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The search for dark matter focuses now on hypothetical light particles with masses
ranging from MeV to GeV (refs. 1-12). These particles would leave very faint signals
experimentally. A potential avenue for enhancing experimental sensitivity to light
matter relies on the Migdal effect ™, which involves the detectable ejection of
electrons following the instantaneous accelerations of atoms colliding with neutral
dark matter. However, although the Migdal effect could be equally generated in
controlled experiments with neutral projectiles, a direct experimental observation of
this effect is missing, casting doubt on the reliability of detection experiments relying
onthis effect. Here we report the direct observation of the Migdal effect in neutron-
nucleus collisions, achieving a statistical significance of 5 standard deviations, which
rests on 6 candidate events selected out of almost 10° recorded events. Our experiments

have determined the ratio of the Migdal cross-section to the nuclear recoil cross-
section tobe 4.9'§ x 107, in which nuclear recoils exceed 35 keVee and electron
recoils span 5-10 keV. These findings are consistent with theoretical predictions.
This work resolves along-standing gap in experimental validation, which not only
strengthens the theoretical foundation of the Migdal effect but also paves the way
forits applicationin light dark matter detection.

Dark matter, aninvisible yet gravitationally interacting component of
the Universe'® 8, remains one of the most profound unsolved mysteries
in modern physics. Although experiments focusing on weakly inter-
acting massive particles have successfully approached the neutrino
fog'°, conclusive evidence for dark matter has yet to be found. The
dark matteris broadeningits focus. A global experimental effortis now
probing models in which the dark matter particle has a mass roughly
betweenMeV and GeV. Within this range, theoretical insights strongly
supportthe plausibility of dark matter potentially existing in the mass
range from MeV to GeV with a successful thermal production mecha-
nism™2, The faint signals associated with light dark matter necessitate
substantial reductions in the detection thresholds of existing detec-
tors. Despite the achievement of detection thresholds around 100 eV
in tonne-scale experiments, the abilities remain inadequate now for
detecting light dark matter.

A promising new strategy to tackle this challenge is the Migdal effect.
Itdescribes a processin which energy transfers froman atomicnucleus
to a surrounding electron™ ™, When a neutral particle, such as dark
matter or a neutron, interacts with an atomic nucleus, it causes the
nucleustorecoil. Along with this recoil, anadditional electronic recoil is
produced because of the excitation of atomic electrons. This additional
component can generate a signal in the detectors that is above the

energy threshold. Theoretical discussions of this effect in the context of
dark matter direct detection date back to the mid-2000s (refs. 19-21),
and it was also considered in the interpretation of the DAMA experi-
mental data. A reformulation of Migdal’s original approach has been
doneinref. 23. Further dedicated investigation has since revealed its
relevance for direct detection searches* >, To date, measurements of
the Migdal effect have been limited to nuclear decay processesinvolv-
ing a-decay* ™ or B-decay®*°. Its role in nuclear scattering, particu-
larly when an electrically neutral projectile interacts with the nucleus,
remains unverified. This has motivated recent experimental efforts
to observe the Migdal effect in nuclear scattering experiments*
However, no observational results have been reported so far, to our
knowledge. Despite this gap, several direct experiments have leveraged
the Migdal effect to search for sub-GeV dark matter**, extending the
reach of light dark matter direct detection. The lack of direct observa-
tion undermines the conclusions drawn from dark matter experiments
thatrely on the existence of the Migdal effect.

To address thisissue, we develop a specialized gaseous pixel detec-
tor designed for high-precision imaging of nuclear recoil (NR) and
Migdal electrontracks. This detector features abroad energy detection
range, excellent vertex resolution ability, low noise levels and advanced
imaging abilities. These design features allow us to identify NRs and
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Fig.1|Schematic of gas pixel detector structure and working principle.
The detector consists of aberyllium window at the top, aceramictube, agas
microchannel plate (GMCP) in the middle and a Topmetal chip at the bottom,
withanelectric field applied within the detector to guide electrondrift.a, The
neutron beam passes through the effective area of the detector. b, Neutrons
scatter withgas moleculesin the detector, generating recoiling nucleons.
Whileintherecoil process, atoms emit Migdal electrons. ¢, Charged particles

Migdal electrons with a marked reduction inbackground noise. In this
study, we report the direct observation of the Migdal effect. In
the experiment, we identify six signal candidates, exceeding the
rate of background reactions by 5 standard deviations. The measure-
ments indicate a Migdal effect cross-section relative to the NR cross-
section ratio of (4.9ff_‘§) %107, Our findings provide robust evidence
for enhancing detector sensitivity in direct light dark matter experi-
ments using the Migdal effect.

Experiment

Confirming the Migdal effect requires the simultaneous observation
ofboth therecoil nucleus and the Migdal electron, with the two tracks
forming a topological structure with acommon vertex. This places
stringent requirements on the imaging ability and position resolution
ofthedetector. Inourexperiment, we use amixture of 40% helium and
60% dimethyl ether (DME, CH,0CH,) as the track imaging medium to
ensure the formation of clear and sufficiently long electron tracks. We
use a charge-sensitive pixel array chip® with a pixel size of 83 um for
trackimaging and an equivalent noise charge of 13.9 e”. The working
principle of the detector is shownin Fig. 1.

To obtain the recoil nucleus signal, we use acompact D-D neutron
generator> to produce 2.5 MeV neutrons that bombard the mixed gas
inthe detector. Simultaneously, to shield against background radiation
suchasgammarays fromthe neutronsource, the detectoris positioned
40 cmaway fromthe D-D neutron source and surrounded by 1 cmlead
shield to mitigate environmental gamma radiation. Moreover, liquid
scintillation detectors are used during the experiment to monitor neu-
tron flux intensity and the neutron energy spectrum.

During the experiment, the detector triggers and saves the tracks,
energy and time information of recoil nucleus events by comparing
the number of over-threshold pixels before and after the signal arrival.
Toeffectively distinguish tracks, the cluster segmentation algorithm**
isapplied to separate spatially unrelated tracks in each frame. Tracks
with deposition energy exceeding 35 kiloelectron volts (keVee) and
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interact with the gasin the drift region, causingionization of gas atoms.
Theresulting electrons are drifted by the electric field towards the GMCP.

d, Electronsenter the pores of the GMCP and undergo ionization multiplication
inastrongelectric field, amplifying the signal. e, The Topmetal-llinduces charge
signals, inwhich thedistribution and quantity of these ionized electrons reflect
thetrackand energy deposited by the charged particles.

vertices within the effective volume of the detector are chosen. The
discrimination between NRs and electron recoils (ERs) is based on
their energy deposition density dE/dX (ref. 55) and circularity*®. Here,
dE/dXis defined as the ratio of the energy deposited by the track to
the two-dimensional (2D) projected length of the track. Circularity is
ageometric feature metric used to quantify the deviation of a planar
shape from a perfect circle, with its value range being (0, 1]. A value
closertolindicatesthat the shape more closely approximates anideal
circle. Under the same dE/dX conditions, recoil nucleus tracks with
energy deposition exceeding 35 keVee are typically longer and geomet-
rically straighter than electron tracks. Therefore, the 2D distribution
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Fig.2|AMigdal eventrecordedin the experiment. The bright, longand
straight trackin the figure represents the NR track, whereas the faint track
circled near the vertex of therecoil nucleus track represents the ER track.
The horizontal arrow indicates the direction of the neutronbeam.
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Fig. 3| Track characteristic distribution. The cluster ontheleft represents
the characteristic distribution of simulated 4-10 keV electrons, with the
electronenergy spectrum derived from the theoretically calculated Migdal
electronenergy spectrum. The differently coloured contour linesindicate the
proportion of events enclosed within their respective regions relative tothe
totalnumber of events. The cluster at the bottom right shows the NR events
from experimental data. The black dashed contour outlines the 95% distribution
region for electrons, and the red dashed contour outlines the 95% distribution
region for recoiled nuclei. The measured ER and NR of six Migdal events are
superimposed.

of circularity and d£/dX can be effectively used to distinguish between
ERsand NRs. The selection criteria for Migdal events are detailed in the
Methods. To exclude low-energy background electrons, the energy
deposition of electron tracks must fall within the range of 5-10 keV.

In the experiment, we collect data for approximately 150 h,and a
total of 8.17 x 10° events are recorded. We identify six recoil nucleus-
electron common vertex events that meet the event selection criteria,
with an example showninFig. 2.InFig. 3, the simulated distributions of
electrons and experimental distribution of recoil nuclei are presented.
The ERsand NRs are separated into two clearly distinguishable regions.
The measured ER and NR of six Migdal events are superimposed.

Background

The search for Migdal events primarily relies on the topological features
of the tracks: NRs share a vertex with ERs and are produced almost
simultaneously. By exploiting this characteristic, the rate of background
events can be significantly reduced. We have combined experimental
datawith Monte Carlo simulations to estimate the expected values and
associated errors for each background component, normalized to the
number of recoil nuclei. Background can be divided into two categories:
beam-related and beam-unrelated. In our experiment, the total back-
ground valueis 0.229 + 0.032 (stat) + 0.043 (sys). The largest contribu-
tion comes from the background produced by the chance coincidence
of NR tracks with photoelectrons and Compton electrons associated
with the neutron beam. The second significant contribution is from
the 6-rays produced by recoil nuclei. Other beam-related backgrounds
are all less than 107, Significant contributions from beam-unrelated
backgrounds include cosmic &-rays and trace contaminants decay
background. Details of the backgrounds are discussed in the Methods.

Ratio of Migdal cross-section to NR cross-section

The observed signals have astatistical significance exceeding 5 stand-
ard deviations, strongly suggesting that the observed event topology is
duetothe Migdal effect. Based on the observed events, the ratio of the
Migdal cross-section to the NR cross-section is estimated as follows:
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Table 1| Systematic uncertainties

Efficiency/count Statisticalerror Systematic error

Efficiency e 14.4% +0.1% +1.9%
niR(x10°) 817 +0.01 +0.36
nabs 6
nggs 0.229 +0.032 +0.043
by
nggs B "obgs
€accENREER
Paigea (SkeV <ER<10keV, NR > 35keVee) =~ "
(%CCSNRJ (1)
ER b
_ (nobs B nol;gs)
- NR
EerMior

where nER, n 58 and n X} are the observed numbers of Migdal events,

expected background counts and total NR, respectively; &,.., &
and &z are the acceptance rate of the events and reconstruction sel-
ection efficiency for ER and NR, respectively. The parameters and
uncertainties used in the calculation are summarized in Table 1. The
resulting ratio of the Migdal cross-section to the NR cross-section is
(4.979) x107,

Conclusion

In this study, we present the direct evidence of the Migdal effect in
neutron-nucleus scattering—a phenomenon predicted more than
80 years ago but confirmed only now with a statistical significance
exceeding 50. This result establishes a crucial benchmark for nuclear
and particle physics, providing an experimental foundation for future
theoretical and experimental investigations. By validating the Migdal
effect, we address along-standing gap in the scientificunderstanding
of fundamental interactions and offer a potential approach for the
detection of light dark matter. Notably, our measured relative Migdal
cross-section of (4.93.15’ %107 is in good agreement with the theo-
retical prediction of 3.9 x 107 within the experimental uncertainties
(see Methods, ‘Theory’).

The implications of this discovery are profound, particularly in the
search for light dark matter. For decades, the Migdal effect has been
an unverified assumption in neutral scattering that is regarded as an
effective process for enhancing the ability to detect dark matter. Our
findings provide a basis for re-evaluating these scenarios, and future
work canbuild ontheseresults to refine detection strategies and poten-
tially enhance the sensitivity of dark matter searches.
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Methods

Theory
For a gas mixture, the differential cross-section of Migdal effect from
neutron-nucleus scattering in the soft limit is given by

@0 < doi o dpl(n>Ey

- 2
dEdE,” © dE. = dE, &

where the summation over i accounts for each species in the gas mix-
ture. 0! denotes the scattering cross-section, which includes contribu-
tions from elastic (n, n), inelastic (n, n’), fission (n, 2n) and radiative
capture (n, y) processes and can be obtained from the ENDF database
ENDF/B-VIILO (ref. 58). The term pui(nl( > E,)is the transition probabil-
ity for ionization of an electron from an initial state nx to a final state
with energy E.. This probability can be obtained from first principles
using the Dirac-Hartree-Fock method?*. As we use a 2.5-MeV D-D
neutron beam and require an approximately 50 keV NR threshold in
our analysis, the chemical bonds of C-H and C-O (about 10 eV) are
easily broken at our recoil energies. Accordingly, it is reasonable to
approximately treat the C, Hand O as the free atoms in our NR energy
regime and calculate the likelihood of electrons from Migdal scattering
as the sum of the individual Migdal transition probabilities for C, H
and O, respectively. Note that we include all final states with at least
one electron above the energy threshold of detector, Ee”‘. This is par-
ticularly relevant as it allows for a precise description of the Migdal
effectin the experiment.

To compare with the elastic scattering cross-section, we calculate
the total Migdal cross-section by integrating over the kinematically
allowed range of NR energies and the energy spectrum of emitted
electronsin equation (2):

~ Emax fmax do_sz dplj(n]{ > Ee) 3
oMigda'_J‘max[ERmi",E.{“] Le‘“ dEg 2 TdfedER @)
4mm+Ey
of the incident neutron, m; is the mass of the target nucleus and £,
is the kinetic energy of incident neutron. E™> =10 keV . £:" and Ef"
arethethresholds of detector for nucleus and electron recoils, respec-
tively. The ratio r = Gyjigdal/ Ograstic Will Offer a direct measure to assess
theimpact of the Migdal effect in dark matter detection experiments.
Extended Data Fig. 1e compares the theoretically calculated Migdal
differential probabilities for the gas mixture with the experimentally
measured results (more detailed information of the theoretical cross-
section calculations can be found in Extended Data Fig. 1and Supple-
mentary Information Note 1). The integrated theoretical probability
inthe 5-10 keV range is 3.9 x 10~%, which is consistent with the experi-

mental result of (4.9ff‘§’) x 1075 within the margin of error.

nk

max

where E™ canbe expressed as Eg .= where m, is the mass

Detector assembly

The detector unit is sealed using brazing and laser welding to ensure
high gastightness and good mechanical properties. The main detector
components—ceramics, Kovar alloys, beryllium andlead glass—have a
low out-gas rate, which greatly reduces the pollution of other impuri-
ties in the gas. To fill the detector with working gas, the detector has
agas pipe thatis brazed to the cathode. By using brazing technology,
the metal ceramic tube shell is constructed of three layers of ceramic
rings and four layers of Kovar alloy rings, with a ceramic ring placed
between every two layers of Kovar alloy rings. The ceramic layer is used
forinsulation and positioning between the Kovar alloy layers. The Kovar
alloy rings at both ends of the cermet tube shell are used to seal the
connection with the cathode and the base by laser welding. The mid-
dle two Kovar alloy rings are used to install the gas microchannel plate
(GMCP) as the exit electrode of the GMCP. The GMCP is installed in a
cermet tube, and the supportringis extruded to fix the GMCP. The two

electrodes of the GMCP are electrically connected by the Kovar alloy
on the metal cermet tube. The ceramic pedestal is also composed of
ceramic and Kovar alloy. A pixel chip is mounted on the ceramic ped-
estal and electrically connected to the ceramic pedestal using gold
wire. The power supply of the pixel chip and information transmis-
sion arerealized by 24 pins on the ceramic pedestal. The basic perfor-
mance of the detector is tested*, the parameters and performance of
GMCP are provided®®, detailed parameters of the Topmetal-ll chip are
described®* and the electronicinformation of the detector is given®.
Thestructure of the detector and its geometric parameters are shown
in Extended Data Fig. 2a.

Electronic system and data acquisition

Theelectronics systemis functionally divided into three layers: (1) the
front-end electronics readoutboard, (2) the back-end electronics board
and (3) the high-voltage board. The front-end electronics board primar-
ilyincludesthe gas pixel detector (GPD) unit and the GPD datareadout
circuit. The back-end electronics board comprises the main controller,
data and firmware storage, communication interfaces and devices,
and an external clock. The high-voltage board consists of the GMCP
bottom-surface feedback circuit, voltage divider circuit, high-voltage
chip and monitoring circuit.

Front-end board. It is positioned at the top of the electronics system
to host the GPD. The performance metrics of the Topmetal-1l can be
adjusted by external voltages.

Back-end electronics board. Itis responsible for multi-channel signal
processing. The FPGA (field-programmable gate array) is equipped with
flashmemory, storing multiple files to ensure the system can boot cor-
rectlyin the event of original file corruption. Backup configuration files
are stored at specific addresses to mitigate the risk of system startup
failures due to FPGA configuration errors.

High-voltage board. It generates and regulates high voltage. The GMCP
bottom surface produces pulse signals on electron arrival, which can
serve as GPD trigger signals. These signals are processed through a
comparator to enhance energy resolution.

Topmetal-1l data processing. During detection, the output data
from the Topmetal-llis quantized, encoded, compressed and stored
inreal-time in the embedded Multi-Media Card. The GMCP bottom
surface signals, coordinated universal time (UTC), system operational
status and monitoring data are stored in the embedded Multi-Media
Card with different headers. The scanning frequency of the chip deter-
mines the performance metrics of the detector, with pixel switching
frequency required to be maintained at the MHz level. Consequently, a
datacompression scheme has beenintegratedinto the dataprocessing.
The detector uses the difference compression method for data com-
pression: the apparent diffusion coefficient (ADC) value of each pixel
per frame is stored and compared with the ADC value of the previous
frame.If the difference exceeds a preset value, the pixelisidentified as
asignal pixel and transmitted to the erasure module, thereby achieving
data volume compression. The frame refresh time of the Topmetal is
2.59 ms, and the coincidence timing resolution between the GMCP
signal and the Topmetalis 262 ns (ref. 63).

Detector calibration

The energy resolution of the detector is calibrated with a 5.9-keV *Fe
source. Photons emitted by *Fe pass through a collimator and then
throughaberylliumwindow above the detector, generating photoelec-
trons and depositing energy in the detector. The energy spectrum is
fitted using a Gaussian distribution, and the fullwidth at half maximum
ofresolutionat 5.9 keVis obtained to be 26.54% (Extended Data Fig. 2b).
Further tests onthe detector demonstrate stronglinearity inits energy



response, and the variation of energy resolution with energy can be
described by a relationship proportional to 1/VE (ref. 64).

The deconvolution method is used to evaluate the position resolu-
tion of the detector®. When measuring the position resolution of the
detector, the experimental distribution is treated as the convolution
of the theoretical distribution with the detector resolution function.
Inpractical terms, aflatand smooth-edged copper plateis positioned
directly above the detector. X-rays propagate vertically from the source
through both the detector and the copper plate. Consequently, the
copper plate obstructs a portion of the X-rays, allowing only half of
them to enter the detector. The resulting image obtained by imaging
the X-rays with the detector shows only the half irradiated by X-rays.
In this scenario, the theoretical distribution can be represented by a
Dirac Delta function, whereas the experimental distribution can be
expressed as the spatial resolution Gaussian function of the detector.
Theaverage o measuredin the Xand Ydirections is 2.4 pixels (200 pm;
Extended Data Fig. 2c).

Simulation
The software framework Star-XP®, specifically developed for this type
of gas detectors, is used to simulate Migdal events. Star-XP is built on
the well-established GEANT4 simulation platform, which incorpo-
rates high-precision neutron collision data from evaluated databases
such as ENSDF and JEFF, with rigorous validation for neutron ener-
giesbelow20 MeV (ref. 67). In particular, it uses the G4NDL4.6 dataset
derived from ENDF, ensuring reliable low-energy neutron simulations.
The framework considers various primary effects of charged particle
motionandionizationingas, incorporateselectronic logic for digitized
outputs consistent with experiments and, based on theoretically cal-
culated Migdal electron spectra, integrates a dedicated Migdal effect
generator to investigate event selection algorithms and efficiencies.
A comprehensive detector simulation has been implemented in
GEANT4, incorporating all main structural components of the experi-
mental setup, including the gas-sensitive detector, ceramic supports,
GMCPglass frame, beryllium window and surrounding lead shielding.
The model also contains the liquid scintillator system for monitoring
neutron fluxand spectrum inside the shielding enclosure. This full-scale
implementation enables arealistic treatment of particle transport and
interactions, allowing us to rigorously evaluate neutron activation
backgrounds and ensuring the reliability of the subsequent physics
analyses.

D-D neutron flux and spectrum

The neutron fluxand spectrum of the D-D neutron generator are meas-
ured and monitored using a 2” x 2” diameter EJ309 liquid scintillator
detector. The energy linearity and resolution of the detector are cali-
brated by fitting the Compton edges and full energy deposition peaks
of multiple radioactive gamma sources, and the parameterization
is described®®®’. The response matrix of the EJ309 liquid scintillator
detector is simulated with GEANT4 (ref. 70), incorporating neutron
interactions with the liquid scintillator, detector energy linearity
and resolution and the neutron response function of the EJ309 liquid
scintillator®®. Neutron energy deposition is determined by applying
pulse shape discrimination techniques®® to distinguish neutron signals
from gamma background, leveraging the fact that neutron signals
typically exhibit alonger tail in the light emission waveform in liquid
scintillator. Aniterative unfolding process is used using the response
matrix and measured energy spectrum. Various algorithms (GRAVEL"
and MLEM) and initial spectra (Gaussian and uniform) are tested,
showing negligible differences in the unfolded neutron spectrum.
Statistical uncertainties and the correlation matrix of the unfolded
spectrum are obtained using the bootstrap method. The measured
neutronspectrum has a peak energy at 2.5 MeV, aligning well with the
simulated spectrum” (Extended Data Fig. 3j). The detailed informa-
tiononthe calibration of EJ309 liquid scintillator, neutron and gamma

discrimination measurements, and spectral deconvolutionis provided
in Extended Data Fig. 3 and Supplementary Information Note 2.

Experimental details

Before the experiment, measurements of neutrons from the neutron
generator and environmental gamma energy spectra are conducted
using a liquid scintillator at 87° (Extended Data Fig. 4c,d). During the
experiment, neutron beam monitoringis performedinthe 0°and 180°
directions using liquid scintillators for the D-D neutron generator
beam, as shown in Extended Data Fig. 4a.

Dataacquisitionis conducted intwo runs:runlinMarch2024 and run
IlinJuly 2024. Inrunll, an additional detection unitis added (Extended
DataFig.4b). Extended Data Fig. 4g,h shows the count rate variations
of the Migdal detector and the liquid scintillator detector. The count
rate of the liquid scintillator is normalized to the average count rate
of the Migdal detector, demonstrating good consistency between
the neutron beam and the detector counts. Extended Data Fig. 4e,f
shows the variations in the *Fe gain calibration during the experiment
on each day. The pressure and temperature of the detector chamber
are continuously monitored during the experiment, and the gas state
fluctuations and good airtightness performance during the experiment
are shown in Extended Data Fig. 4i-k.

Identification of NR tracks and ER tracks

Inspired by the relevant work of the MIGDAL Collaboration™, YOLOvVS
(ref. 75) is applied for ERand NRrecognition (training details and model
performance are provided in Extended Data Fig. 8 and Supplemen-
tary Information Note 4). Considering accuracy and training speed,
the YOLOv8m model architecture is the optimal choice for this study.
By training, the model architecture can identify tracks in images and
provide their classificationand positional range information. Dataanno-
tation is performed using a platform called Label Studio, in which ERs
and NRs are marked in the graphical interface. The training dataset
consists of 6,000 experimental data trackimages and 2,400 simulated
dataimages. For the experimental dataimages, half feature *Fe charac-
teristic X-ray photoelectrontracks, and the other half exhibit D-D source
experimental NR tracks. For the simulated data images, half include
electrontracks of4-10 keV, and the other half represent NR tracks gener-
ated after the interaction of simulated 2.5 MeV neutrons with gas. The
validation dataset consists of 3,000 experimental dataimages and 600
simulated dataimages, maintaining the same proportions as the train-
ing set. By training 200 epochs, the best-performing model achieves
an ER identification accuracy of 99.0% and an NR identification accu-
racy of 99.7%. The modelis then used to recognize and retaininstances
withboth ER tracks and NR tracks, in which the distance between track
clustersis less than 4 pixels, for further reconstruction and selection.

Migdal event selection algorithm

Tobetter distinguishbetween NRand ER tracks for events pre-selected
by the YOLO program, the following procedure is implemented. To
reconstruct NRs, the average ADC value of the non-zero pixels is cal-
culated, and the pixels with values below the average are excluded.
Thisrequirement effectively removes non-NR track fromthe frame, as
the ADC values of the pixels along the NR are significantly higher than
those of other signals. The remaining pixels are fitted with a straight
line using the least squares method, and theresulting lineis designated
as the central trajectory of the NR track. The standard deviation o of
the resulting Gaussian distribution, which stands for the diffusion of
NR, is then obtained. The two intersection points of the central track
line with the image boundaries (x,, y,) and (x’,,)’,) are designated as
initial pixel points. The endpoints of the NR track, (x,, y,) and (x',, y’,.),
areiteratively refined using the centre-of-gravity method. Taking (x,, y,)
as an example, with (x,, y,) as the centre and 5o as the radius, the new
centre of gravity (x;, y,) is calculated with weighted formula
ADC x exp(d/d,), where dis the distance between the pixel and (x,, ;)
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and d, is the pixel scale, and the centre-of-gravity method is applied
repeatedly within this region until the calculated centre-of-gravity
position converges between consecutive iterations.

To prevent the influence of NR tracks on the reconstruction of ER
tracks, morphological erosion processingis applied to the NR track. All
pixels with their centres at the midpoint between the two endpoints, at
adistance of 4gfromtheline, and within aradius of 40, are considered
asthe NRand removed. To ensure the remaining tracks correspond to
ERsignals, the ER vertex (x,, y.) isreconstructed for the residual tracks
following the methodology described inref. 76. The distance between
the NR and ERis evaluated by

D-4c0
R= 4)
LER

where Dis the distance between the reconstructed ER start point and
one ofthe NRendpoints, and L stands for the remaining length of ER
after NRsubtraction. Events with R > 0.5and ER track length exceeding
5x 83 umarediscarded, whereas all events with ER track lengths below
this threshold are retained. In other words, events are retained if the
reconstructed ER vertex lies closer to the NR endpoints along the ER
track. To reduce the impact of edge distortion, events are ignored if
the edge ADC or edge hit count exceeds 20% of the related summation
value. Moreover, events are disregarded if the NR vertex is near the
electron track lying within the 3o range from the edge, or ifboth ends
of the track hit the edge. To minimize accidental coincidences and
multi-track backgrounds, events are also disregarded if there are ADC
values exceeding 4o onbothsides of thefitted line for the NR. Extended
DataFig.5shows the track information of six Migdal candidate events
inthe experiments.

Quenching effect

The quenching effect in gases refers to the phenomenon in which the
kinetic energy of ionsis dissipated through inelastic collisions or excita-
tion processes during their interaction with other molecules”. When
ions collide with gas molecules, they transfer energy to the gas mol-
ecules, resultingin their excitation orionization. This energy transfer
processis typically inelastic, meaning the kinetic energy of the ionsis
converted into the internal energy of the gas molecules. In radiation
detectors, the quenching effect influences the intensity and charac-
teristics of the detection signals, causing ions with the same kinetic
energyto depositalower detectable energyinthe detector compared
with electrons. The ratio between these two energiesis defined as the
quenching factor. We obtain the quenching factors for the working
gas elements from the TRIM’® database, as shown in Extended Data
Fig.6a,andincorporate the corresponding quenching effectsinto the
simulation of NR tracks.

Background

The background in the experiment mainly arises from three sources:

1. Secondary effects from neutron recoil processes: these include del-
ta electrons and secondary NR generated during nucleon motion,
de-excitationradiation from excited nuclear states and bremsstrahl-
ung radiation from charged particles.

2. Beam-related background: this includes gamma rays produced by
non-elastic collisions of neutrons, coincidental gammarays released
duringthe acceleration process of the neutron generator with recoil
nucleiand 3 decay processes from neutron-activated gas atoms.

3. Environmental background: thisincludes radioactive elements pre-
sent in the air and materials, as well as coincidences between delta
electrons produced by cosmic muons and recoil nuclei.

Followingis the detailed discussion of the analysis of specific back-
ground components (the results of all backgrounds are shown in
Extended Data Table1).

Recoil-induced &-ray. The background of delta electronsis estimated
using experimental data. First, delta electrons near the NR tracks are
identified and selected. Withthe requirement that the electron tracks
areatleast1 mmaway fromthe vertex, the deltaelectronsin the middle
of the track are obtained. Then, the energy spectrum of the selected
delta electrons is plotted and fitted with an exponential function.
The expected count of observed § electrons in the 5-10 keV range is
0.59 + 0.40 over the entire experimental period. Finally, Monte Carlo
methods are used to estimate the relative efficiency ratio of selecting
deltaelectronsat the top and middle of the NR track as 0.060, and the
expected background count of § electrons during the experiment is
calculated tobe 0.035 + 0.023.

Particle-induced X-ray emission. Theoretically, the maximum energy
of the Auger electrons and photoelectrons of the gas is only 0.5 keV
(from oxygen)”, which is barely detectable by the detector within the
energy range of 5-10 keV.

Bremsstrahlung processes.

1. Quasi-free electron bremsstrahlung: in the Coulomb field of the
recoilingion, an electron from the nearby target atoms can be scat-
tered, resulting in the emission of bremsstrahlung radiation®.

2. Secondary electron bremsstrahlung: an electron ejected from the
nearby target atoms by the impact of the recoiling ion can interact
with other atoms in the target material, leading to the emission of
bremsstrahlung radiation®.

3. Atomic bremsstrahlung: the electronboundto the target atoms can
be excited to highly bound states or to the continuum due to the
impactoftherecoilingion. Subsequently, it canreturn to the initial
state, emitting bremsstrahlung radiation®. If the electron excited
tothe continuumdoes notrevert toits bound state, aphenomenon
known as radiative ionization occurs, also resulting in the emission
of bremsstrahlung radiation. In the analysis, the radiative ioniza-
tion contributionis calculated and considered as part of the overall
atomic bremsstrahlung.

4. Nuclear bremsstrahlung: this process arises fromthe Coulomb scat-
teringinteractions between the recoilingion and the target atoms®,

In general, the spectra of these four bremsstrahlung processes
exhibit alayered structure within the continuumX-ray spectrum. Spe-
cifically, the quasi-Free electron bremsstrahlung, secondary electron
bremsstrahlung, atomic bremsstrahlung and nuclear bremsstrahl-
ung processes predominate in distinct energy regions of the X-ray
spectrum®, The theoretical differential cross-sections for the four
bremsstrahlung radiation processes induced by protons or light ions
with few MeV kinetic energies are described382858¢,

To estimate the expected number of electrons induced by the four
bremsstrahlung processes, the expected number of X-ray emissions
and the energy spectrum of X-ray emissions for each type of nucleus
are estimated from the differential cross-section of bremsstrahlung.
Thespectrumis theninputinto GEANT4 to simulate the photoelectric
process. A 200-pum vertex cut for NR and photoelectron is applied,
and an energy cut of 5-10 keV is imposed. The resulting background
expectationvalueis calculated to be 107, which can be neglected (see
Extended Data Fig. 6¢c-f and Supplementary Information Note 3).

Random track coincidences. Therandomtrack coincidence s charac-
terized through both data-driven and GEANT4 simulation approaches.
Inthe experiment, the number of photoelectrons, Compton electrons
and other possible processes that produce keV-level electrons occur-
ring in the same frame as the NR tracks is estimated. The events with
energy depositionintherange of 5-10 keV are selected and represented
in a 2D distribution plot of dE/dX compared with circularity. Out of
8.17 x10° collected events, a total of 63 events are identified as photo-
electrons and Compton electrons. The Monte Carlo simulationisthen



applied to randomly distribute NRs and ERs in the same frame image.
Throughaselection algorithm, the accidental coincidences areidenti-
fied as 0.29% of all cases. The expected yield of accidental coincidences
inthe dataset is then calculated to be 0.180.

Complementingthis, full GEANT4 simulations evaluate three back-
ground components: (1) single-neutron-induced NR electron pairs;
(2) independent neutroninteractions producing separate NRs and elec-
trons; and (3) neutron-generated NRs coinciding withgamma-induced
electrons. The simulation accounted for all detector components and
material interactions, with electrons (5-10 keV) and NRs (>35 keVee)
selected usingidentical criteria to the experimental analysis. The simu-
lated electron energy spectrashow good agreement with experimental
distributions (Extended DataFig. 6b). The total simulated background
of 0.156 events (0.128 single neutron + 0.019 multi-neutron + 0.009
neutron-photon) matches the data-driven estimate within uncertain-
ties, validating our background modelling framework.

Neutron activation. GEANT4 simulations show that the production
rates of unstable nuclides *H and *C are both less than 0.01 per mil-
lion NR tracks with the energy greater than 35 keVee. Considering the
half-life of °H (12.32 years) and *C (5,700 years), the background from
neutron activation can be neglected.

Trace contaminants. The radioisotope content at natural abundances
in He-DME-based gas mixtures is evaluated, including isotopes of 'H,
*He, C and 'O, as well as trace radionuclides such as *’Rn, ¥Kr, *Ar
and?°Pb. Among theradioactiveisotopes of'H, *He, >*Cand °0,*H and
4C contribute almost all electrons by beta decay, with their activities
inthe detectorbeing (6.38 + 6.38) x 108 Bqand (4.58 + 4.58) x10° Bq,
respectively. Other trace radioactive elements generate an average of
(7.25+0.94) x107 electrons per second with energies ranging from 5
to 10 keV. The probability that these electrons have a vertex distance
lessthan200 pm fromionsis 0.00339. Therefore, the estimated value
of the trace contaminants background, normalized to the number of
experimental data, is 0.00106 + 0.00087 (see Supplementary Informa-
tion Note 3, Gas radioactivity).

Muon-induced &-rays. The measurement results of the local cosmic
muon fluxin Lanzhou® is adopted to estimate the rate of 5-ray produc-
tionin the detector sensitivity region. Considering the NR rate of D-D
neutronsource as1event per second, theratio of 6-ray productionand
NRinthe 5-10 keV energy region, accounting for the detector energy
resolution, is 1.85 x 107, As the locations of §-ray production and NR
are both evenly distributed, their positions are randomly sampled in
the detector sensitivity region based on their production rate, and a
vertex distance cut of shorter than 200 um is applied. The 73% muon
exclusive efficiency of the detectoris also consideredin the calculation.
The simulation shows that the §-rays would contribute 0.013 events,
normalized to the number of experimental data.

Secondary NR fork. The production category, rate and energy spec-
trum of the primary recoil nucleus are estimated by simulating the
interactions of the neutron from D-D source with the DME gas with
GEANT4. The primary recoil nucleiare then putinto TRIM” to simulate
the following cascade processin the DME gas. The vertex distance bet-
ween primary recoil and secondary recoil is required to be less than
200 pm, and the energy of secondary recoil nucleus should fall into
the region of 5-10 keVee, considering the quenching factor®® of NRs.
By applying the cut on the 2D distribution of track deposition energy
andtrack length, itis able to reduce the background yield to below 1073,
while maintaining a signal efficiency of approximately 98%.

Uncertainty and significance
Background error estimation. The systematic uncertainty of recoil-
induced &-ray mainly comes from the YOLO model. The difference in

the estimated yields between the two models (YOLOv8mand YOLOv8n)
with different model sizesis considered as the systematic uncertainty
of this background. For the systematic uncertainty of random track
coincidences, boththeerrorinthecircularity and de/dX discrimination
of electrons, as well as a10% variation in the wobble discrimination
parameter, and the difference in the background yields with different
YOLO models, are considered to estimate the uncertainty. The main
contributors to trace contaminants of radionuclides are *H, *C and
22Rn. As we have used gas sealed for over a year, the gas radioactivity
should be significantly lower than the atmospheric average level. The
systematic uncertainty of muon-induced 8-rays consists of the uncer-
tainties of muon flux and detection efficiency. According to the meas-
urement results, theimpact of muon flux uncertainty can be neglected,
whereas the detector energy resolution contributes a systematic error
of 3%. The uncertainty of & is taken as the difference between YOLO
models. The energy resolution of the NR tracks is extrapolated based
on the energy resolution «<1/, |Eje,s;; as described inref. 64. The en-
ergy resolution affects the counting of events selected above 35 keVee
inthe NR energy spectrum, and we have taken this effectinto account

in the systematic error of n 3¢,

Cross-section and significance estimation. The profile likelihood
method is used for significance calculation and Migdal effect probabil-
ity error calculation. In this method, a probability model that depends
onboth the parameters of interest w = (1, ..., ;) and additional nui-
sance parameters 0= (0,, ..., 6,)isused to describe the data. Denoting
the density functionas f(X|m, @), where X= (X, . .., X;) refers toinde-
pendent observations, the full likelihood function canbe expressed as

L(w, 81X) =f(X|rt, 6) ()]

The general approach to constructing confidence intervals is to
determine acorresponding hypothesistest. Here, the hypothesis test
isHy: =M, versusH,: T # ,, and the test can be based on the likeli-
hood ratio test statistic:

sup{L(m,, 01X); 6}
sup{L(m, 8]X); m, 6}

AglX) = (6)

A standard result in statistics is that -2 log A converges in distribu-
tiontoay*distribution®. Therefore, we can determine the confidence
level for the hypothesis H,: Tt # t, by comparing the difference between
-2 log A across various intervals and its minimum value, and then
referencing the corresponding x” confidence intervals.

The observed counts Xin this experiment follow a Poisson distribu-
tion: X ~ Pois(u + b), where p is the observed signal rate, and b is the
observed background rate. The observed background counts Y are
characterized by a Gaussian distribution: Y - N(b, 0,). Assuming X and
Ytobeindependent, we have

_ @b gy, 1 (y-b)?
fx,ylu, b) I Jﬁab \,XP[ 201,2 (7)

Here, the hypothesis testis H,: u = 0 versus Ha: i # 0. This model can
beimplemented using the model 5inthe TRolke library of CERNROOT?*®
todirectly compute the profile likelihood function -2 logA, the results
of whichare shownin Extended Data Fig. 7a. The minimum of this like-
lihood function occurs at g =5.77, and the corresponding 50 value is
greater than O, providing significant evidence for the existence of the
Migdal effect.

Forthe estimation of the upper and lower limits of the cross-section
probability errors, the profile likelihood methodis also used. Itisimpor-
tant to note that the calculation of the cross-section probability must
account for the signal efficiency. Therefore, the observed counts Xin
the signal region are modified to X - Pois(en + b), where e is the signal
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selection efficiency and n is the number of Migdal events generated.
Thebackground counts Yremain characterized by Y - N(b, 6,). Moreo-
ver, the signal efficiency is assumed to follow a Gaussian distribution:
Z~N(e, g,). The profile likelihood function for this model can also be
directly computed using model3 in the TRolke library. The resulting
likelihood function, along with the positions of the minimum n,,;, and
itslower and upper limits n,and n,, are shownin Extended Data Fig. 7b.
The error propagation is applied as follows:

2
APt: (nmin_nul/llj +
| Nin

Data availability

The Migdal beam experiment data are available at Science Data Bank
(https://www.scidb.cn/s/JrqYjy). Other derived data, supporting the
findings of this study, are available from the corresponding authors
uponrequest.
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Code availability

The main codes supporting this study, including those related to simu-
lation, event reconstruction, background calculation, YOLO and neu-
tron energy spectrum monitoring, are available at https://gitee.com/
marvelmigdal/migdal-related.git. The detector simulation software
framework is available at GitHub (https://github.com/ElsevierSoft-
wareX/SOFTX-D-23-00679).
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Extended Data Table 1| Expectation value is normalized to the number of experimental recoil nuclei

Background Component

Description

Expectation Value

Recoil induced & ray

Particle Induced X-ray

Emission
X-ray emission
Auger electrons
Bremsstrahlung processes
Quasi-Free Electron (QFEB)
Secondary Electron (SEB)
Atomic (AB)

Nuclear (NB)

Random track coincidences

Muon induced 6 ray

Gas radioactivity

Trace contaminants

Neutron activation

Secondary nuclear recoil

fork

Total background

d electron near NR track origin

Photoelectron near NR track origin

Auger electron near NR track origin

Photoelectron near NR track origin
Photoelectron near NR track origin
Photoelectron near NR track origin
Photoelectron near NR track origin

Photo-/Compton electron near NR

track

d electron near NR track origin

Electron from decay near NR track
origin
Electron from decay near NR track

origin

NR track fork near track origin

0.035+0.023(stat.) £ 0.007(sys.)

0.180£0.022(stat.) & 0.042(sys.)

0.013

0.001+0.001(sys.)

0.229+0.032(stat.) £ 0.043(sys.)

An entry of “0” indicates that the process cannot occur, while “= 0” denotes that the event occurrence rate is <0.001.
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