Direct observation of the Migdal effect induced by neutron bombardment
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Dark matter experiments

WIMP dark matter searches, PIC-2025
e Look for annihilation products of dark matter collisions
e Space and land based telescopes
e Typically look in “boosted” signal area (sun or gravitational
well where DM collects)

thermal freeze-out (early Univ.)
indirect detection (now)
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production at colliders

e Produce new particles in
high energy collisions
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pdf & DOI [4 cite [ reference search %) 329 citations
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)
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SuperCDMS Collaboration = M.F. Albakry (British Columbia U. and TRIUMF) et al. (Feb 17, 2023)
Published in: Phys.Rev.D 107 (2023) 11, 2023 « e-Print: 2302.09115 [hep-ex]

pdf @ links & Dol [4 cite [@ reference search %) 43 citations
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EDELWEISS Collaboration = E. Armengaud (IRFU, Saclay) et al. (Mar 8, 2022)
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Detector Requirements

ER: 5.9 keV , NR: 300 keV

e ER~keV, NR~hundreds keV

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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GMCP-Performance Stability

e Suppress the charge
accumulation effect

10.1016/j.nima.2023.168499
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Performance Stability/Gain

 low leakage rate and material L4 i
degassing rate specifications - e s
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Spatial resolution

various gas mixtures:
He/Ar/Kr/Xe+CO,/CH,/i-C,H,,/DME(C,H;O)/CF,

70,

10.1007/s41365-021-00903-0
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adaptive cutting

: : vertex reconstruction
Parameter testing for various high-granularity device
gases and gas mixtures

20


https://link.springer.com/article/10.1007/s41365-021-00903-0
https://link.springer.com/article/10.1007/s41365-021-00903-0
https://link.springer.com/article/10.1007/s41365-021-00903-0
https://link.springer.com/article/10.1007/s41365-021-00903-0
https://link.springer.com/article/10.1007/s41365-021-00903-0
https://link.springer.com/article/10.1007/s41365-021-00903-0
https://link.springer.com/article/10.1007/s41365-021-00903-0

ER vertex reconstruction

e Determine the economic center of gravity and its
trajectory based on ignition point and energy
deposition.

e Calculate the sign of, My, Mg = ¥4, (d3 % q),
determine the head and tail(Bragg peak) of the
trajectory

e Slide a perpendicular line along the center of
gravity, compute the second-order moment M, to
measure trajectory curvature, and truncate at the
point of maximum M, change for a straightened

pixels
2 2
M, % (’xn_xl) +(J’n_)ﬁ)
e Recalculate the center of gravity and its line for

path.

the truncated trajectory to identify the
photoelectric interaction point and emission
direction.
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Time resolution

- GMCP trigger : 100 Mhz (10 ns)
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Events discrimination at same frame
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Detector performance

Energy resolution Dynamic range Vertex resolution Time resolution
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Scintillator @

D-D source monitoring

Scintillator @

n/gamma spectrum meas.

Scintillator 3@

D-D source monitoring

Working gas:

0.8 atm @ ~300 K
40% Helium + Dimethyl ether (DME,C,H;O)
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At

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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1. DeltalB F A&

;‘ 6 g 25 B ! | ! ! ! | | —
> 5.5E - Prob 0.4509
= ke B p0 87.21 +48.75 -
> UE 20 pl 099740263
= 4.5E - ]
) 4 = [
m S 15 - } & ray
35 ; E Exp fitting (Integral: 0.59 +/- 0.40) -
3E 10 E
2.5E N
2E 51 ~
1.5E : g
_ 1 C 0 I L N 4 . L 1 L L L
r\-\;‘:‘\.uﬂ :“:‘v‘ a;::-o‘: 0 1 2) 3 2 4 6 8 10
s gt s Hadron Energy [MeV] No & above 5 keV were found. keV
Only H has the  electron > 5 keV. Estimate by extrapolating from

the exponential fit

e Consider the selection efficiency for d-electrons.

e Finally get: 0.035+0.023(stat.)
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2. Radom track conincidence
Method 1: n/y spectrum measured by LS + GEANT4

AN S R S S R 3
-m Compton e- | photonEle £.0E  Neutron spectrurﬁ
- —= : E§ 006 \iean 24970003 E
432x107> 1.06x 10 : ] 0.05F  Sigma 005408000497 | 3
107 F E 3 ! E
E . E 0.04 - + + 3
I 1 6.06 x 107® ~3.63x 1078 - ] 0.03E + E
107 g - - - | E 4 t 3
R E 0.02f A
1l 1 311 %x10~® 7.15x 10~7 oL e ——— 0.01 i—* o ,u.~»,“.,,,m*+ LS
E PR W W (N T TR TN TR (N TN T T S N SN T T ﬁ 0 ;l' i L ..' L L -'“-“T““?W.“I 1 ] L L 1 L 'I.""'V‘.-
1 2 3 4 1.5 2 2.5
Energy [MeV] Energy [MeV]

» 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.)

[a—

> E » L L L
= 0.9 5 100 E E
= Q 1 — .
o 0 - | I ]
Q 08 ,-O - | _
—
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
L P PR [_] SingleN_Computon
5 10 15 | Method 2 data
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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
NR
Niot

n

-2 log(A)

(

ER _ bg
obs ™ obs X
accéNRER (HEEI){S ogs)
NR
”tot SER Mot
€accétNR
-3

Min at n = 40.08

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII IIIII'I'

lIIIIIIIIIIIIIIIIlIlIIllIIIIIIIIIIIIIIII

5
-6.5 .

20 0 e 80
Result: 4.9%4:5x 107°
Theory: 3.9 x 107> .



The total transition probability

Z dp'(nl - E,)
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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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arXiv:2511.15130
3 Mcbi1) - DESKTOP-BINFIES Model 527 SN 22097268 Input 1 350
- D-D source test, Nov.,2025 oo
00 e 5.9 keV oo
] E E C
£ :gg Topmetal-L E ok TOpmeta|-L -
o 5.9keV 50%Ar + 50%CO, : .
= photonelectron E - neutron direction| |
60F E - <
50F % E 1 atm, Fe-55 - |
E E 150 —
40;— — E 400
30F E 100 |- 50%Ar + 50%C02
20F E - Topmetal-Il 200
10;— | mm —; Ar kG ~3.0 kev 50:_ 0-75 atm
00-”I2|0I“4I0I”6IOHI8I0\_”100 05 N T E—
arXiv:2511.09863 = [Pxell ’ 100 700 500 0 00



https://arxiv.org/abs/2511.15130
https://arxiv.org/abs/2511.09863

e The Migdal effect plays a very important role
in light 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!



	幻灯片 1
	幻灯片 2
	幻灯片 3
	幻灯片 4: WIMP
	幻灯片 5: 从卢瑟福散射实验说起
	幻灯片 6: Dark matter experiments
	幻灯片 7: 直接探测暗物质实验
	幻灯片 8: 直接探测暗物质实验
	幻灯片 9: Migdal效应
	幻灯片 10: 中性粒子碰撞中的Migdal效应
	幻灯片 11: 利用Migdal效应直接探测暗物质实验
	幻灯片 12: 轻质量暗物质区间的探测限—由Migdal效应主导
	幻灯片 13: 国际上中性粒子Migdal效应实验
	幻灯片 14: Migdal事例的特征
	幻灯片 15: Migdal事例的特征
	幻灯片 16: Detector Requirements
	幻灯片 17: MARVEL 实验装置示意
	幻灯片 18: GMCP-Performance Stability
	幻灯片 19: Performance Stability/Gain
	幻灯片 20: Spatial resolution
	幻灯片 21: ER vertex reconstruction
	幻灯片 22: Vertex resolution
	幻灯片 23: Energy calibration
	幻灯片 24: Time resolution
	幻灯片 25: Events discrimination at same frame 
	幻灯片 26: Detector performance
	幻灯片 27
	幻灯片 28: 事例挑选
	幻灯片 29: Migdal 事例
	幻灯片 30: 更多的Migdal事例！
	幻灯片 31: 全部通过YOLO识别！
	幻灯片 32: 电子与核子径迹
	幻灯片 33
	幻灯片 34
	幻灯片 35: 2. Radom track conincidence
	幻灯片 36: Radom track conincidence
	幻灯片 37: Cross section ratio calculation 
	幻灯片 38: The total transition probability
	幻灯片 39: Upgrade in progress
	幻灯片 40: Upgrade in progress
	幻灯片 41


   𝒎  𝑫 𝑴


   𝒎 𝑵


  𝜽


   𝑬  𝒓 𝒆 𝒄


   𝒎  𝑫 𝑴


   𝒎 𝑵


  𝜽


   𝑬  𝒓 𝒆 𝒄


   𝑬 𝒆


   𝑬 N


   v N ≫ 𝛼 c


   v N ~ 𝛼 c


   v N ≪ 𝛼 c


  𝒏 / 𝝂 / 𝛘


   𝑬 𝒆


  𝒏 / 𝛘


   E det =  E  er , obs +  E  nr , obs


   E  er , obs   =  E er −  E bind


   E  nr , obs   =  E nr ⋅  𝜀 QF


   M d


   M d =   ∑  p o i n t   (  d 3 × q )


   1 /   E


  μ


  μ s


  5   k e  V  e e < E e < 10   k e  V  e e ,    E  n r > 35 k e  V  e e


  4 . 32 ×  10  − 5


  1 . 06 ×  10  − 5


  6 . 06 ×  10  − 6


  3 . 63 ×  10  − 8


  3 . 11 ×  10  − 6


  7 . 15 ×  10  − 7


          4 . 9  − 1 . 9  + 2 . 6 ×  10  − 5


    3 . 9 ×  10  − 5


  H


  H e


  C


  O


  ( n , l )


   E e


    ∑  n l    d  p i  ( n l →  E e )  d  E e


    4 . 9  − 1 . 9  + 2 . 6 ×  10  − 5

