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Direct Detection constraints on SI scattering
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- electron recoil signal
- Migdal effect (?)
- new experimental strategies
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Migdal effect
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» First predicted by Migdal in 1939-1940

» describes a physical phenomenon where a
suddenly accelerated atomic nucleus transfers
energy to its orbital electrons through a rapid
change in the electric field, causing the
electrons to become ionized or excited.

» observed in radioactive decays in the 70’s.

* but not observed in nuclear scattering.
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.108.243201
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.11.1740

Migdal effect

Eqet = Eer,obs + Enr,obs+---

Z.Liu, [Phd thesis], 2022

m, = 1 GeV/c? NR
105 d G;II\] = 10_36 sz ME
Brem
10’ 1Energy threshold
1160 eVee
101 !

CDEX

Counts (evts/keV/kg/day)

Egee (keVee)

Nuclear recoils below the threshold, which are
otherwise undetectable, become observable
through Migdal electron energy deposition.



Sub-GeV DM searches

SuperCDMS Collaboration. Inelastic DM search with CDMSlIite R3 [EB/OL]. 2025[2026-03-02].
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Search for new physics in low-energy electron recoils from the first LZ exposure

LZ Collaboration « J. Aalbers (SLAC and Stanford U., Phys. Dept. and KIPAC, Menlo Park) et al. (Jul 28, 2023)
Published in: Phys.Rev.D 108 (2023) 7, 072006 « e-Print: 2307.15753 [hep-ex]
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Search for Dark-Matter-Nucleon Interactions with a Dark Mediator in PandaX-4T
PandaX Collaboration « Di Huang (Shanghai Jiao Tong U.) et al. (Aug 3, 2023)
Published in: Phys.Rev.Lett. 131 (2023) 19, 191002 « e-Print: 2308.01540 [hep-ex]
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Results of a Search for Sub-GeV Dark Matter Using 2013 LUX Data
LUX Collaboration « D.S. Akerib (Case Western Reserve U. and SLAC and KIPAC, Menlo Park) et al. (Nov 27, 2018)
Published in: Phys.Rev.Lett. 122 (2019) 13, 131301 « e-Print: 1811.11241 [astro-ph.CO]
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Search for Dark-Matter-Nucleon Interactions via Migdal Effect with DarkSide-50

DarkSide Collaboration « P. Agnes (Royal Holloway, U. of London) et al. (Jul 25, 2022)
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Search for low-mass dark matter via bremsstrahlung radiation and the Migdal effect in SuperCDMS
SuperCDMS Collaboration = M.F. Albakry (British Columbia U. and TRIUMF) et al. (Feb 17, 2023)
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Search for sub-GeV dark matter via the Migdal effect with an EDELWEISS germanium detector with

NbSi transition-edge sensors
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EDELWEISS Collaboration = E. Armengaud (IRFU, Saclay) et al. (Mar 8, 2022)
Published in: Phys.Rev.D 106 (2022) 6, 062004 + e-Print: 2203.03993 [astro-ph.GA]
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Migdal effect detection Experiments

Phys. Rev. D,107, 035032 f
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MARVEL Experiment-Detector
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Development of the detector design

10.1088/1748-0221/13/06/P06011
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https://iopscience.iop.org/article/10.1088/1748-0221/13/06/P06011
https://iopscience.iop.org/article/10.1088/1748-0221/13/06/P06011
https://iopscience.iop.org/article/10.1088/1748-0221/13/06/P06011

Detector Requirements

ER: 5.9 keV , NR: 300 keV

e ER~keV, NR~hundreds keV

Sifmulaétion :
e Good energy resolution

e Large dynamic range.

e ER shares vertex with NR

e Good vertex resolution

e Reduce possible background

e Good time resolution

X [mm]
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Performance Stability

Bulk Resistance

e low leakage rate and
material degassing rate
specifications

e Suppress the charge
accumulation effect

Type A TypeB TypeC TypeD TypeE
Hole diameter 50um  50pum  50pum  60um 30 pm
Thickness 400 pm 400 um 300 pm 300 um 300 um
Hole pitch 60pum 60pum 60pm 80um 40 pm
' GMCP resistance @ 5 GQ 3 GQ 5GQ2 w
Shelland cathode, laserweldn - 1vdrogen reduction Without With ~ With ~ With  Without

B
S =

GMCP Development — Hydrogen
Reduction tech for Preparing Bulk
Resistance to Eliminate Charge
Accumulation

Shell and base, laser welding

ceramic base, brazing

Leak rate: ~7.6-"" Torr-L/s

10.1016/j.nima.2023.168499
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Optimize the spatial resolution

various gas mixtures:

He/Ar/Kr/Xe+CO,/CH,/i-C,H,/DME(C,HO)/CF,

Y position (Pixel.num)
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Parameter testing for various
gases and gas mixtures

high-granularity device

10.1007/s41365-021-00903-0
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interaction

adaptive cutting
vertex reconstruction
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https://link.springer.com/article/10.1007/s41365-021-00903-0
https://link.springer.com/article/10.1007/s41365-021-00903-0
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https://link.springer.com/article/10.1007/s41365-021-00903-0

Energy calibration
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Vertex resolution
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https://iopscience.iop.org/article/10.1088/1748-0221/19/04/P04039
https://iopscience.iop.org/article/10.1088/1748-0221/19/04/P04039
https://iopscience.iop.org/article/10.1088/1748-0221/19/04/P04039

Time resolution

- GMCP trigger : 100 Mhz (10 ns)
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IEEE Trans. Nucl. Sci., 70, 1288-1295
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https://ieeexplore.ieee.org/document/10111087
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https://ieeexplore.ieee.org/document/10111087

Detector performance
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Simulation framework

Simulation
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Visualize

& GEANT4

A SIMULATION TOOLKIT

v Simulate Migdal effect interaction
with detector
» Simulate different interaction

v Analog detector digital readout
» Simulate electron drifts, multiplies, collected procession
» Output file for data analysis and reconstruction

\> Provide energy deposit /
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https://github.com/ElsevierSoftwareX/SOFTX-D-23-00679%0d
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MARVEL Experiment

Scintillator @ 87°
Scintillator @® 0° '

Neutron and gamma
spectrum measurement

urce monitoring

Scintillator @ 180°
Working gas:

0.8 atm @ ~300 K - T W
40% Helium + Dimethyl ether R
(DME,C,H¢0)

Neutron: 2.5 MeV
Nucleus: hundreds of keV

D-D source monitoring
Electron: 5-10 keV

Nature 649, 580-583 (2026) 1o



https://www.nature.com/articles/s41586-025-09918-8
https://www.nature.com/articles/s41586-025-09918-8
https://www.nature.com/articles/s41586-025-09918-8
https://www.nature.com/articles/s41586-025-09918-8

Data taking
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Al-assisted event selection

*1
Data VELHe : NR : ER : Vertex cut
preselection reconstruction reconstruction

Inspired by MIGDAL collaboration‘s work: 10.1103/PhysRevD.111.072004
YOLOv8 2} m—)
Training
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*1 https://qgithub.com/ultralytics/ultralytics
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Al-assisted event selection

*1
Data YOLO : N : EIR : Vertex cut
preselection reconstruction reconstruction
1. Search for the NR vertex through recursive iteration: o) o]
ADCexp(d/dg) 0....1 2 3 = 5 67001...1 .2 3 .4 .5 66
70 - frerrprrrrprT T T T T T T T — I L L L
; - b) 1
(XO’yO) —> (Xn’yn) 60; @ 50;_ ® 1
2. Fit the NR(direction, diffusion o) and remove it from the 502‘ 502— A
image. a3 “op L E
%30; - 305— -
3. Search for the electron vertex using adaptive cutting oF // o ////—ja
algorithm. : ‘#/ ; D 1
10:— 10
4. Determine whether the electron vertex is adjacent to e 50 e 0 %0 20 e a0 505070
the nucleon vertex. D— 4g el ool
R = <0.5
Lggr
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Migdal candidates
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Characteristic distribution of ERs and NRs
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Recoiled ion
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Background

Background Component

Recoil induced 6 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

Description

0 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

0 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

Expectation value (5 - 10 keV)
0.035+0.023(stat.) = 0.0068(sys.)

0.18040.022(stat.) +0.042(sys.)
0.013

0.001+0.00087(sys.)
=0
=0

/7~ N\
MARVEL
Method

Data driven

Data driven

MC+Data

Data driven

Total background

0.22940.032(stat.) & 0.043(sys.)
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Recoil induced 0 electron

—— Fit: y = (2.89e + 04)e!~4.80e +00)x
102 4 [ Data with Error Bars
> OF %ml"
> 55F . Geant4 sim
_ ~ =t
% F
2 4.5 g
LTGJ 4; * 107
3.5E
87 1 5 3 E 107 1.0 1.5 2.0 2.5 3.0
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L L Y s T 5 ‘4”"'”““' Hadron Energy [MGV] B Exp fitting (Integral: 0.59 +/- 0.40) ]
s it i Only H has the & electron > 5 keV. 10F .
55 Exp data
e Consider the selection efficiency for d-electrons. 2 4 6 8 y \}0
e
e Finally get: 0.035+0.023(stat.) No 6 above 5 keV'were found.

Estimate by extrapolating from
the exponential fit 26



Radom track conincidence
Method 1: n/y spectrum measured by LS + GEANT4
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» The expected background contribution of the 3 components in total is: 0.16+£0.01(stat.)



Radom track conincidence
e Method 2: Estimated from Data

e Get the number of electron tracks within the 5-10 keV energy range that appear in the
same frame as the nucleon tracks.

e Considering the accidental coincidence of NR and ER with a vertex selection efficiency,
e the final expected background value is 0.180+0.022(stat.)+£0.042(sys.)
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> E » L L L
= 0.9 5 100 E E
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—
O 0.7 g 107 —
0.6 gﬂ The results from the liquid
' Y, scintillation + GEANT4 are
0.5 - g 107 consistent with the data
0.4 . a B EnvGamma PholonEle obtained from the Migdal
03 aneom =T I EnvGamma_Computon detector.
’ 10—4 ] NGamma_Computon
0.2 5 I SingleN_PhotonEle
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Cross section ratio calculation

+ Probability:  Pyyioq.(Ske V<ER<10keV, NR>35keVee)_(

« Parameters:

Efticiency/Count Statistical Error Systematic Error
0 0 0
Efficiency Epp 14.4% +0.1% +1.9%
29%(YOLO)*49%(vertx rec)
7R 8.17 X 10° +903 +35880
tot
ER 6
nobs
nbg 0.229 +0.032 =0.043
obs
NR 2
. AP _ nmln - nul/ll 2 + ntOt error
« upper/lower bounds: Ary = TNR
Nmin Mot

nmin
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Niot

n

-2 log(A)
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accéNRER (HEEI){S ogs)
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”tot SER Mot
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The total transition probability

Z dp'(nl - E,)
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Transition probability of each element

The transition probability for ionization of an electron from an
initial state (n,1) to a final state with energy E..

-

dp migdal /dE e(keV ~1)
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—e— Theory
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Topmetal-11™

Topmetal-L

Chip size [mm?]

Active area [mm?]

Pixel array

Pixel density [pixelslmmz]
Power density [W/cm?]
Pixel gain [V/e™]

ENC [e]

Readout mode

Time cost

8 x9
6 x6
72 x 72
145
2.778
13.9
Rolling Shutter

2.6 ms/frame

17 x 24
16.02 x 23.04
356 x 512

494

0.195

76.04
22.8

Rolling Shutter / Sentinel

0.73 ms/frame @ Sentinel

 6Xx6 mm, 83 um in pitch -> 2.3x1.5 cm, 45 um in pitch

* Fresh time: 2.6 ms/Frame -> 0.7 ms/Frame

« Readout logic: Rolling Shutter -> Sensitive area

Larger GMCP
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Upgrade in progress

50();']'

Sensitive area readout;
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Upgrade In progress

Counts

Time resolutio
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e The Migdal effect plays a very important role
in sub-GeV dark matter research.

e The MARVEL experiment is dedicated to the
direct detection of the Migdal effect.

e The ratio of the Migdal to the nuclear recoil
cross-section to be 4.9%%2:5 x 107>, where
nuclear recoils exceed 35 keVee and electron
recoils span 5-10 keV.

e Detector upgrade is in progress.

Thanks for your attention!
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