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We report on the search for x-ray radiation as predicted from dynamical quantum collapse with low-
energy electronic recoil data in the energy range of 1-140 keV from the first science run of the XENONnT
dark matter detector. Spontaneous radiation is an unavoidable effect of dynamical collapse models, which
were introduced as a possible solution to the long-standing measurement problem in quantum mechanics.
The analysis utilizes a model that for the first time accounts for cancellation effects in the emitted spectrum,
which arise in the x-ray range due to the opposing electron-proton charges in xenon atoms. New world-
leading limits on the free parameters of the Markovian continuous spontaneous localization and Di6si-
Penrose models are set, improving previous best constraints by two orders of magnitude and a factor of five,
respectively. For the strength and correlation length of the continuous spontaneous localization model,
values in the originally proposed parameter ranges are experimentally excluded for the first time.

DOI: 10.1103/2jm3-4976

One of the greatest mysteries of quantum mechanics is
how classical behavior emerges from the quantum realm.
The superposition principle has been experimentally veri-
fied at the microscopic level with extreme precision [1],
but superpositions of macroscopic states are not observed.
Moreover, the mechanism that triggers the quantum-to-
classical transition is not encoded in quantum mechanics.
This measurement problem has led to the development of
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consistent phenomenological theories that account for the
progressive breakdown of quantum superpositions as the
size and complexity of a system increase. Dynamical
collapse models (DCMs) consist of nonlinear and stochas-
tic modifications of the Schrdédinger equation, which
require the introduction of phenomenological parameters,
in such a way that the collapse rate results to be extremely
small for microscopic objects, but an amplification mecha-
nism ensures localization at the macroscopic level. The
modified dynamics result in a Brownian-like diffusion of
quantum systems in space during which charged particles
emit spontaneous electromagnetic radiation. DCMs have
been tested using interferometry [2,3], by measuring the
heating of astrophysical objects [4] and by trying to detect
indirect effects of collapse dynamics using systems such
as cold atoms [5], optomechanical devices [6,7], phonon
excitations in crystals [8], and gravitational wave detectors
[9-12]. Moreover, searches for spontaneous radiation in
the form of x-rays or y rays have been carried out with
germanium detectors [13—15].

In this Letter, we report on the search for spontaneous
radiation emission by xenon atoms with the XENONnT
dark matter detector, as predicted by two benchmark DCM
models: the continuous spontaneous localization (CSL)

120201-2
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[16,17] and Diési-Penrose (DP) [18-20] models. The two
models share a similar structure for the dynamical equation.
In the Markovian formulation, which is investigated in this
work, a white stochastic noise is assumed in time. The
models are characterized by a collapse rate parameter,
which sets the strength of the collapse, and a correlation
length, which measures the spatial resolution of the
collapse, setting the scale beyond which spatial super-
positions are suppressed. The key distinction between the
two models lies in their spatial correlation forms: for
CSL, it is Gaussian, with an amplitude determined by
the collapse strength 4 and a resolution scale set by rc.
Ghirardi, Rimini, and Weber (GRW) [21] proposed
values on the order of magnitude A°RY ~1071® s~! and
rgRW ~ 1077 m, which ensure the effective collapse of
macroscopic systems.

The collapse in the DP model is linked to gravity, and
the spatial correlation is proportional to the Newtonian
potential. The correlation length R, acts as a spatial cutoff
parameter to avoid a divergence in the collapse rate for
pointlike particles, while the strength is given by the
gravitational constant G. Theoretical upper bounds on
R, can be set by requiring the prevention of macroscopic
quantum superpositions [22] before they can be perceived.
This sets the collapse timescale governed by R at <0.01 s,
the approximate time resolution of the human eye. For the
model systems investigated in [22], the limits depend
strongly on their size L: Ry < 10° A for L ~ 1 pm and
Ry <5x10° A for L ~ 10 pm.

Spontaneous radiation searches provide the strongest
experimental bounds on the model parameters R, of DP,
as well as on the 1 and r- of CSL over a broad range of the
parameter space [13—15]. At sufficiently high energies of
O(100 keV-MeV), the spontaneous radiation wavelengths
A, are intermediate between the nuclear and atomic length
scales. With good approximation, protons would emit
radiation coherently, while electrons would emit incoher-
ently [15], leading to

dI"|CSL.DP

—1(p2
dE|, « E7'(Ny + N,), (1)
for the rate of the spontaneous radiation. Here, N, and N,
are the numbers of protons and electrons in the atom while
E is the photon energy for the radiation emitted. The
constant of proportionality depends on the respective model
parameters. Strong constraints on collapse models in the
x-ray regime (19-100 keV) were previously set in
Ref. [13], where the spontaneous emission from germa-
nium atoms of the target was modeled according to the
high-energy approximation as per Eq. (1). However, the
phenomenology of spontaneous radiation is more complex
when x-rays are considered, with A, of the order of the
atomic orbit dimensions. Here, coherent emission by the
electrons and cancellation effects between the oppositely

charged electrons and protons must be considered. The
generalization of the emission rates for energies as low as
1 keV was derived in Ref. [23]. We use these results to
search for spontaneous radiation emission signals in the
energy range of 1-140 keV. The implementation of
the theoretical framework for this analysis is described
in the Supplemental Material [24].

Due to their low background, low energy threshold of
~1 keV [29], and target mass of several tonnes, contem-
porary dual-phase xenon time projection chambers (TPCs)
promise high sensitivities to spontaneous radiation, by
using liquid xenon (LXe) both as emitter and detection
medium. In these detectors, energy deposited from inter-
actions with the xenon target atoms gives rise to prompt
scintillation light and free ionization electrons. The former
is directly detected as so-called S1 signal by arrays of
photomultiplier tubes (PMTs) at the top and bottom of the
TPC. The liberated charge is converted into a likewise
detectable secondary scintillation signal (S2). For this,
an electric field between a cathode and gate electrode
drifts the electrons toward the top of the TPC. There, a
second, stronger electric field between the gate and an
anode extracts and accelerates them into the gaseous phase,
resulting in electroluminescence. Pairing both signals
enables the reconstruction of the deposited energy and
the interaction position. The combined energy scale E is
computed from the corrected scintillation signals (¢S1,
cS2)as E = W(cS1/g, + ¢S2/g,), where the mean energy
to produce a quantum W = 13.7 eV/quanta [30], and the
detector-specific gain constants g; and g, are considered
[31]. In general, the charge-to-light ratio is larger for
particle interactions with the electrons as opposed to the
nucleus of the xenon atom. This enables discrimination
between electronic recoil (ER) and nuclear recoil inter-
actions [32], with the former being expected for the x-ray
signatures investigated in this Letter.

The XENONNT experiment [33] features a dual-phase
TPC with a sensitive LXe mass of 5.9t, monitored by a
total of 494 Hamamatsu R11410-21 PMTs [34]. It offers
an unprecedentedly low ER background of (15.8 +
1.3) events/(t x y x keV) below recoil energies of
30 keV in its first science run [29]. To suppress cosmogenic
backgrounds, this experiment is located at the INFN
Laboratori Nazionali del Gran Sasso in Italy, with a rock
overburden providing shielding equivalent to about
3600 meters of water. Further background reduction is
achieved through active tagging using a water tank sur-
rounding the TPC, which is instrumented as a muon
veto [35] and supplemented by an inner neutron veto
system [36]. Moreover, an extensive radio assay campaign
for the installed detector materials was performed [37] and
the xenon in the detector is continuously purified from
chemical and radioactive impurities [38—40].

With a few exceptions detailed below, the search for
the spontaneous radiation signatures in ER data from
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XENONNT follows the analysis performed in Ref. [29].
The signal reconstruction, calibration, and event selection
are further detailed in Ref. [31]. Data from the first
XENONNT science run (SRO), collected from July 6,
2021, to November 10, 2021, with an exposure of 1.16txy
inside the (4.37 + 0.14) t fiducial mass, is employed.

The expected signal spectra are modeled from the
theoretical shapes according to Ref. [23]. Details on the
signal models can be found in the Supplemental Material
[24]. The detector response is modeled by a skew-Gaussian
energy resolution smearing and the application of the
combined efficiency of detection and event selection [29]
to the signal spectra. Compared to [29], there are two
differences in the efficiency modeling: First, this work
considers an acceptance loss from a data-selection against
accidental pairings of isolated light and charge signals that
was underestimated previously. Second, the event-building
efficiency, determined analogously to Ref. [41] and pro-
jected to energy space, is considered. These efficiency
adjustments influence the CSL (DP) model results in the
following by ~17% (~6%).

A total of nine components are considered in the
background model. These encompass the double-f decay
of 13Xe, the B decays of 2!“Pb, '3Xe, and %Kr,
the double-electron capture of '**Xe, and the decay of
83 mKr via internal conversion inside the LXe target.
Other backgrounds are y rays from detector construction
materials, solar neutrinos scattering off electrons, and
random pairings of uncorrelated S1 and S2s, referred to as
accidental coincidences (ACs). Analogously to Ref. [42],
the free electron approximation in the solar neutrino
spectrum used in Ref. [29] is supplemented by a stepping
approximation [43], accounting for the electron binding
energies. Furthermore, the relative 3°Kr rate uncertainty,
which was previously overestimated due to an erroneous
unit in the uncertainty propagation, was reduced from
~65% to ~22%. The impact of the adjustments to
the background model compared to Ref. [29] on the
results obtained in the following is < 1% for the CSL and
DP models.

The fit of the combined signal and background model
(H,) to the measured data is performed in the parameter
space of reconstructed energy in the range of 1-140 keV
employing an unbinned maximum likelihood analogous
to Refs. [29,44]. The best-fit result for the Markovian
CSL model is shown in Fig. 1. The low-energy part of the
signal region contains the highest rates and distinguishing
features of the spontaneous emission spectra (see
Supplemental Material [24]). This allows us to place
stringent limits on the respective model parameters using
a log-likelihood ratio test statistic and assuming asymp-
toticity of the likelihood [45].

For the Markovian CSL model, 1/r% does not change
the spectral shape, so it can be deduced directly from the
obtained fit rate multiplier when assuming a fixed initial

--- 2l4pp --- 124%¢ —— CSL (Signal)
85Kr Materials — H;

--- 136Xe  ——- 83mKyp } Data
Solar v --- 133Xe

Events/(txyxkeV)

S
-2 ] 1 1 1 1 1
20 40 60 80 100 120 140
Energy [keV]
FIG. 1. Best-fit spectrum for the combined CSL signal and

background model (H;) to the XENONnT SRO low-energy
electronic recoil data. The individual background components
are indicated by dashed lines, except for the subdominant AC
background spectrum, which is out of range and, therefore, not
shown. The best-fit result for the DP model is practically identical
(see also Fig. S-1). The model discontinuity around 10 keV is due
to the blinding of the dark matter search region for [46] which
marginally reduces the ER rate in the data from [29] at the lowest
energies.

value for A/rZ. The CSL best-fit result is shown in Fig. 1,

with a signal rate of 5072)° events/(t x y) and a p-value of
~0.3. As a local discovery significance of 0.3 ¢ is obtained,
no significant excess is found and an upper limit of 1/r <
30x1073 s 'm™2 (3.7x 1073 s7'm™2) at 90% confi-
dence level (CL) (95% CL) is derived. This constitutes
an improvement over the previous best limit from the
MAJORANA DEMONSTRATOR [13] by a factor of ~135 and
sets the new most stringent experimental constraint for
rc <1075 m. A comparison of these limits with constraints
from other experiments and theoretical considerations is
given in Fig. 2. According to the log-likelihood ratio
test statistic, the parameter set (r&RW =1x10"" m,
AORW — 1 x 1071 s71) deviates from the best-fit result
by 9.1 6. For the first time, this allows to experimentally
exclude CSL model parameter values in the range origi-
nally proposed by GRW.

Because of the more complex rate dependencies on the
free parameter R, in the DP model, which can result in
changes of the spectral shape beyond a global scaling, the
fitting method employing a single linear rate multiplier
requires an iterative approach for the DP model: A fixed
starting value for R, and, thus, a static spectral shape are
assumed. The values assumed in the next iterations are then
obtained from the best-fit rate multiplier of the previous
iteration by considering only a scaling by the leading term
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--- Theoretical --- Bulk Heating
——XENONNT (This Letter) --- Lunar heat flow
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--- White dwarf --- GW Detector
--- X-ray (Donadi et al.) o GRW
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FIG. 2. XENONnNT 95% CL upper bound on the CSL model
parameters, compared to exclusion limits from other non-
interferometric experiments and theoretical propositions, with
the shaded areas marking the excluded regions of the parameter
space. Results from the LISA PATHFINDER gravitational wave
detector [11,12], microcantilever measurements [6], cold atoms
experiments [5], and estimates from the bulk heating rate in the
CUORE experiment [47] are given. The two previous best limits
from x-ray emission searches by Donadi et al [15] and the
MAJORANA DEMONSTRATOR [13] are shown as well. Moreover,
astrophysical bounds from lunar thermal emission as well as from
the cooling of white dwarf J1251 + 4403 are indicated [4]. A
commonly adopted lower theoretical bound can be introduced by
requiring a maximum collapse time of ~10 ms, i.e., the percep-
tion time of the human eye, for a superposition of a single-layered
graphene disk of a barely visible radius of ~10 pm [48]. The
black markers indicate theoretical suggestions by Adler [49] and
Ghirardi, Rimini, and Weber [50].

proportional to R53 (see Ref. [23]). Any starting values
that are not excluded by former experiments lead to the
convergence to a best-fit value of Ry~9.1 x 1071 m.
Around this value, the spectral shape of the signal does
not change significantly (see Fig. S-1 in Supplemental
Material [24]), such that best-fit values, significances,
and limits are in good approximation independent of the
assumed Ry. With a local DP discovery significance of
0.2 6, alower limit of Ry > 4.9 x 10719 m (4.5 x 10719 m)
at 90% CL (95% CL) is set. This constitutes an improve-
ment by approximately a factor of five compared
to the previous world-leading limit by the MAJORANA
DEMONSTRATOR [13].

In summary, new best constraints on the CSL and
DP models, respectively, of 4/r& <3.0x 1073 s7! m~2
(3.7x 1073 s7'm™2) and Ry>49x10"1"m
(4.5 x 1071 m) at 90% CL (95% CL) are set. The former
allows for the first-time exclusion of the commonly
assumed values (rE&W 2O6RW) for a white noise field.
The limit enhancements demonstrate the broad physics

reach of the XENONNT experiment and dual-phase xenon
TPCs in general. They further drive the ongoing explora-
tion of the still feasible parameter space for the most well-
studied dynamical collapse models. A wider parameter
range remains to be probed for colored or dissipative model
extensions [48,51]. With more XENONnT data already
available, further sensitivity enhancements are expected.
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