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Outline

1. Migdal effect in Dark Matter searches - why it is important ?

2. Migdal effect - what do we know so far ?

3. Migdal effect in nuclear scattering and its searches in different media
4. MIGDAL experiment at NILE

5. MIGDAL's First Science Run
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Dual Phase Xenon TPC

* Excellent 3D imaging capability
+ Z position from S| - S2
timing
+ XY positions from S2 light
pattern

" ; ; :
Gutdoing erume Xenon is easily purified

Particle indicates depth ‘Xenon e DENSE'
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Incoming
Particle

From LZ FSR
Background rate talk by H.L
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Dual Phase Xenon TPC

* Charge (S2) / light (S1) ratio
=> Signal vs Background discrimination

Electron
Recoil
Outgoing / ~N
Particle
——
O Nuclear
Recoil

; + Electrons and gammas interact

Incomin : . .

ikl with atomic electrons, produce
electron recoils (ER)

+ WIMPs (and neutrons) interact
with Xe nuclei, produce From LZ FSR
nuclear recoils (NR) talk by H.L
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. Ve ~ QC
Neutral projectile L.

(Dark matter or neutron)

Helium atom

Fine-structure constant: oo = 1/137



1. Low speed recoil: VHet+ K QC
- remain in ground state 5%

Neutral projectile \*\ : ‘.
(Dark matter or neutron) | 2 ngh.spged.recoﬂ.
“ i . -doubleionisation

- . (electrons ‘left behind’)
Helium atom :

Fine-structure constant: o = 1/137




Neutral projectile :
(Dark matter or neutron) \

Helium atom

Fine-structure constant: o = 1/137
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Xe atom

counts/keV/kg/day
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mpm = 1 GeV
‘Normal’ nuclear scattering
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Required matrix element is given by:

<\If}k} ‘eimev-za r,

\\Ifjj }) describes the bound atomic-electrons wavefunction

v = Nuclear recoil velocity

|\Il}k}) describes the final state wavefunction (excitation, ionisation, etc)

oy e
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<\I,}k} |eimev-2a r, \I!j;[j}>

the ‘dipole approximation’:

a=1 a=1

N N
Previous calculations made exp (imev , § :ra) ~ 14 imev - 2 :ra

Unclear if dipole approximation holds for neutron scattering processes (high v)
— and only allows for single ionisation processes to be accounted for

We keep the full exponential factor

(sounds easy but lots of extra work!) e BolaniE¥. iy

arXiv:2208.12222
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double-
lonisation

Single-ionisation
+excitation

Probability
o
(o))

_b .

single-

Excitation: ionisation
single e- \Ol
excitation: both e- 00: ——
(not visible on this scale) 0 1 9 3 4 5

Nuclear recoil speed v/(ac)

Previous calculations could only give the single-ionisation curve for v/a < 1
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dp,/dE, [keV ']

Most likely configuration for
single-ionisation:

Hard electron from inner-shell

Soft-electron from valence-shell
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single ionisation
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Most likely configuration for ionisation scenario with

1 hard- and soft-electrons:
Hard-electron from inner-shell with soft-electron

from valence-shell
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What do we already know about the Migdal effect ?

JOURNAL of PHYSICS 1941

A. Migdal publications:

e |onisation in nuclear reactions [1]

IONIZATION OF ATOMS ACCOMPANYING o- and B-DECAY

e |onisation in radioactive decays [2]

(Received November 15, 1940)

s R v e ey First observations of the Migdal effect in :

Arkady Migdal

1. Ionization accomanying f-decay  Hence the transition probability is of the

rder -

1. The probability of ionization of an 8 e GNE PESH AI h d 3 4]
i PO P L8 e s ey (2 ° a aeca )
without diffioulty caloulated if one makes
use of the fact that the velocity of a (the quantity y—E/me* disappears because
frolootron s uaually great as comparod the Lorentz contraction of the field is
with velocities of atomio eleotrons. compensated by an inorease of the latter,

1t is easily seen that in this case one  On the other hand, the probability of ) Beta deca 5]
can negleot the direct interaction of the joniziation by a esuddens change of auo-
fdecay eleotron with the atomic ones. The lear charge, as will b shown. is of the
ionizafion is due 10 the fact that the muo- ordor of 1/Z%. Hence the condition for
lear charge is changed within a time in- the direct intéraction to be small
terval which.is short comparing to atomic

S ot st ey i G @ e Positron decay [6]

direct interaction can be aotually neglect-  The condition (2) has a simple meaning
ed. The probability of an electron tran- in tho caso of n K-cleciron, becauss
sition due to the direct interaction is ac- (Ze'/hc)® = (V/c)'. Therefore, the direct

cording to perturbation theory: :x;:f::’nvmcnm ::D I,iwon!.,e ’;glezsizzr:ddm:; z{ zr)el; PY N u CI e a r S C att e ri n g [ ]

QUALITATIVE
METHODS IN
QuanTuM THEORY

A. B. Micpat | Frasencact approximately valid even for K-eleotrons
. i uranium.
= o : @ "2 One can caleulate the probability of

ionization by means of a sudden change
Vo, is here the matrix clement of the per- of the mnuclear charge in the following
turbation energy; @, = (E,—F,)/h—the fre- mannor. The above estimation shows that
quency corresponding to the eleotron transi- the W-funotion of atomio electrons dos
tion; 1t is of the order of atomic frequencies. not change when the decay electron is
The time interval « within which the de- emitted. Therefore, the transition probabi-
oay clectron traverses electron shells is lity is oqual to the square of the coeffi-
much smaller than the atomic periods. cient of expansion of the W-function cor-
5 Journel of Physics, Vo1, IV. Xo. §

[1] A. Migdal lonizatsiya atomov pri yadernykh reaktsiyakh, ZhETF, 9, 1163-1165 (1939)

. o o n : 1941)
[2] A. Migdal lonizatsiya atomov pri a- i 3- raspade, ZhETF, 11, 207-212 ( .
[3] M.S. Rapaport, F. Asaro and I. Pearlman K-shell electron shake-off accompanying alpha decay, PRC 11, 1740-1745 (1975)
[4] M.S. Rapaport, F. Asaro and I. Pearlman L- and M-shell electron shake-off accompanying alpha decay, PRC 11, 1746-1754 (1975) [5]
C. Couratin et al. , First Measurement of Pure Electron Shakeoff in the B Decay of Trapped fHe*lons, PRL 108, 243201 (2012) [6] X.
Fabian et al., Electron Shakeoff following the B* decay of Trapped °Ne* and >*Ar* trapped ions, PRA, 97, 023402 (2018) 17



What do we already know about the Migdal effect ?

e Observation of the Migdal effect in a decay

o Measured in 2'°Po and 2%Pu decays measuring a particles in coincidence with X-rays

emitted from K, L, ., and M-shell due to electron shake-off effect (emission of Migdal

LILII
electron)

e (Observation of the Migdal effect in § and B+ decay

o Measured in ®He* (B- decay) and also in "®Ne* and 3°Ar* (B+ decay) using an ion trap

coupled to a TOF recoil-ion spectrometer detecting recoils of ®Li?* and also '°F3* and 3°C|9*
None of the experiments was actually observing Migdal electrons.
e Migdal effect in nuclear scattering

o Extremely challenging and awaiting for its first observation 18



What do we already know about the Migdal effect ?

Tonization of an Atom in Nuclear Reactions

e P In nuclear collisions involving large energy transfer Conventionally the recoiling nucleus is treated as a recoiling
MerHops iy R neutral atom however as described by Migdal in reality it takes
QuaNTUM THEORY acquired by the nucleus is not too large, then it can carry its ' f th | t t t h d th | d t
electrons off with it, and ionization takes place only in the outer, some time for the electrons to catc up ... an IS may lead 10
weakly bound shells. For large velocities, on the other hand, the atomlc |On|sat|0n '
A. B. MiGpaL nucleus recoils right out of its electronic shells instead of carrying —>V
them with it. — g
We shall calculate the probability of ionization when a ,/ /,+\\\\ /’///44.»\\\\,
/ 2 e X / .
neutron collides with the nucleus (Migdal 1939). The duration of / / /,/—\\\\’\\ \\ / //—\\ \\ \\\
i 7 \ [/ N A
the neutron-nucleus collision is of order T~ R/v, where R is the Ji o A [ [ \ \
et i tet (N=34y # 11t (V) 441
nuclear radius and v the neutron velocity. This time is much \\ v A Y /) \ \\ \ 7 W) /
less than the electronic periods Togr 5© that the electron wave \\ \\\*\, et /’/ / \\ \\.\\‘\—/‘/ /.// //
function is practically unchanged over the duration of the collision, " // \\ e i
S —— S—— —
A.B. Migdal A long time ago, Migdal (1941, 1977) gave a rather simple formula for this
"Qualitative Methods in Quantum Theory” ionisation probability. The transition probability P; from an initial electron state / to
Advanced Book Classics CRC Press, 2000 a final electron state f is given by
5 G. Baur, F. Rosel and D. Trautmann
T P = |(¢f(r)| expli(m./h)vs i ()] "lonisation induced by neutrons”
deafialll o J. Phys. B: At Mol. Phys. 16 (1983) L419-L423

ProsLEM 2. The nucleus of an atom in the normal state receives an impulse which gives | L. Landau and E. Lifshitz
it a velocity v; the duration 7 of the impulse is assumed short in comparison both with the | "Quantum Mechanics :
electron periods and with a/v, where ais the dimension of the atom. Determine the probability | Non-relativistic Theory”
of excitation of the atom under the influence of such a “jolt’’ (A. B. Micpar 1939). Volume 3




Huge attention of the DM community to the Migdal Effect
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Migdal effect in dark matter direct detection
experiments

Masahiro Ibe,*? Wakutaka Nakano,* Yutaro Shoji* and Kazumine Suzuki®

@ICRR, The University of Tokyo,
Kashiwa, Chiba 277-8582, Japan

bKavli IPMU (WPI), UTIAS, The University of Tokyo, So far ~ 200 citations of

Kashiwa, Chiba 277-8583. Japan ’
E-mail: ibe@icrr.u-tokyo.ac.jp, m156077Q@icrr.u-tokyo.ac. jp, the Ibe S paper.

yshoji@icrr.u-tokyo.ac. jp, ksuzuki@icrr.u-tokyo.ac. jp

Migdal effect calculations reformulated by M. Ibe
et al. with ionisation probabilities for atoms and
recoil energies relevant to Dark Matter searches.

Papers in the past from:

LUX, XENON1T,

EDELWEISS,CDEX-1B,

SENSEI
Including targets:
Ge, Si, Xe and Ar

and claiming sensitivity
to WIMPs with mass
below 1 GeV

20



SuperCDMS, arXiv:1808.09098

EDELWEISS, arXiv:2203.03993
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Migdal effect in dark matter

direct detection experiments,

Ibe et al arXiv:1707.07258

Today
Dominated by Migdal



Why Migdal effect matters in DM searches ?

107%7
10738 i \

\
Towards low mass dark matter

(low A targets: Si, Ge, Ne, He, H)
Solid, gaseous, liquid detectors

G

THRESHOLD

Post LHC1 mSUSY constraint

10 | EXPOSURE
10_50 E T T T | e ae U ] L ; l’ T I; gl T T T TTT |
10° 10’ 102 103

Towards high sensitivity, large liquid detectors

Parameter space reachable exclusively by
the detectors with a low mass target
material

BUT not any longer

if the Migdal experimentally is confirmed in
elements such as Xe and Ar

and as a bonus it comes for free !

lonisation electrons treated so far as
background can contribute to
subthreshold signal from the low mass
dark matter particles making them
detectable.

22



Bell et al, arXiv:2112.08514
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Nakamura et al, arXiv:2009.05939
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Aratjo et al (MIGDAL), arXiv:2207.08284
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Experimental search for the Migdal effect with keV-level
xenon nuclear recoils at LLNL

High energy neutrons (14.1 MeV): enhance Migdal cross section, reduce neutron multi-scatter (NMS)
Tag scattered neutrons: obtain interaction time, reduce background with neutron time of flight (TOF)
Quasi-mono-energetic NR: reduce signal rate uncertainties from nuclear cross section and efficiency

Low scatter angle: reduce NR energy, separate Migdal events from pure NRs

Borate water shielding

Lead

Neutron detectors

Xe TPC
(>95% e- extraction efficiency
~10% light collection,

72 PHE/e- gain)

Array supported by
two thin SS sheets

Cross section [bar/Sr]
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Experimental search for the Migdal effect with keV-level
xenon nuclear recoils at LLNL

Experimental setup at LLNL
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Experimental search for the Migdal effect with keV-level
xenon nuclear recoils at LLNL

ER median

400
3
2} 2 i~ 10
2 300 10° z
£ = B 2‘3
3 2 e 02
2,200 e S, O
2 10 % 10’
100
: : . 0 - 10°
20 40 60 80 00 10 20
S1 [PHE]

S1 [PHE]

Data set used for the L-shell Migdal interaction (Egg>0.5keV) search

Data set used for the M-shell Migdal interaction (Egg>0.5keV) search

5.7+/-1.2 signals expected ~10 times fewer Migdal events estimated by fit
2 events observed than prediction, statistically consistent with 0

2.1+/0.9 backgrounds expected signals 26



Two cluster event topology to find the Migdal effect

cluster A

1.nuclear recoil cluster B
(Eng)
______
0 -———— »@5 = =~ 73.de-excitation X-ray
e (Edex)
) 4.de-excitation electron
(Eni - Egex)

2.Migdal eIectro?
(Eo)

Fig. 1 Shcematis mechanism of the reactions related to the Migdal effect.

Emitted Migdal electron creates a vacancy which triggers EL
de-excitation emitting characteristic X-rays and Auger
Electrons. Good in heavier atoms like Ar and Xe with multiple
electron shells.

Two spatially separated clusters:

A - from NR, Migdal electron, Auger electrons

B - from characteristic X-ray with well defined, fixed
energy

Distance between clusters : 2.95 and 2.19 cm for Ar
and Xe

Experiment is focused on the
reaction associated with the
emission of the characteristic
X-rays

Electric signal can be spatially
separated from NR with a choice of
gas and pressure

Requires TPC with good energy
resolution and segmented charge
(or light) readout.



Experimental Goal of MIGDAL

Observation of two simultaneously created tracks of the
lonisation electron and the nuclear recoil originating from the

same vertex
%uclear recoil
Neutron
' > oo

lonisation electron emitted due to Migdal Effect

We propose first observation of the Migdal effect with detection of the Migdal electrons. 23



ER and NR tracks in 50 Torr CF4

103
40 e~ (CSDA) . :
30 e~ (practical range)
20
= 2
e~ (mean range) g 10
= 10 [ — £
e " >
E v
% i threshold (4 E
c reshold (4 mm) © 10!
2 g ”
%5 12C L_g
©
Eo2 >
19F [J]
S 100
1
0.5
1071t
1 2 3 5710 2030 50 100 200 500 1000 3000 0 5 10 15 20 25 30 35 40 45
Energy [keV] Distance along track [mm]

Figure 2: Left — Track length in CF4 at 50 Torr for electrons (mean projected range calculated with Degrad [48], CSDA range with ESTAR [51],
and the practical range formula from Ref. [52]), and mean projected range for carbon and fluorine ions from SRIM [49]). Right — Electronic
and nuclear energy loss rates (CSDA) along carbon and fluorine ion tracks in CF4 at 50 Torr, calculated with SRIM and electronic energy
loss for 20 keV electrons obtained with ESTAR; called out values are interim particle energies (in keV) remaining at that point in the track.



Electron transport in 50 Torr CF,

CFy4, 50 Torr 103 CF4, 50 Torr
D il T D | T Townsend
0.14 0.14 coefficient
1
4 102
0.12 110.12
1 Attachment
! Ty coefficient
& 0.10 Drift ll 0.10 £ E 10t
.—«E velocity —_/ g L
] Pl —
‘E‘ 0.08 0.08 4? c 100
v}
- S s
S 0.06 Transverse 0.06 °>-’ &
= diffusion : Q
) doé 8 10—1
0.04 0.04
Longitudinal /
diffusion 1072
0.02 =] 0.02
0.0 m====2270" 0.00 1073
9.00 10! 102 103 104 102 103 104

E-field strength [V/cm] E-field strength [V/cm]

Figure 17: Electron transport properties of CF4 at 50 Torr. Left — Drift velocity and diffusion. Right — Attachment and Townsend coefficients.
Nominal fields in the drift (D), transfer (T) and induction (I) regions are indicated.



Energy-angle relation for D-D neutron scattering in CF,

and Migdal rates

do -1
aE [mb deg™!]

Recoil energy, Er [keV]

1 20
|

]
|
)

F19(n,n'1-2)
16.0%
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10.4%

! 10

60 40 20 0 0 10 20

do -1
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30 40 50 60
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Migdal search ROI:

ER and NR tracks longer than 4 mm

5-15 keV electron; >130/170 keV F/C NRs

Electron energy [keV]
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DD source: 8.9 Migdal events/day
DT source 29.3 Migdal events/day

After duty cycle, efficiencies, single-event frames .
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The MIGDAL experiment

Amplitude

neutron o~ R CF, gas

Low-pressure gas: 50 Torr of CF,
o Extended particle tracks
o  Avoid gamma interactions
o  Can stably work with fraction of Ar
TPC Signal amplification
0 2 xglass-GEMs (Cu + Ni cladded)

Readout :
o  Optical : Camera + photomultiplier tube
o Charge: GEMs + 120 ITO anode strips
High-yield neutron generator
o D-D:2.47 MeV (10°n/s)
o D-T:14.7 MeV (10™n/s)
o Defined beam, “clear” through TPC
Electron and nuclear recoil tracks
o Migdal: NR+ER tracks, common vertex
o NR and ER have very different dE/dx
o 5 keV electron threshold
5.9 keV X-rays from Fe-55 induce 5.2
keV photoelectrons from F for calibration
at threshold. 32



Current [fC/ns]

DEGRAD (electron track) H e H
TRIM (NR cascade and electronic dE/dx)

Anode strip readout

Mag!ooltz (drift properties) Induction/collection - S
Garfield++ (GEMs) (electronics P
Gmsh/Elmer & ANSYS (ITO and E-field) deconvolved) 5 #
77
Migdal event
150 keV F recoil Camera readout
+ 5 keV electron Diffusion + GEMs + noise Image analysis
0 5 25 75Inlt_f>eon5i3tgo[AD6L(J)]o 1200 2400 Deconvolution +
[ A AR RidgeFinder

—

1.2
1.0
0.8

0.5

0.2

Intensity [ADU x 104]

0.0

E— : 0.0 1.0 2.0 3.0 4.0 5.0 6.0
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The MIGDAL optical-TPC

Two glass GEMs one Cu-
and one Ni-cladded :

- thickness: 550 ym
- OD /pitch: 170/280 pm

- active area: 10x10 cm?

- total gain ~10°

ITO strips wire bonded to
readout

- 120 strips
- width/pitch: 0.65/0.83 mm

Two field shaping copper
wires

TPC inside of the central aluminium cube
Drift gap: 3 cm between woven mesh and cascade of two glass-GEMs (E
Transfer and signal induction gaps : 2 mm
Low outgassing materials; vacuum before fill 2*10° mbar; signal unchanged several days after fill 34

=200 V/mm for minimum electron diffusion)

DRIFT
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Light and charge readout

A\

ITO anode strips
Post-GEM ionisation
Readout of (x,z) plane
Pitch: 833 pym

Digitised at 2 ns/sample
(Drift velocity: 130 ym/ns)

qCMOS camera

(Hamamatsu ORCA - QUEST)
Detects GEM scintillation through
glass viewport behind ITO anode
Readout of (x,y) plane

Exposure: 8.33 ms/frame
(continuous)

Px scale: 39 ym (2x2 binning)
Lens: EHD-25085-C; 25mm f/0.85

VUV PMT (Hamamatsu R11410)
Detects primary and secondary
(GEM) scintillation

Absolute depth (z) coordinate
Digitised at 2 ns/sample [Trigger]

36




Glass-GEMs

. electron

280um

280um

280um

160-180um

<

) 100mm

Glass thickness : 570 um




Gas System
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Calibration with °°Fe — Pure CF,

Tests were performed with °°Fe (5.9 keV x-ray).
The gain was pushed high.
Head & tail is clearly resolved.

700 eV Auger electron from fluorine is visible.

Achievable energy resolution is high (o/u ~ 12.7%).
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ITO (Pure CF,)

Very good signal to noise.

Spatial resolution is not as good as came
(~0.83 mm pitch).

Good energy resolution even with no flat
fielding correction.

Analysis of ITO images is ongoing, meth

are still being refined.
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Calibration with *°Fe — Ar / CF,

The chamber was tested with a
fraction of argon at 50 Torr.

o 20 % Ar/80% CF,

o 30 %Ar/70% CF,

o 40 % Ar/60% CF,
Diffusion is greater.
Tracks are in general longer.
Stability is lower at high fractions

of Ar.

(or vice versa...)

Intensity [ADU]

30% Ar / 10%

Intensity [ADU]

Intensity [ADU]



No source

The detector sees high energy

electrons with frequency ~1 Hz.

Intensity [ADU]
Intensity [ADU]

Almost none of these tracks

terminate in the active volume.

Can see delta electrons emitted

along the track.

What is the source of these

Intensity [ADU]
Intensity [ADU]

events? Electron shower?




Fission fragments
e 37 Bq %°°Cf source was placed

internally ~10 cm from active

volume.
o 6.2MeVa
o 80 MeV Nd
o 105 MeV Pd

e Testing the dynamic range limits of
the detector.

e At this distance the Nd/Pd have
dE/dx comparable to nuclear recoil
tracks produced by DT (14.7 MeV)
neutron scattering.

e All fission fragment tracks produced

sparks.
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Alphas

e 252Cf source was moved back to ~20

cm from active volume.

e At this distance Bragg peak for a

terminates in the active volume.

e dE/dx comparable to nuclear recoil
tracks produced by DD (2.47 MeV)

neutron scattering.

e Can simultaneously observe a and 5
keV phe!

Not from 252Cf

source?
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Alphas with ORCA Quest

0 1

e Testing operational
stability with 37 Bq 2°2Cf
source in 50 Torr CF,.

e The new camera
produces very
good-looking images!

e The optical distortion
and lens field curvature
are visible towards the
edges of the image.

Intensity [photoelectrons]
5 6 7 8 9 10

*4 alpha tracks spliced




Afterglow with ORCA Quest |

0 1 2

® In the following frame of each Artefact of
alpha track, we see an Spl,iizng
afterglow of ~1 photoelectron '

in many pixels.

® This does not seem to vary
with exposure time.

® \We are in contact with
Hamamatsu.

*4 alpha tracks spliced



Alphas in the ITO strips

Amplitude [V] Amplitude [V]
0.000 0.025 0.050 0.075 0.100 0.00 0.02 0.04 0.06 o0.08

o The signals from alpha
tracks create a ‘ripple’ in the
ITO strips.

o ITO strips 1 & 62, 2 & 62 etc.
are connected. This is ok for

nuclear recoils as no tracks

will be longer than 5 cm.

ITO strip channels 60
strips apart are
connected for readout
efficienc



Intensity [photoelectrons]
2000 3000 4000 5000




Table installed
with lead
under-shield

NILE facility

e NILE facility is at TS2, ISIS
e \We packed up the chamber and
moved it from lab 7 to NILE

mid-May.

Chamber driven over to
NILE




Assembling at NILE

7
My




Assembling at NILE

O-TPC

\ “

DD generator

To Gas System

264.3 100
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30 cm long collimator

Active volume
(100 x 100 % 30)




Experiment installation in the NILE bunker

o r
O \
@] e > / y f

= = w— T Wl R | = |
[ SO |

MIGDAL experiment fully assembled at NILE

e Lead shield: 10 cm
e Borated HDPE shield : 20 cm
e Collimator HDPE+ lead : 30 cm long
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First Science Run (Summary)

e The First Science run took place from the 17" of

July to the 3 of August. —
e Data taken using D-D neutron generator, with a " 154
lower NR rate than designed, is recorded £
continuously during 10 hour long shifts, and 2
includes significant fraction of empty frames. a
'c =
e Frames taken with 20 ms exposure time. Longer g8
than planned due to problems with camera’s Linux §§
firmware. ——
2
e Data taking interspersed with regular calibration = 54
runs (*°Fe) to monitor the gain of the detector. £
®)]
e \oltage across GEMs increased by a small amount
each day to keep constant gain. Lo~ MGDALPreliminary
S ol A Al ol 0 0 A0 L PR AR AP R
e Total gain in GEMs tuned to a threshold required to SRR gl e
see fully resolved *°Fe peak. Date

e Average spark rate ~ 7/min due to high dynamic
range the detector operates at.

54

e Half of the data is blinded.



Detector calibration

GEM AV [V] GEM AV [V]
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£ 1ottt Slel @Rt L% oL e 2250 o % I
- o ®e ® s Lod e °8
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= 08 T 200 .
L ]
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< 22 35.0
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?21* $ae0 32.5 +§ “?,;
E ol + ¥ 1, : Bl B IR
5 207, s o $ o2 ®300{ | ¢ F PO 4 <
2 b4 |4 Waaldg L pEd £ A R A .
o 19+ + # ; @ o P w ° é ® e 3 5 b ‘ 2 £
4 ¢ B = 27.5 ¢ 85 ¥ ELIR Nk A
S t 4 ) = f : 2 . o° o e | @ ° o
s 18 : IR PRI IR
E & 25.0 ° ; % ° 5 5
E . T
16 225

R A NN A @8 oS g8 A S a8 a8 o8 e A a8 oS! oS S P I R pi®
SFe calibration performed several times per day.

Energy scale is consistent over the course of the science run with ~20% variation.

Resolution in ITO ~20% and in camera ~ 25 - 32 % camera readout depending on the gain.

Further improvements are expected with better calibration methods.
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Examples of events (Single Nuclear Recoil)
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Examples of events (Migdal-like event)
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Examples of events (Migdal-like event)
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Examples of events (Migdal-like event)
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Examples of events (Migdal-like event)
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Examples of events (Migdal-like event)
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Enter YOLO (You only look once)

YOLOVS is a state of the art object detection algorithm that simultaneously locates
(draws a bounding box) and identifies objects of interest in an image

We train YOLOv8 on measured data to

y [Pixel]

5 5 - Pl - - - identify ERs, NRs, protons, alphas,
| 40 | sparks, camera afterglow, rolling shultter,
1000 S ——————————————————————————— ————— etc.
- HER 77777 30 | Benefits:
5 | | | 1. Can identify multiple particle species
600 3 zog within a continuous cluster
B > | 2 Nottrained specifically to find Migdal
00 e T SO L I s R ety RS SR R candidates —robust and doesn’t
W CoincidentCrecoil+ | —— n need to be trained on simulation!
| 3.  Single-shot identification and
00 20 50 70 1000 1250 1500 1750 20000 ana/ySiS of tracks
% [Pixel] 4. Enables real time °°Fe calibrations

and ER/NR event rate counting
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https://arxiv.org/abs/1506.02640
https://github.com/ultralytics/ultralytics

The data processing pipeline

(1) Dark subtracted image

1000
800

> 600
400

200

0
0

=

250 500 750 1000 1250 1500 1750 2000
X

(2)

Downsample

/ **At this stage we \

train YOLOVS8 by
hand labeling
bounding boxes

**

200
150

100

; X

0
k 0 50 100 150 200 /
X

(3) YOLOV8
predicts

bounding
boxes

-/

Retrain as .
needed g

/

\

(4) Perform analysis on each
bounding box, computing qtys
such as: Intensity, track length,
angle (with head/tail), bounding

box centroid

~

=)

)

/

each bounding box, as
well as extracted
physics information

\

(5) Save coordinates of

~

)

This entire pipeline reduces
data size by a factor of
~5,000, runs at 200 fps on a
consumer desktop GPU, and
is integrated with the MIGDAL
DAQ — Real time feedback!
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Application to MIGDAL searches

e |Initial science run recorded from July 17th 2023 - August 4th 2023

e Collected an unblinded dataset consisting of 10 million 2,048 x 1,152 images
o 20ms exposure — We expect coincidences in the camera frames

(3) Map bounding boxes to raw
image and compute the distances

(2) Find frames

(1) Initial sample of containing at least 1 E??wgiirr]u;\:r? Vbeorggis and centers of
(10 million frames) ER and 1 NR 9 o
(~25,000 frames) % 0 o 20 o B so 60 0w
(4) Filter frames based on :
distance between ER and NR 00750 1000 T1s0 1500 1750

(~1,000 frames with d < 7.5mm
and NR > 100 keV_)
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3D track reconstruction
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3D track reconstruction
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3D track reconstruction

Integrated Intensity [au]
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Summary

e The MIGDAL experiment aims to perform an unambiguous observation of the Migdal effect.
e First science run took place with DD neutron source at the NILE facility at RAL.

e The detector performed well through the weeks of operation with highly ionising NRs.

e More data to be taken later in September. Regular calibration runs performed.

e Analysis of recorded data underway.

e 50% of recorded data are blinded.

e Stay tuned for results !
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https://migdal.pp.rl.ac.uk

Signal / background

D-D neutrons

D-T neutrons

D Tepeloy >0.5 5-15keV  >05  5-15 keV
Recoil-induced é-rays Delta electron from NR track origin ~0 0 541,000 0
Particle-Induced X-ray Emission (PIXE)

X-ray emission Photoelectron near NR track origin 1.8 0 365 0

Auger electrons Auger electron from NR track origin 19.6 0 42,000 0
Bremsstrahlung processes’

Quasi-Free Electron Br. (QFEB) Photoelectron near NR track origin 112 ~0 288 ~

Secondary Electron Br. (SEB) Photoelectron near NR track origin 115 ~0 279 ~

Atomic Br. (AB) Photoelectron near NR track origin 70 ~0 irl ~

Nuclear Br. (NB) Photoelectron near NR track origin > ~0 0.013 ~0
Photon interactions

Neutron inelastic y-rays (gas) Compton electron near NR track origin 1.6 0.47 0.86 0.25
Random track coincidences Photo-/Compton electron near NR track 0 ~0 ~0 ~0
Gas radioactivity

Trace contaminants Electron from decay near NR track origin 0.2 0.01 0.03 ~0

Neutron activation Electron from decay near NR track origin 0 0 = =
Secondary nuclear recoil fork NR track fork near track origin - ~ - ~
Total background Sum of the above components 1.5 1.3
Migdal signal Migdal electron from NR track origin 32.6 84.2

T These processes were (conservatively) evaluated at the endpoint of the nuclear recoil spectra.



