Science and
Technology

UNIVERSITYOF

Facilities Council

BIRMINGHAM Rutherford Appleton

Laborator

Science operations of the MIGDAL
experiment at NILE

'., - - .‘.A.
L P, P8 AN
- ;‘ . . . »
T Ak iv (e
N P e
: o . . .'4 'ﬁ
. : ", 0% UN
: ) PN . ‘ - y .A' ..
| ;

e el b -..'ﬁ ‘ -.: : .m; .. iy -
Lex Millins on behalf of the MIGDAL collaboration
University of Birmingham & STFC Rutherford Appleton Laboratory

UKHEP2025 - Wandering in the Dark
21st October, Abingdon

Ikm892@student.bham.ac.uk

UNIVERSITYOF P INGS =z . Slotien
BIRMINGHAM GDD s ' ‘_“ m Universitat H‘ambur[-; @, I M P E R I A L %\I%){ !.“|I . ' \ (\)'.\.“‘)-';“ L ‘ : tL Y Z:; 'n?ez’ s A

sctors Development Group DER FORSCHUNG | DER LEMRE | DER BILDUNG




The MIGDAL experiment

e Aim to make the first unambiguous =
observation of the Migdal Effect in nuclear ” Ty T Y
scattering

o Low pressure Optical Time Projection
Chamber (OTPC) with 50 Torr CF4

Migdal Effect Simulation
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The Migdal effect

* During nuclear recoil sudden displacement of nucleus with respect to atomic electron
cloud excites the atom

» De-excitation can result in emission of one or more Migdal electrons (with low probability)
*» Observed in q, [3 decay (Phys.Rev.C11(1975), 1740-1745 & 1746-1754, Phys. Rev. 93 (1954), 518-523, Phys. Rev. A 97 (2018), 023402)
* For low mass WIMP-like DM energy deposited by electron can exceed O(keV) nuclear recaoil

Migdal
Neutral ,\electron
projectile o

Not yet observed in
nuclear scattering!
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The MIGDAL Detector
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The MIGDAL Detector

Charge Amplification
Two glass GEMs
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The MIGDAL Detector

Charge Amplification
Two glass GEMs

i Lathode
50 Torr
CF, gas
Cha(l;ge read-outj : _m_G'GEMS
anode segmentea into ITO anode

120 strips
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The MIGDAL Detector

Charge Amplification Trigger and timing
Two glass GEMSs Hamamatsu R11410 VUV PMT

i Lathode
50 Torr
CF, gas
Cha(l;ge read-outj : _m_G'GEMS
anode segmentea into ITO anode

120 strips

Astropart.Phys. 151 (2023) 102853
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The MIGDAL Detector

Trigger and timing

Charge Amplification
Hamamatsu R11410 VUV PMT

Two glass GEMs
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The NILE facility

* Neutron Irradiation Laboratory for Electronics (NILE) based at the ISIS neutron
and muon source at Rutherford Appleton Laboratory in the UK

* DD generator produces 2.47 MeV mono-energetic neutrons in 41, MIGDAL uses
30cm collimator

D-D generator
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MIGDAL @ NILE

e Experiment installed in summer 2023

e Several weeks of DD data interspersed with calibrations
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Experiment shielded by high Detector with lead shielding D-D generator positioned at
density borated polyethylene collimator entrance
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Science operations

* Two science runs performed taking data using D-D

generator
—— SR1 (start 2023/07/17)
» Calibration with 55Fe every 3 hours I [l b r~
* Gas replaced ~ every 3 days >
L
. . — 60-
* Approximately 500,000 nuclear recoils 2
S
 Over 20 million camera frames 5 0
Q
: : 2
* Analysis ongoing 5
>
. . £ 50
» Currently undertaking major upgrades for next S
science run:
- Increased ITO strips 0-
- Newly optimised collimator OV ™D 0N DY PIIDIDAODNRADAD YAV D
- New higher dynamic range DAQ Days since start of run

- New large hole glass GEMSs
* More science data planned this year
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Summary

The Migdal effect can improve sensitivity to
low mass dark matter

MIGDAL aims to make the first unambiguous
observation of the Migdal effect in nuclear
scattering

Perform 3D reconstruction of tracks using a
low pressure (50 Torr CF4) optical time
projection chamber

Several weeks of DD data and calibrations
recorded, more science runs planned this year

Major upgrades undertaken this year -
increase in ITO strips, optimised collimator,
new DAQ, new GEMSs

e Analysis ongoing (stay tuned!)

L. Millins - UKHEP25 - 21/10/25

Publications:

Overlap-aware segmentation for topological reconstruction of
obscured objects
Preprint: 2510.06194 (2025)

Transforming a rare event search into a not-so-rare event search in
real-time with deep learning-based object detection

Phys.Rev.D 111 (2025) 7, 072004

Commissioning of the MIGDAL detector with fast neutrons at NILE/ISIS
Nucl.Instrum.Meth.A 1069 (2024) 169971

3D track reconstruction of low-energy electrons in the MIGDAL low
pressure optical time projection chamber

|JINST 18 (2023) 07, C07013

The MIGDAL experiment: Measuring a rare atomic process to aid the
search for dark matter
Astropart.Phys. 151 (2023) 102853
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https://doi.org/10.1016/j.nima.2024.169971
https://doi.org/10.1016/j.astropartphys.2023.102853
https://arxiv.org/abs/2510.06194
https://inspirehep.net/files/30c9f4b84e5bd8e0a5bc3b49f5f8cb0f
https://www.sciencedirect.com/science/article/pii/S0168900224008970?via=ihub
https://arxiv.org/pdf/2307.10477
https://inspirehep.net/files/5141a6e94b436679b5daaab795adfe30




Improvements in sensitivity

Sub-GeV DM less explored as
experimentally more challenging

Can exploit the Migdal effect

which leads to additional energy

above threshold

Orders of magnitude lower
masses can be probed with
existing technology
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3D reconstruction

Amplitude [V] Nucl.Instrum.Meth.A 1069 (2024)
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https://iopscience.iop.org/article/10.1088/1748-0221/18/07/C07013
https://doi.org/10.1016/j.nima.2024.169971

Backgrounds

Events per million NRs

Component

Topology

D-D neutrons

>0.5 5-15 keV

Recoil-induced o-rays Delta electron from NR track origin ~() 0
Particle-Induced X-ray Emission (PIXE)

X-ray emission Photoelectron near NR track origin 1.8 0

Auger electrons Auger electron from NR track origin 19.6 0
Bremsstrahlung processes’

Quasi-Free Electron Br. (QFEB) Photoelectron near NR track origin 112 ~

Secondary Electron Br. (SEB) Photoelectron near NR track origin 115 =

Atomic Br. (AB) Photoelectron near NR track origin 70 =

Nuclear Br. (NB) Photoelectron near NR track origin = ~()
Neutron inelastic vy-rays Compton electron near NR track origin 1.6 0.47
Random track coincidences

External v- and X-rays Photo-/Compton electron near NR track S ~()

Trace radioisotopes (gas) Electron from decay near NR track origin | 0.2 0.01

Neutron activation (gas) Electron from decay near NR track origin 0 0

Muon-induced d-rays Delta electron near NR track origin ~() =~
Secondary nuclear recoil fork NR track fork near track origin — ~
Total background Sum of the above components 1.5
Migdal signal Migdal electron from NR track origin 32.6

Astropart. Phys. 151 (2023) 102853
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https://doi.org/10.1016/j.nima.2024.169971
https://doi.org/10.1016/j.astropartphys.2023.102853

Backgrounds

Events per million NRs

Component

Suppressed
through energy
threshold

Neutron inelastic y-rays

Random track coincidences
External v- and X-rays
Trace radioisotopes (gas)
Neutron activation (gas)
Muon-induced J-rays

Secondary nuclear recoil fork

Topology

Compton electron near NR track origin

Photo-/Compton electron near NR track
Electron from decay near NR track origin
Electron from decay near NR track origin
Delta electron near NR track origin

NR track fork near track origin

D-D neutrons
>0.5 5-15 keV

Total background

Sum of the above components

Migdal signal

Migdal electron from NR track origin

L. Millins - UKHEP25 - 21/10/25
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https://doi.org/10.1016/j.nima.2024.169971
https://doi.org/10.1016/j.astropartphys.2023.102853

Backgrounds

Events per million NRs

D-D neutrons

Component Topology <05 515 keV

Suppressed

through energy

threshold
Neutron inelastic vy-rays Compton electron near NR track origin

Suppressed

through timing

resolution
Secondary nuclear recoil fork NR track fork near track origin -~ ~
Total background Sum of the above components 1.5
Migdal signal Migdal electron from NR track origin 32.6

Astropart. Phys. 151 (2023) 102853
12
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https://doi.org/10.1016/j.nima.2024.169971
https://doi.org/10.1016/j.astropartphys.2023.102853

Backgrounds

Events per million NRs

D-D neutrons

Component Topology <05 515 keV

Suppressed

through energy

threshold
Neutron inelastic v-rays Compton electron near NR track origin 1.6 0.47

Suppressed

through timing

resolution
Secondary nuclear recoil fork NR track fork near track origin ~
Total background Sum of the above components 1.5
Migdal signal Migdal electron from NR track origin 32.6

Astropart. Phys. 151 (2023) 102853
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