
Noname manuscript No.
(will be inserted by the editor)

First limits on neutrino electromagnetic properties from the
CONUS experiment

H. Bonet1, A. Bonhomme1, C. Buck1, K. Fülber2, J. Hakenmüllera,1,
J. Hempfling1, G. Heusser1, T. Hugle1, M. Lindner1, W. Maneschg1,
T. Rink1, H. Strecker1, R. Wink2 (CONUS Collaboration)

1Max-Planck-Institut für Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany
2Preussen Elektra GmbH, Kernkraftwerk Brokdorf, Osterende, 25576 Brokdorf, Germany

Received: date / Accepted: date

Abstract We report first constraints on neutrino elec-

tromagnetic properties from neutrino-electron scattering

using data obtained from the CONUS germanium de-

tectors, i.e. an upper limit on the effective neutrino mag-

netic moment and an upper limit on the effective neu-

trino millicharge. The electron antineutrinos are emitted

from the 3.9 GWth reactor core of the Brokdorf nuclear

power plant in Germany. The CONUS low background

detectors are positioned at 17.1 m distance from the reac-

tor core center. The analyzed data set includes 689.1 kg·d

collected during reactor ON periods and 131.0 kg·d col-

lected during reactor OFF periods in the energy range

of 2 to 8 keV. With the current statistics, we are able

to determine an upper limit on the effective neutrino

magnetic moment µν < 7.5 ·10−11 µB at 90% confidence

level. From this first magnetic moment limit we can

derive an upper bound on the neutrino millicharge of

|qν | < 3.3 · 10−12 e0.

Keywords neutrino magnetic moment · neutrino mil-

licharge · reactor experiment · germanium spectroscopy

1 Introduction

In the standard model (SM) neutrinos are massless and

do not possess electric or magnetic dipole moments. How-
ever, today we know from many experiments that neu-

trinos have mass. This observation demands for physics

beyond the standard model (BSM). In minimal exten-

sions of the SM with three right-handed neutrinos the

magnetic moment µν is predicted to be non-zero with

values of less than 10−14
−10−15µB [1, 2, 3, 4], with the

Bohr magneton µB as conventional unit. This model-
independent limit takes the naturalness condition into
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account. Much weaker constraints to values of 10−9µB

are obtained for theoretical models assuming Majorana

neutrinos in a comparable way [5]. An experimental

discovery of a neutrino magnetic moment (NMM) with

values larger than > 10−15µB would therefore hint to-
wards neutrinos being Majorana fermions. Moreover,

electromagnetic interactions of neutrinos are highly rele-

vant in astrophysical environments [6], where neutrinos

are exposed to magnetic fields on large scales.

The electromagnetic differential cross-section for the

neutrino-electron scattering under the assumption of a

NMM is
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with the neutrino energy Eν and the electron recoil

energy T . The electron mass is denoted by me and α

refers to the fine structure constant.
Experimental limits on µν were estimated from dif-

ferent neutrino sources. Beyond supernova neutrino con-

straints, the best limit so far is provided by searches for

elastic scattering of solar neutrinos off electrons in the

BOREXINO liquid scintillator detector [7]. Here an

upper limit on the effective NMM of µν < 2.8 · 10−11µB

was determined at 90% confidence level (C.L.). Similar

or less stringent constraints were derived from several

reactor commercial antineutrino experiments [8, 9, 10].

Neutrino-electron scattering was also studied in accelera-

tor experiments. However, in general, the expected sensi-

tivity is higher for reactor-based investigations compared

to pion-decay-at-rest sources as used in the COHER-

ENT experiment [11], since lower electron recoils can be

explored with reactor neutrinos at a very high flux [12].

For muon neutrinos not available at reactor-site, ac-
celerator experiments provide the best bounds [13, 14].
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It should be noted that the constraints obtained in

those experiments refer to an effective NMM that differs
from e.g. solar or reactor neutrinos [4]. Thus, there is

a complementarity between the different experimental

approaches, in particular as regards the role of Dirac

and Majorana CP phases [15]. Recently, the XENON

Collaboration reported an excess of events at low ener-

gies between 2 and 3 keV in their dual-phase noble gas

detector designed for dark matter searches [16]. Among

other explanations, this excess can be interpreted as a

signal from solar neutrinos with an enhanced NMM, just
slightly below the current best limit from BOREXINO.

However, there are already tensions with the constraints

from astrophysical limits. Those are about one order of

magnitude stronger, but model-dependent [17, 18, 19].

Since neutrinos have mass, it is not obvious that their

electric charge is zero as assumed in the SM. Instead,

neutrinos might be electrically millicharged particles.

An estimate on the scale of this millicharge for the

electron antineutrino (NMC) can be made based on

the determined limit on the effective NMM and the

electron recoil energy threshold T as applied in [20].
The corresponding limit on qν can be estimated as

follows [20]:

q2
ν
<

T

2me

(

µν

µB

)2

e0 , (2)

with me being the electron mass and e0 the elemen-

tary charge.

A commercial nuclear reactor is a promising source

to study electromagnetic properties of neutrinos, mainly
due to its high flux of more than 1020 neutrinos per sec-

ond at GW thermal power, the favorable neutrino energy
range up to about 10MeV as well as the well-defined

spectrum and source location. Although experiments

close to nuclear reactors are in principle capable to

measure both - the neutrino-electron and the neutrino-

nucleus scattering channel, the technologies of the run-

ning experiments are mainly sensitive to the former inter-

action whose signature extends towards higher energies.

As a potential signal increases as T−1, a detector tech-

nology with low detector threshold and good background

control is required. Therefore, the currently planned and
running reactor neutrino projects searching for coherent

elastic neutrino-nucleus scattering (CEνNS), like the

CONUS experiment [21], provide an ideal environment

for such type of studies.

2 The CONUS experiment

The CONUS experiment is set up at a distance of

(17.1±0.1)m to the reactor core of the nuclear power

plant in Brokdorf (KBR), Germany. The close distance

to the reactor core as well as the maximum thermal

power of 3.9GW ensure a high antineutrino flux. The
setup consists of a compact shield enclosing four high-

purity point contact germanium (Ge) spectrometers (C1,

C2, C3 and C4) with a total active mass of (3.73±0.02) kg

[22]. The data collecting periods are split into reactor

ON and OFF times as well as commissioning and opti-

mization phases. The physics data collection started in

April 2018. There is one regular outage lasting three to

four weeks per year.

The Ge spectrometers exhibit very low electronic

noise, which becomes evident from the resolution of

artificially generated pulse signals passing through the

electronics chain of 60 to 80 eVee full-width at half-

maximum 1. This translates to a detection efficiency

close to 100% down to 200 eVee. All four detectors have

a similar active volume within [0.91,0.95] kg, in which

all energy depositions are reconstructed at the correct

energy.

The most relevant background contributions of the

experiment are: natural radioactivity and airborne radon,
contaminations in the detector and shield material in-

cluding cosmic activation, muon-induced background

and potentially reactor-induced background. All of them

are suppressed by a careful selection of materials, an

elaborated onion-like shield design and an active anti-

coincidence muon veto. An overview of the CONUS

shield is given in [23]. An overall background level
of 5-7 d−1kg−1keV−1

ee
is achieved in the energy region

[2,8] keVee. The remaining measured background inside

the shield is decomposed and described by a Monte

Carlo simulation (MC) based background model [23].
Within [2,8] keVee it is dominated by recoils of muon-

induced neutrons as well as signatures from decays of
210Pb and its progenies within the cryostat and the

innermost shield layer. The spectral shape of the back-

ground created by the 210Pb decays in the vacancy of

the diode is strongly influenced by surface effects in

the charge collection. Especially the thickness of the so-
called passivation layer on one side of the diodes is not

well known, which leads to a shape uncertainty on the

background model. This needs to be taken into account

in the analysis.

Next to the overall background description, a de-

tailed understanding of any potential time-dependent
background, especially if reactor-correlated, is highly

relevant for the NMM search, since it could be misiden-

tified as a signal. The fluence rate of fission neutrons as

well as the γ-ray background at the experimental site in

room A-408 of the KBR were evaluated before the setup

1The subscript ee refers to ionization energy, which is the
energy directly collected by the Ge spectrometers.
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of the experiment in a dedicated measurement campaign

[24]. MC simulations demonstrate the reactor-correlated
background to be negligible inside the detector cham-
ber. Reactor-independent changes in the background

can occur due to the decay of cosmogenic-induced lines

and airborne radon. The cosmogenic-induced lines are

created at Earth’s surface in germanium and copper by

the hadronic component of the cosmic rays. They can

also be produced in neutron capture by mostly thermal

neutrons. In the CONUS data lines emitted by 68Ge,
71Ge, 65Zn, 68Ga and 57Co are observed in the measured

energy range. For all other relevant isotopes, e.g. 3H,

the activation is estimated from the production rates
in literature and the tracked exposure of the materials.

This component induces less than 6% of the total back-

ground below 8 keVee and the changes over time could be
shown to be negligible for the analysis at hand. However,

due to the large uncertainties in the production rates

the uncertainty on the spectral shape can be significant
and has therefore been included as systematic shape

uncertainty in the background model as well. Airborne

radon is kept away from the detectors by flushing the
detector chamber with air from breathing air bottles,

that have been stored at least two weeks for the radon

to decay. During the first physics run, the background

suppression capability of the flushing was not utilized to

the full potential. Thus, a minor radon contribution is

included in the background model spectra. It is assumed

to be stable over time. During the outage of RUN-2,

the flushing was improved in order to keep the detector

chamber completely radon free.

3 Data analysis

The NMM is investigated by the electromagnetic inter-

actions of reactor antineutrinos with electrons in the

target material (for the cross section see formula (1)).

Any electroweak contributions are subdominant.

At the CONUS experimental site a neutrino flux

of 2.3·1013cm−2s−1 [21] is expected. About 7.2 ν̄e [25]

are assumed to be emitted per fission from the β-decays

of 235U, 238U, 239Pu and 241Pu. To calculate the sig-

nal expectation, the shape of the reactor antineutrino
emission spectrum is described by the Huber-Mueller

[26, 27] model completed by the ab-initio calculations

of Kopeikin [28] for low neutrino energies. Further, we

include the observed spectral distortion (the reactor

"bump") measured by the Daya Bay experiment with

their provided correction factors [29]. The models are
adapted with the help of the run-specific fission frac-

tions provided by KBR to properly take into account

the time-dependent contributions of the main fission
isotopes. Atomic electron binding effects are taken into

01.
Ap
r

01.
Jun

01.
Au
g

01.
Oc
t

01.
De
c

01.
Feb

01.
Ap
r

01.
Jun

0

20

40

60

80

100

T
h
er
m
al
P
ow
er
[%
of
3.
9
G
W
]

Fig. 1 Relative thermal power during RUN-1 and RUN-2
of the CONUS experiment in 2018 to 2019. The maximum
absolute thermal power of KBR amounts to 3.9GW. The
outages are marked in red. The optimization period in yellow
is not included in the data sets.

account for the electrons involved in the scattering pro-

cess. The procedure described in Ref. [25] is applied

with the value for the binding energies in Ge taken from

LLNL Evaluated Atomic Data Library (EADL) [30].

The spectral shape is approximately proportional to the

inverse of the electron recoil energy, which implies that

the energy bins at low energies have a larger impact

on the analysis result. Finally, the signal expectancy is

folded with the energy resolution of the detectors.

The selected data sets encompass RUN-1 and RUN-2

of the experiment. RUN-1 starts with the regular outage

in April 2018 and ends in October 2018 with the begin-
ning of an optimization phase including major changes

in the settings of the data acquisition system (DAQ).

RUN-2 includes reactor ON time from May 2019 and
the following regular outage in June. The ending of this

run is marked by a leakage test of the reactor safety

vessel, which had an impact on the detector performance

and background level. The thermal power output of the
nuclear power plant during these periods is depicted in

Figure 1. C4 is excluded from the analysis due to an ar-
tifact observed during RUN-1. The previously described

improvements in the air flushing routine during the out-

age of RUN-2 demand an adaption of the radon-induced

component in the background model. However, only for
C3 a separate model is required for the reactor OFF and

ON time because only this detector shows a significant

impact of radon in the detector chamber on the data.

To avoid any impact of unstable electronics noise on

the data sets, the conservative limit on the lower end

of the region of interest (ROI) is set at 2 keVee above

the L shell X-ray lines of 68Ge, 68Ga and 75Zn [23]. At

higher energies the ROI ends at 8 keVee below the K

shell X-ray lines of these isotopes. The energy ranges
of the individual detectors for the NMM and NMC
analyses are listed in Table 1. A bin width of 50 eVee

was selected for the analysis. The complete exclusion of
the electronics noise region enables us to loosen the noise-
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temperature correlation cut (NTC cut), that strongly

impacted the exposure of the CEνNS data set [21]. This
results in a total exposure of 689.1 kg·d for reactor ON

and of 131.0 kg·d for reactor OFF as shown in Table 1.

Nevertheless, the time difference distribution cut (TDD

cut) is applied to the data sets to remove artifacts

created by the DAQ [21].

detector run ON [kg·d] OFF [kg·d] ROI [keVee]
C1 R1 215.4 29.6 2.013 - 7.968
C2 R1 184.6 32.2 2.006 - 7.990
C3 R1 248.5 31.7 2.035 - 7.989
C1 R2 19.8 18.5 2.010 - 7.955
C3 R2 20.8 19.0 2.007 - 7.990
all all 689.1 131.0 2 - 8

Table 1 Exposures and energy ranges of the performed neu-
trino magnetic moment investigation based on CONUS RUN-
1 and RUN-2 data.

The treatment of the uncertainties is similar to the

CEνNS analysis [22] as well as other BSM analyses from

CONUS [31]. For the detectors and the DAQ system,

systematic uncertainties on the active volume (∼3%),

the energy scale (∼10 eVee) and the muon veto dead time

(∼0.1%) are taken into account. Reactor-specific uncer-

tainties are composed of uncertainties on the distance

to the reactor (<1%), the reactor thermal power (2.3%)

and the uncertainty on the fission fractions provided
individually for each run from the nuclear power plant.

The uncertainty on the shape of the reactor-spectrum

is assumed to have a minor impact and is therefore

not taken into account. The previously described shape

uncertainties of the background model amount to 5%
per bin at maximum.

We carried out a binned likelihood fit, where all

detectors and runs are simultaneously combined. The

upper limit at 90% C.L. is extracted via a likelihood

ratio test. The corresponding distribution of the test
statistics is derived by a toy MC. All systematic uncer-

tainties are included into the likelihood via Gaussian

pull terms. The treatment of the shape uncertainty of

the background model corresponds to an extension of

the normalization parameter (b0 parameter) with two

additional parameters for a second order polynomial

(b1 · E + b2 · E
2). While the normalization parameter is

free in the fit, the other two parameters are restricted by

Gaussian pull terms. In this way, the deviation averaged

over all bins from the fit to the MC background model
is restricted.
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Fig. 2 Reactor ON (black) and OFF (blue) data spectra of C1
RUN-1. The OFF data set is scaled to the ON exposure. In the
lower part of the figure the residuals of the data comparison are
displayed. No enhancement within the statistics is observed.
The red spectrum corresponds to the likelihood fit including
the background model and the NMM signal expectation.

4 Results and discussion

No significant enhancement in the reactor ON data is ob-
served within the examined data sets. This is illustrated

for C1 in Figure 2. The reactor ON data is depicted in

the ROI together with the scaled reactor OFF data and

the resulting residuals. The likelihood fit of the reactor

ON data consisting of the background model scaled by

the fit parameters as well as the signal expectation of
the NMM of 18 counts is included in the figure. From

the complete data set, the following limit on the NMM

was derived:

µν < 7.5 · 10−11 µB (90% C.L.). (3)

Figure 3 shows the signal expectation corresponding

to the derived bound of 311 counts kg−1yr−1. It exceeds

the current world’s best experimental limit from the

BOREXINO experiment [7] as well as potential NMM

signal expectation derived from the XENON1T excess

[16] by a factor of ∼2.6 or more.

The estimated limit on the NMC is derived from the

NMM result via Equation (2), while assuming T ∼ 2 keV

corresponding to the lower limit of the ROI. It amounts
to

qν < 3.3 · 10−12 e0 (90% C.L.). (4)

This limit is about a factor of two above the one ob-

tained from the NMM limit of the reactor antineutrino

experiment GEMMA, which was derived in an analo-
gous way [20]. Even though the GEMMA experiment



5

2000 3000 4000 5000 6000 7000 8000

Energy [eVee]

10
−2

10
−1

10
0

10
1

N
u
m

b
er

of
co

u
nt

s
[k

g−
1
·y

r−
1
]

Fig. 3 Signal expectations of different NMM values for data
collection period C1R1. We show our current NMM limit in
green (corresponding to 311 counts kg−1yr−1 in the ROI),
the current world’s best limits in red (corresponding to
41 counts kg−1yr−1) as well as a potential NMM solution
for the detected XENON1T excess with the blue shaded
region (corresponding to [11,47] counts kg−1yr−1). The stan-
dard model expectation (weak interaction) is indicated in
black (10 counts kg−1yr−1).

achieved a better NMM limit, the lower minimum re-

coil energy of 2.0 keVee, available in the CONUS data

analysis compared to the threshold of 2.8 keVee in the

GEMMA experiment, leads to a closer approach of the

NMC limits.

The CONUS constraints on the NMM and the NMC

as presented in this publication are limited by the low

statistics in particular for the outages, in which the reac-

tor is turned off. Improvements are expected with more

data in ON as well as OFF periods. In particular, the

experiment will profit from a long background measure-
ment in 2022, since the reactor finished operation by the

end of 2021. Moreover, it is foreseen to extend the energy

range towards higher and lower energy regions. At low

energies an improved modeling of background and noise
parameters might be achieved at highly stable conditions

during recent and upcoming data collection. Optimized
DAQ settings will allow to include data at higher ener-

gies. The DAQ system in CONUS was upgraded and
improved. Therefore, knowledge on the pulse shape of

the signals can be included in future analyses allowing

further background understanding and suppression in

the ROI. With those significant improvements stronger

bounds on electromagnetic properties of neutrinos are

expected with the upcoming CONUS data.
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