the vectors R give the rates at different
retarding potentials for data and model, respectively.
Statistical as well as systematic uncertainties are incorpo-
rated in the covariance matrix C, which is described in
detail in Sec. V B.

A (50 x 50) logarithmically spaced grid over the para-
meters m3 and |U,|? (m} €[0.1,1600] eV2, |U.,l* €
[1073,0.5]) was used. |U,4|> = 0.5 is considered as maxi-
mal mixing: If both mj and m? are unconstrained fit
parameters, the active and sterile branch in the decay
spectrum [Eq. (4)] are interchangeable: (m3,|U.4|*) <
(m2,1 —|U,4|?). Consequently, no additional information
can be gained by extending the active-to-sterile mixing
beyond 0.5. Different grid layouts were studied to ensure
full convergence of the employed grid. We draw the

95% C.L. exclusion contour at

DY =27~ Knin = 599 (10)
following Wilks’s theorem [27] for 2 degrees of freedom.

We verified the applicability of Wilks’s theorem by
constructing the Ay? probability distribution functions
numerically with 1500 randomized Monte Carlo simula-
tions for the null hypothesis and several different sterile-
neutrino hypotheses. The former is, by definition, the
boundary physics case. As the null hypothesis can be
realized with an infinite number of sterile parameter pairs
with |U,4| = 0 and arbitrary mj, a hypothetical deviation
from Wilks’s theorem is anticipated to be most prominent
here. Short-baseline oscillation experiments observe a
deviation from Wilks’s theorem because statistical fluctua-
tions can likely mimic a fake sterile-neutrino oscillation
signal [28]. In contrast to that, the sterile-neutrino signal in
KATRIN manifests itself as a global spectral distortion.
Therefore, Wilks’s theorem is expected to apply for
KATRIN. Indeed, we did not observe deviation from the
predictions of Wilks’s theorem for any of the Monte Carlo
truths.

To mitigate human-induced biases, the full analysis
chain is first applied to a simulated dataset without
statistical fluctuations. For each experimental scan, we
generate a twin spectrum based on the true experimental
parameters assuming no sterile neutrino and vanishing
neutrino mass. Only after three independent analysis teams,
using different analysis codes, obtained consistent sensi-
tivity estimates, the actual data analysis was performed
without any subsequent modifications.

B. Systematic uncertainties

Since KATRIN is a high-precision experiment, the
accurate description of all systematic effects is crucial.
Various systematic effects are taken into account, arising at
different points along the electron’s trajectory from the
source to the focal plane detector. We consider the same
systematic effects as in the neutrino mass analysis [4].

The uncertainty propagation to the integrated spectrum is
conducted with the covariance-matrix approach [22]. Each
independent systematic effect can be assessed by a separate
covariance matrix C;. The latter is estimated by simulating
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FIG. 3.

Uncertainty breakdown obtained from a simulated twin dataset with m2 = 0 eV2. The left panel shows the systematic-only

contours for individual systematic effects and the statistics-only contour. The systematic-only contours are extracted from raster scans
described in Sec. VB using Eq. (12). Only the region mﬁ > 1 eV is shown, since there is no sensitivity to the systematic-only
contribution in small mass regions. The right panel illustrates the relative contribution of each systematic effect to the total uncertainty
budget for all m?. The median contributions (62/62 ;) median are listed in Table 1. All systematic effects are small compared to the
statistical uncertainty, afyst/ aﬁ,ml < 0.5. The statistical uncertainty even dominates over all systematic uncertainties combined,

62/ 02 > 0.5 for all m3.

O(10*) tritium spectra, varying the relevant set of param-
eters associated to a particular systematic effect j according
to their joint probability distribution function. Since we
perform a shape-only analysis, absolute rate uncertainties
are eliminated from the covariance matrices by normalizing
each sample spectrum to the average statistics. The sum of
all covariance matrices C; and a diagonal matrix describing
statistical uncertainties Cy,, comprises the total variances
and covariances of the data points:

C=> Cj+ Cyu

J

(11)

Diagonal elements of the covariance matrix give the bin-to-
bin uncorrelated uncertainties, whereas off-diagonal ele-
ments are gU-dependent correlations in the integrated
spectrum. The impact on the model spectrum is then taken
into account by applying the covariance matrix to the
y*-function [Eq. (9)] in the final fit. Since the covariance
matrices are precalculated, it is an efficient approach to
include many systematic effects simultaneously without
demanding more computing time in the fit itself.

The analysis of systematic uncertainties is performed on
the simulated twin dataset with fixed m2 = 0 eV?2. For each

systematic effect, a grid scan considering only the indi-
vidual systematic uncertainty on top of the statistical
uncertainty was carried out. For all systematic effects,
the change of the contour is small compared to the
sensitivity evaluated with only statistical uncertainties.
To assess the relative contribution of each systematic
effect to the total uncertainty in a more quantitative way, we
perform a raster scan for each effect. For fixed values of m2,
we calculate the 95% C.L. sensitivity on the mixing,
o(|U4?), as a function of m3. In this case, we have only
1 degree of freedom; therefore, the critical y? is reduced to
3.84 at 68.3% C.L. This method allows us to assess the
systematic-only contribution on |U 4> using

— /A2 2
Ogyst = Ootal — Ostat-

This quantity is displayed in the left panel of Fig. 3 for each
systematic effect as a function of mi. Moreover, the relative
contribution of each systematic variance to the total
variance 63 /0g, is shown in the right-hand panel.
In Table I, the median contribution of each systematic

effect is summarized, sorted by magnitude. The median is

(12)
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TABLE 1. Breakdown of the relative uncertainties on
|U.4|%, given as the median (62/62 ) median OVer all mj. The
systematic effects are listed in ascending order of the maximal
uncertainty max(o'fysl /6%,.;)- The systematic uncertainty inputs
are those used in the neutrino-mass analysis published in
Ref. [4]. The analysis is dominated by statistical uncertainties

[(Gglﬂt/dtzotal)median > 05]

Effect (62/ gtzotal)median
Statistical 0.86
Source-potential variations 0.06
Scan-step-duration-dependent background 0.04
Non-poisson background 0.02
Magnetic fields 0.03
Molecular final-state distribution 0.05
qU-dependent background 0.01
Column density x inelastic scattering cross 0.01
section
Detector efficiency 0.01
Activity fluctuations <0.01
Energy-loss function <0.01
High-voltage stability and reproducibility <0.01
Theoretical corrections <0.01
Total systematic uncertainty 0.14

calculated using the same linearly spaced m? values for all
systematic effects.

The analysis of the second KATRIN campaign
is statistics dominated in the analyzed energy range, with
62/ 0o > 0.5 for all m3. For mj < 600 eV?, the sys-
tematic effects are dominated by the non-Poisson rate
distribution of the background [29], the scan-step-
duration-dependent background, and source-potential
variations. For larger m? > 600 eV?, all systematic con-
tributions, except for the non-Poisson rate distribution of
the background, rapidly increase. The largest systematic
contribution for larger m3 is given by the molecular final-
state distribution. This can be explained by an increased
uncertainty on the excited molecular states in this energy
region.

VI. RESULTS

Here, we report on the results of our light sterile neutrino
search. Before presenting the improved exclusion bounds,
we address the correlation between active and sterile
neutrino branches in the KNM2 tritium f-decay spectrum
(Sec. VIA). As the former has a strong influence
on the sterile neutrino exclusion bounds, we then distin-
guish between two analysis cases: in the case I analysis
(Sec. VIB), we consider m2 = 0 eV?, whereas the case II
analysis (Sec. VIC) employs m? as a nuisance parameter.
In Sec. VID, the combined analysis of KNM1 and KNM2
is presented. Lastly, the m? sensitivity in the presence of a
sterile neutrino is evaluated (Sec. VIE).

A. Correlation between active and
sterile neutrino branches

The model spectrum in Eq. (4) consists of the weighted
sum of two branches: the active branch with effective
electron antineutrino mass m, and the sterile branch with
the fourth mass eigenstate m,. The branches are weighted
according to their mixing: (1 —|U,|*) for the active
branch and |U,|* for the sterile branch, respectively.
Apart from the different neutrino masses and weights,
the two branches are mathematically identical. Since m? is
small in the observed data and simulation, the two branches
are degenerate in the case of small m? and large mix-
ing |U,|>~0.5.

To quantify this relation more generally, we simulate Ry
for several values of m3, |U 4|?, and m? = 0 eV?. Then, we
perform five fits to each simulated spectrum by varying mi
stepwise by +1 eV? around the respective Monte Carlo
truths. The fits are optimized with respect to all nuisance
parameters, keeping |U 4|* fixed to its simulated value. For
each (m3, |U|?)-pair, we determine the approximately
linear relationship m? = agqp. - m3 -+ const in the vicinity
of the MC truth, which serves as a proxy for the correlation
between the two masses. Figure 4 shows agqp. in the

(m2,|U 4|*)-parameter space. The smaller the active-to-
sterile mixing is, the smaller the contribution of the sterile
branch to the simulated spectrum is. We find small
|giope| < 0.01  for small |U,[* <0.01. For small
m? < 30 eV?2, we observe negative slope values. For large
30 eVZ < m3 <1000 eV?, the absolute magnitude of the

«
slope
-1 -0.8 -0.6 -0.4 -0.2 0

FIG. 4. The correlation between active and sterile neutrino mass
is approximately a linear slope m} = agqpe - m3 + const for
various values of m? and |U,4|? by analyzing simulated spectra.
The gradient indicates the magnitude of @yjope. For small mixing
|U.4]* < 0.01, we observe small slope values || < 0.01. For
larger mixing, we find a strong negative correlation for small

mﬁ <30 eV? and a weaker positive correlation for larger mﬁ.
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slope is reduced and has a positive sign. Due to the
correlation between m? and m2, the exclusion curves vary
significantly for different treatments of m?2 as discussed in
the following sections.

B. Neutrino mass fixed to 0 eV?

In our main analysis, denoted case I, we consider the
hierarchical scenario m, 53 << my. This justifies setting m,,
to zero, which is consistent with the lower limit derived
from neutrino oscillations (0.009 eV [3]) within our
sensitivity. We perform a two-dimensional grid search over
(m2,|U 4|?), minimizing the y*-function with respect to
three free fit parameters (Eo, As, Rpa) at each grid point.

As m2=0eV? is fixed, we extend our grid to
|U.4|* = 1.0. The exclusion curve at 95% C.L. is shown
in Fig. 5 (blue line). The global minimum of the y*-function
Jai = 27.5 (23 dof, p = 0.24) is found at mj = 0.28 eV?
and |U4* = 1.0.

The extreme active-to-sterile mixing shows that the
observed decay spectrum [Eq. (3)] can be described best
by only one branch with one associated free neutrino mass.
Asthe active and sterile branches only differ in their neutrino
mass and mixing nomenclature, the two branches are
indistinguishable in the scenario at hand. However, since
active-to-sterile mixing values of |U,4|> > 0.5 are excluded
by oscillation experiments [3], we interpret our result as
signature from the active branch with free m2. Indeed,
the best-fit value for m3 coincides with the best-fit value of
m? = 0.28 eV? that was found in our neutrino-mass analy-
sis with the same FPD pixel combination strategy [4]. The
significance of the best fit with respect to the null hypothesis

103 E 0.28 .
C 1 2
0%y T
O 0.28
>
N 1L : 2_ 2
c < 10" =) Fixedm =0eV
g
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0.28
107! . .

FIG. 5. Exclusion contours for data with (I) fixed m2 and
(IT) free m?2. The m2 fit results within the grid search with free m?
are illustrated as isolines, i.e., (m3,|U4|*) pairs with equal fit
value of m?2. The isolines are labeled with the corresponding
value of m? in eV2. For small mixing |U,4|> < 6 x 1073, the
neutrino-mass squared values lie within the 1o confidence region
of the neutrino-mass analysis [4], as expected.

is Ay? = 21 — Xam = 0.7;i.e., the result is not statistically
significant (Ay? < 5.99). Moreover, we perform a
supplementary analysis, extending our modeled sterile-
neutrino signal to the nonphysical parameter space:
m3 € [-40 eV2, +40 eV?], |U,4|* € [-0.5,1]. We find a
global best fit for negative mixing and positive sterile-
neutrino mass squared, which would formally correspond to
a negative decay rate. While still not being significant at
95% C.L., this best fit improves the y2. with respect to the
minimum found in the physical region by one unit.

C. Analysis with free neutrino mass

Furthermore, we study a more generic scenario, labeled
case II, in which we include m% as an additional uncon-
strained nuisance parameter in our analysis. Due to the
correlation between active and sterile neutrino mass (see
Fig. 4), we expect a significantly different result than in
analysis case I. The associated exclusion contour (solid red)
and the isolines of the m? fit values (dotted light red) are
displayed in Fig. 5. At each (m3, |U,4|?) pair in our grid,
the fit has gained the freedom to converge to a value of m?
that improves the goodness of fit:

Ueal?) <x2in(m2=0eVZ m3,

Ue4|2)' (13)

2 2 .2
Xmin (ml/’ my,

For small mj <40 eV? and large |U,4|*> > 0.04, we find
m? <0 eV? of the same order of magnitude as m3,
reflecting the expected strong negative correlation between
m2 and m3. For small mixing, |U 4> < 6 x 1073, the m? fit
values lie within the 1o confidence region of the neutrino-
mass analysis [4]. We report a best fit at m? = 97.8 eV?,
|Ups?> =0.027, and m2 =1.1eV? with x> =250
(dof =22, p = 0.30). The best fit improves with respect
to the null hypothesis by Ay? = 2.5, thus not reaching the
Ay? threshold at 95% C.L. for a significant result.

D. Combined analysis

We combine the 3v + 1 sterile-neutrino constraints from
the first four-week science run (KNM1). Since the first
stand-alone analysis presented in Ref. [15], the spectrum
calculation has been slightly refined. It now incorporates
the nonisotropic transmission of electrons, a possible time-
dependency of Penning trap induced background, an
improved parametrization of the energy-loss function
[30], and reduced systematic uncertainties on the magnetic
fields and the column density. The reanalysis of the first
science run with these new inputs yields exclusion contours
consistent with those of the original publication.

The combined exclusion contours are obtained by
minimizing the y?-function
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at each (m3,|U,4|*) pair. Due to different experimental
conditions, several nuisance parameters are expected to
vary between the datasets. As KNM?2 was operated at a
lower background level and a higher source activity
compared to KNM1, we allow for a campaignwise back-
ground and signal normalization. To account for an
unknown difference in the absolute source potential, both
datasets are described with an individual effective end
points. The campaignwise fit parameters (E, Ag, Rggse) are
summarized in Eq. (14) by fixnmi and 7jgaae for the first
and second measurement campaigns. As both datasets are
strongly statistics dominated, possible correlations among
systematic uncertainties are negligible.

In case I, KNM1 and KNM2 do not share any common
nuisance parameter, because m2 is fixed. Therefore, the
y*-functions of the individual analyses in Eq. (14) can be
minimized independently from each other. The combined
and individual exclusion contours are shown in Fig. 6 in
blueish colors. The corresponding best-fit parameters are
stated in Table II. We find a best fit of the combined
analysis at (m3 = 59.9 eV2, |U,|* = 0.011) with y2. =
50.4 (dof =47, p = 0.34), improving with respect to the
null hypothesis by Ay? = 0.7. To evaluate the compatibility
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FIG. 6. Exclusion contours of the KNM1 and KNM2 stand-
alone analyses and the combined analysis at 95% C.L. The
contour lines shaded in blue consider m2 = 0 eV?, whereas the
exclusions shaded in red include m? as an unconstrained fit
parameter. Due to statistical fluctuations, some contours exhibit
bumplike features in the region 30 eV? < m?2 < 100 eV2. The
location of the (mﬁ, |U.4)?) best-fit values, summarized in
Table II, generally cause slightly weaker constraints in their
vicinity compared to the sensitivity. For the same reason, the
combined exclusion contour of KNMI + 2 gives a weaker
constraint in certain regions compared to KNM2 stand-alone
exclusion contour.

between the two statistically independent datasets, we
perform the parameter-goodness-of-fit (PGoF) test [31].
This test quantifies the penalty of combining KNM1 and
KNM?2 in units of y*> compared to the stand-alone analyses

X genalty =X r2nin,c0mbi - (Zrznin,KNMl +x 2min,KNM2)' (15)
As the datasets share two fit parameters (m3 and |U ,4/°), the
x>-penalty can be converted into a p-value using 2 degrees
of freedom. We report on a probability of p = 47%,
demonstrating a good agreement. Due to statistical
fluctuations in both datasets, the combined exclusion
improves for mj <50 eV? compared to the KNM2
stand-alone result while providing slightly weaker con-
straints for mj > 50 eV2 The KNMI exclusion bounds are
improved by the combined analysis for the entire mass
range. The observed exclusion contour agrees well with our
sensitivity estimate, lying within the 1¢ band of 95% C.L.
sensitivity contours that are obtained from the simulation of
1500 randomized pseudoexperiments.

In case II, KNM1 and KNM2 share m2 as a common
nuisance parameter. Therefore, a simultaneous grid search
on both datasets minimizing the combined y2-function in
Eq. (14) has to be performed. The exclusion contours of the
stand-alone and combined analyses are displayed in Fig. 6
with reddish coloring. The relevant parameters of the best
fits are given in Table II. The best fit of the combined
exclusion at y*> = 49.9 (46 dof, p = 0.34) improves with
respect to the null hypothesis by Ay? = 1.7, rendering it not
significant at 95% C.L. The PGoF of 20% indicates good
compatibility between the KNMI1 and KNM2 sterile-
neutrino analysis with free m2. We find the best-fit value
m2 = 0.57 eV?, which agrees within 16 with the standard
neutrino-mass analysis [4].

E. Neutrino-mass sensitivity

As described in Sec. VIA, we observe a sizable
correlation between the effective electron antineutrino mass
and the fourth mass eigenstate. This relation results in
weaker constraints on the active-to-sterile neutrino mixing
when m? is included as a free fit parameter in the sterile-
neutrino search (see Sec. VIC). Turning the analysis
concept upside down, the 3v+ 1 model extension is
expected to cause a reduction in m2 sensitivity [32].

To assess the latter, we calculate the gz—proﬁle as a
function of m2, displayed in Fig. 7 for both data and twin
analysis. For different fixed m2 € [-1,2.5] eV?, a two-
dimensional grid search over the (|U,|?, m3) parameter
space is performed, minimizing the y?-function with
respect to all other nuisance parameters. The value
x*(m2) in the y>-profile corresponds to the global minimum
found in the grid search with the respective fixed m2.
For m2 <0 eV?, the global y*> minima are located at

m3 <2 eV? and large mixing |U,[* ~#0.5. As m2 and
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TABLE II

Results of the KNM1 and KNM2 (Secs. VI B and VI C) stand-alone and combined analyses (Sec. VI D). The first three

rows correspond to analysis case I with m2 = 0 eV?, whereas the last three rows show the results of analysis case II with unconstrained
m2. The first five columns show the best-fit parameter values (mﬁ, |U.,4|?, m2) and the associated goodness of fits ()(ﬁf, p). Furthermore,
the two following columns state the significance of the best fit over the no-sterile hypothesis in terms of y* and confidence level. All
observed sterile-neutrino signals are compatible with the no-sterile neutrino hypothesis; i.e., no significant spectral distortions at
95% C.L. are found. The last column gives the parameter goodness of fit p for the combined analyses.

Analysis case Dataset m3 |U 4 m2 x2. /dof p Axia Significance b
I KNM1 77.5 eV? 0.031 Fixed 21.4/22 0.50 1.43 51.0%
KNM2 0.28 eV? 1.0 Fixed 27.5/23 0.24 0.74 31.0% e
KNM1 + 2 59.9 eV?2 0.011 Fixed 50.4/47 0.34 0.66 28.1% 0.47
II KNMI1 21.8 eV? 0.155 —5.3 eV? 19.9/21 0.53 1.30 47.9%
KNM2 98.3 eV? 0.027 1.1 eV? 25.0/22 0.30 2.49 71.2% e
KNM1 + 2 87.4 eV? 0.019 0.57 eV? 49.5/46 0.34 1.69 57.1% 0.20

m3 are strongly correlated in this region (see Fig. 4), the y2-

profiles are flat. Assuming the existence of a sterile
neutrino, this corresponds to a complete loss of sensitivity.
The latter can be restored by using external constraints on
m3 or |U,|? Restricting m3 > 20 eV? or |U4[* < 0.04,
we find lower and upper 1o sensitivities on m?2 of equal
size. For m2 > 0 eV?, the best fits are located at 10 eV? <
m2 < 200 eV? and moderate mixings O(1072). In this part
of the parameter space, the correlation between the two
masses is less pronounced. As a result, the 1o uncertainty
on m2 in the 3v + 1 extension is only increased by a factor
of 2 compared to the standard neutrino-mass analysis.

The neutrino-mass sensitivity in the 3v 4 1 framework
can be fully restored by limiting the active-to-sterile mixing
to small values. For |U,|> < 107%, the sensitivity on m?
converges to the nominal one in the 3v framework. Using
the same constraint, we can also reproduce the central value
and uncertainties of our standard neutrino-mass analy-
sis [4].

5 T T T T T T
3v+1 data
4k 3v+1 sensitivity |
----- 3v  data
3 - -
N
=
<5t ]
1F——————— .. __ _______/ ]
0f . .W.‘h'ka._ffff. N L
-1 -0.5 0 0.5 1 1.5 2 25
2 2
m, eV?)
FIG. 7. Central value and 16 uncertainty on m? within 3v + 1

framework for data (blue) and simulation (orange). The uncer-
tainty obtained within the 3v framework is given in gray for
comparison.

VII. COMPARISON TO OTHER EXPERIMENTS

To put this work into context, we compare our case I
exclusion contours with constraints from a selection of
other experiments displayed in Fig. 8, focusing on sterile
neutrino searches in the electron disappearance channel.
This result improves on the constraints from the completed
Mainz and Troitsk experiments for m3 <300 eV2 As
short-baseline neutrino oscillation experiments are sensi-
tive to different observables than f-decay experiments,
we perform the associated variable transformations to
relate the results. While KATRIN is directly sensitive to
|U.,4|?, sterile neutrino oscillations are characterized by
sin?(26,,) = 4|U 4> (1 = |U4|*). Moreover, the mass
splitting can be written as Am3; ~ m3 — m2, which is valid
within 2 x 107%* eV? [33]. For our analysis case I, this
approximation is equivalent to Am3; ~ mj. We are able to
exclude the large Am3, solutions of the combined gallium
experiments for 20 eV? < Am3, < 1000 eV2. Moreover, a
considerable fraction of the reactor antineutrino anomaly
for 50 eV? < Am3, £1000 eV? is challenged by our
results. Our combined analysis of the first and second
science runs disfavors the Neutrino-4 hint of a signal for
sin?(20,,) = 0.4 at 95% C.L.

Furthermore, we compare our results to constraints from
Oupp experiments. If neutrinos are Majorana particles and
Oupp is triggered by light Majorana neutrino exchange, m,
will contribute to the effective Majorana mass

4

Z U%imi

i=1

Mpp =
3 .
=]<1 U S Ui, - |UPemy. (16)
i=1

with a possible third Majorana phase y € [—z, z]. Limiting
the active neutrino contribution to m to the nondegenerate
regime, i.e., between 0 and 0.005 eV (0.01 and 0.05 eV) for
the normal (inverted) ordering, allows us to translate the
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FIG. 8. The 95% C.L. KATRIN exclusion contours from the first two measurement campaigns with m2 = 0 eV?2, stand alone and

combined, are shown. The final sensitivity was computed following the first measurement campaign while assuming 1000 live days and
a reduced background of 130 milli counts per second [15]. Our second measurement campaign yields more stringent constraints than
both Mainz [34] and Troitsk [35] experiments for mi <300 eV2. We are able to exclude the large Am?“ solutions of the RAA and
BEST + GA anomalies [12,13] to a great extent. Our combined analysis is in tension with the positive results claimed by Neutrino-4
[14] for sin?(26,,) = 0.4. Moreover, KATRIN data improve the exclusion bounds set by short-baseline oscillation experiments for
Amﬁ1 > 10 eV? [36-40]. Constraints from Ovff with mgy < 0.16 eV are shown as gray bands [3,41,42].

~

current upper limit of mg; to constraints on sterile neu-
trinos. The conversion from the observable half-life to 4
depends on the nuclear matrix elements. As an illustration,
we select the calculation with the nuclear matrix elements
that result in the least stringent limit mg; < 0.16 eV
[41,42]. The width of the two gray exclusion bands in
Fig. 8 reflects the uncertainties on the entries of the PMNS
matrix and the unknown Majorana phases [3].

The projected final sensitivity quoted here after Ref. [15]
demonstrates that KATRIN constraints will improve the
global sensitivity for Am3; 25 eV? and will provide
complementary results to short-baseline oscillation experi-
ments for smaller masses.

VIII. CONCLUSION

We present the light sterile-neutrino search from the
second KATRIN measurement campaign in 2019. Our
dataset comprises 3.76 x 10° signal B-electrons inside the
region of interest, reaching an energy-dependent signal-to-
background ratio of up to 235. The analysis is sensitive to
the fourth neutrino mass eigenstate m3 < 1600 eV? and
active-to-sterile mixing |U,4|> =6 x 1073 in the 3v+ 1

framework. As no significant sterile-neutrino signal is
observed, we report on improved exclusion limits with
respect to our first measurement campaign. Our results
improve on the constraints by previous tritium f-decay
experiments. Moreover, we are able to exclude the large
Amj, solutions of the reactor and gallium anomalies.
Combining the datasets from the first and second
KATRIN measurement campaigns, our result disfavors
the Neutrino-4 signal for sin?(26,,) > 0.4.

The impact of systematic effects on our sterile-neutrino
search was studied in detail. We conclude that our analysis
is dominated by statistical uncertainties for all m3 with a
median relative contribution of (62,/02,,) = 86%
with respect to the total uncertainty budget.

Furthermore, we investigated the correlation between
active and sterile neutrino mass. We find a negative
correlation for m, <30 eV? with increasing absolute
strength for increasing mixing. For larger sterile masses,
the correlation is less pronounced and has a positive sign.
Assuming the existence of a light sterile neutrino, this
correlation translates into a reduction in neutrino-mass
sensitivity by a factor of 2 compared to the neutrino-mass
analysis in the 3v framework. By constraining the sterile

median
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neutrino mass or mixing, the nominal sensitivity can be
restored.

With hundreds of scheduled measurement days ahead,
KATRIN will further improve its statistics by a factor
of 50. In combination with a further reduction in back-
ground level and systematic uncertainties, this will allow us
to cover an even larger fraction of the gallium and reactor
antineutrino anomaly regions and the entire Neutrino-4
signal.
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