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Migdal effect and WIMP search Cirn

CLUE

Migdal effect (rare event)
« Atomic ionization or excitation occurs when a nucleus suddenly moves.
Migdal effect induced by nuclear recoil (NR)

 Since the additional electronic signal can be detected,
the sensitivity to low-mass WIMP is enhanced.

* First direct observation was reported in Jan, 2026 (next talk).
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Migdal effect and WIMP search Cirn

CLUE

Migdal effect (rare event)
« Atomic ionization or excitation occurs when a nucleus suddenly moves.
Migdal effect induced by nuclear recoil (NR)

 Since the additional electronic signal can be detected,
the sensitivity to low-mass WIMP is enhanced.

* First direct observation was reported in Jan, 2026 (next talk).

© It is important to observe Migdal effect in Ar / Xe
to apply it to WIMP searches!
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MIRACLUE experiment Cvirn

CLUE

Migdal effect search in neutron beam experiment
 Target gas: Ar / Xe «direct interests in DM searches!

 2-cluster method using gaseous TPC (PTEP 2021, 013C01)
* NR + characteristic X-ray of Ar
* Measure energy of each cluster and distance between clusters.

Distance between clusters

Cluster A 500
_ Target channel LR Tafm
(D Nuclear recaoil S 450 -
S 400 E- Expected SIG+BG
N -
K-shell S 350 SIG: Migdal (cut3)
O -
®_ -~ Cluster B 3001 [ | e BG: intrinsic neutron (cut3)
eV E L
© © 2000 o
(2 Migdal electron ©), Characterlstic X-ray 150 | &1t
100 |
50 -
O:- 111-lLLLLJl.li"1‘7‘111»11111_111_1_11‘1'__J.L1_L_‘L
0 2 4 6 8 10 12 14 16 18 20

cm

9th edition of the international CYGNUS workshop )



MIRACLUE experiment

Migdal effect search in neutron beam experiment
» Target gas: Ar / Xe «direct interests in DM searches!
 2-cluster method using gaseous TPC (PTEP 2021, 013C01)

* NR + characteristic X-ray of Ar

@MIR/\
CLUE

* Measure energy of each cluster and distance between clusters.

Cluster A

_ Target channel
(1 Nuclear recoil
K-shell
®_ - Cluster B

&W\/W‘\v@
o B 3keV

(2 Migdal electron

©) Characterlstic X-ray

© Distance distribution between clusters
can distinguish signal from BGs!
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Argon-based
gaseous U-TPC



Detector overview €A

CLUE

A gaseous u-TPC based on NEWAGE detector Drift Cage
» A gas mixture of Ar and quencher is filled (30cm)3

at a total pressure of 1atm. |

* Measure energy and 3D position
of charged particles.

ionization

cathode
strip

JOpm

M-PIC:
2D-strip readout s
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Readout board

GBKB (Giga Bit Kobe Board)
»Capable of 128 ch readout per board

3D position is reconstructed by hit information.
« Strip address (2D) + Arrival timing (1D)

* Energy is calculated using FADC information.
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DAQ system

o5

gMIR/\
CLUE

12 boards were used to read out an area of (30 cm)? with a pitch of 400 um.

For details:
Shiori’'s poster
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Transverse Diffusion [um/cm”0.5]

o,

€MIM
CLUE

Gas mixture

Gas mixture: Ar (91%) + C,H¢ (8%) + CF, (1%)
« Reduce the number of non-Ar nuclei and keep discharge tolerance

 Non-Ar nuclei also cause 2-cluster BGs.
(ex: Multiple scattering, Accidental coincidence)

« Keep detector performance (position resolution, detection efficiency)

operation point: 150V/cm

!

Drift Velocity
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CF, has the effect of suppressing diffusion
and increasing drift velocity.
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Portable X-ray source (Cu K, 8keV)

©Measured gas gain and R
energy resolution meet requirement. s
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Event
map—

45 | Energy spectrum

counts/bin

(@]
gllllllllllllllll
1

o
N
£
-
o

Gas gain
| ~3 x 104

| o/E ~20%

25

20

15

10

: L Jul | Lot Ly e L
8 energy [keV]

9th edition of the international CYGNUS workshop 12



Evaluation (drift velocity)

Neutrons and y-rays emitted from 2>2Cf were used. cf | fop
* Measure the time difference .
between the trigger and the TPC signal. f_sed as N
. . . rigger
©lt was confirmed that the measured drift velocity W
meets the requirement. ﬁrr:;
bottom
bottom top Detector Performance
@ 240 : -
g 220 4+— ~30cm ——> Parameter Measured Required
200;— : ) 4 4
::2: (5.258 + 0.005) cm /s Gas gain 2.8 x 10 > 10
1ok £ Energy 33% 60%
w= 8 resolution | @3keV @3 keV
1225_ ° Drift velocity | 5.3cm/us | > 4.0cm/pus
60—
208 > ~57O clock (5 7ps) o
00 | 400 600 I 80 A 0(”)0
200 Clock (100 MHz sampling)
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Evaluation (drift velocity)

Neutrons and y-rays emitted from 2°2Cf were used.

 Measure the time difference

between the trigger and the TPC signal.
©Olt was confirmed that the measured drift velocity

meets the requirement.
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Parameter Measured Required
Gas gain 2.8x10% |>10*
Energy 33% 60%
resolution @3keV @3 keV
Drift velocity | 5.3cm/us | > 4.0cm/pus

© Gaseous TPC is ready!
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Neutron beam
experiment



Experiment overview Cvirn

CLUE

November, 2025@AIST, Japan Experimental Parameters

« Neutron beam: Li(p,n)’Be reaction (565keV) Livg time: 1105 sec
Incident: ~10° neutrons

* LiF loaded (50%) polyethylene shielding Triggered: ~106 events
« avoid laboratory (n,y) BGs

 Detectors are calibrated before / after physics run.

.
| Experimental setup

: ‘j . - i - s‘" .. "I-
LB & 1B = = - s NS
. AN =,
:} ”:' » ; . ———— i ‘ "’{» v-‘lfﬁ ;':' \.

Nal scintillator
« gamma flux

SHe detector
* neutron flux

9th edition of the international CYGNUS workshop 16



Data-taking (Monitoring)

The DAQ status was monitored using Grafana.

KMArT(MADELEINE) status
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Data-taking (Monitoring)

The DAQ status was monitored using Grafana.

readout board current GEM / p-PIC current
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0.2uA

16 A

A

2025-11-04 .

17:07:40 " A P e o

+0900 JST 6A __,..'_r‘_'_l'_.,"._,.d e

DuA
1610 1695 16:20  18:25  16:30  16:35 1640 1645  16:50  16:55 1700 1705 1610 16715 16:20  16:25  16:30  16:35 1640 1645 1650 16:55 1700 1705
33V Last* 156 A = +25V Last*:508A = -25V Last* 776 A = GEM top Last* OuA == GEM bottom Last*:0uA == anade Last*: 0160 uA

CAEN N1471A GEMs ancde voltages

trigger rate (TPC)

""'.", o afessete 000000000,

iz [ ] L] [t v v
1610 16115 16:20  16:25 1630 16:35 1640 1645 16:50 55 1700 1705 1610 1615 16:20 16:25  16:30  16:35 1640 1645 16:550 1655 1700 1705 1610 16115 16:20 16325 1630 16:35  16%40 1645 16:50 1655 1700 1705
= realtime Last *: 248 Hz == livetime Last *: 616 Hz = +33V Last* 380V = +25V Last*:200V = -Z5V Llast* 255V = GEM top Last* 1000V == GEM bottom Last* 680V == ancde Last*: 400V

trigger rate (3He) trigger rate (Nal)

TkHz [
TkHz 10 uA

100 Hz ¥
5 sua

®
10 Hz 100 Hz

@
T BuA

e . o, S88083533383232228888203388 5
* 1] Sel, 10 Hz 3 4uA
100 mHz ..‘:2 ":::.".'::.:.-.!:. 2 uA
. . . ]

10 mHz 2

1670 165 16:20 16:25 16:30 16:35 1640 1645 1650 16355 17200  17:05 1610 1695 1620 1625 16:30 1635 1640 1645 1650 1655 17200 1705 ouA

= total rate == ROI (3He snergy rangs] == ROI2 (lowensrgy BG & neise) otal rate == ROI1{<100kaV) == ROI2 (400-600keY] == ROI3 (600-1000keV] == ROI 4 (1-8MsV) I =R
= drifttop Last* 12.8 uA

beam OFF beam ON beam OFF beam ON beam OFF beam

9th edition of the international CYGNUS workshop



Data-taking (Quality check)

Quick analysis using partial data
* NR candidates are observed.
 Track length can separate NR / ER.

-
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10
E 9 ) anode (file ID: 0, trig. ID: 1402)
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CLUE
T T T e el 0 v s 1
' lysi ing partial data eI !
Quick analysis using p 13 'ER candidate |
* NR candidates are observed. | ‘0 . Energy: 19keV !
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cLUGE
Quick analysis using partial data i ENN :M.Téli_c];_a_n_cﬂcia_ié_ |
 NR candidates are observed. i W ' Energy: 19keV !
* Track length can separate NR / ER. G UL Ee_qqt[l_§_0_0_r[l_'
SEE it |
| l |
B I
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3 H _ I NR candidate

Energy: 16keV |
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© proper data-taking is confirmed! | = [ 1|11} e |
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The way to derive branching ratio

In this analysis, branching ratio is calculated as follows.

Migdal event candidates

«sheny Ar nuclei recoil events

@ Ar nuclear recoil events (Nj,)

* The following BG events need to be subtracted.
* Non-Ar nuclear recoil events (Nycp)
 The number of events induced by gamma ray (N,)

@ Migdal event candidates (Nj;,)

CCCCCCC

(1) recdil @ Cluster B
(Eng)

= . i
————— — = = 3) De-excitation X-ray

- ) (Eder)

(4) De-excitation electron
(Eni - Egex)
(2) Migdal electro? 3 keV
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N, estimation Cvirn

CLUE

ROI (Region of Interest): energy < 20.5keV and length <2cm
« 20.5keV is the maximum energy detected in Ar nuclear recoil.

length [cm)

Nobs = Nar + Nycr + Ny

Breakdown should be obtained.

L Ll 1 """|IIII|IIII|IIII
0 25 30 35 40 45 50

energy [keVee]
9th edition of the international CYGNUS workshop 24




N, . estimation Cvirn

CLUE

ROI (Region of Interest): energy < 20.5keV and length <2cm
« 20.5keV is the maximum energy detected in Ar nuclear recoil.

—

1. N, is obtained by extrapolation
from events within the green region.

length [cm)

Nobs = Nar + Nycr Ny

Breakdown should be obtained.

L Ll 1 """|IIII|IIII|IIII
0 25 30 35 40 45 50

energy [keVee]
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N, . estimation Cvirn

CLUE

ROI (Region of Interest): energy < 20.5keV and length <2cm
« 20.5keV is the maximum energy detected in Ar nuclear recoil.

1. N, is obtained by extrapolation
from events within the green region.

length [cm)

2. The ratio between N, and Nycr
is obtained by MC simulation.

Nobs :+ Nucr - N,

Breakdown should be obtained.

25 30 35 40 45 50
energy [keVee]
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N, estimation Cvirn

CLUE

ROI (Region of Interest): energy < 20.5keV and length <2cm
« 20.5keV is the maximum energy detected in Ar nuclear recoil.

1. N, is obtained by extrapolation
from events within the green region.

length [cm)
o

7 2. The ratio between N4, and Nycp
6 is obtained by MC simulation.

244628
4] Nobs :+ Nycr + Ny 115770

Breakdown should be obtained. | |[raFIeLIk
Nar | 79297

25 30 35 40 45 50
energy [keVee]
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Nsigz estimation

-
gMIR/\
CLUE

K-shell Criteria (KC) : requires at least one (3.0 + 1.5) keV cluster
>In addition, we require the energies of both clusters be less than 20.5keV.

—~anode -~ cathode -

I i i
i i §
s l ; s

L __ 18keV
| | 4+
| 2 5keV
il
distance:3.9cm

bbbl kb

bl

tParticular 2-cluster event satisfying KC

I RN

A=
B

counts/sec/keV

10

107

1072

107

1074

by 2-cluster T
method |

C Il nothing

- :::::*uﬁ*ﬂp . I 2-cluster

; + +H +++++++++ + ++++++++++ . B KC

|t fit Hi et ¢
‘......».m.‘..

0 10 20 30 40 50 60 70 80 90 100

energy [keV]

Applied cut Passed events

Nothing 1.2 x 10°
2-cluster
KC
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Nsigz estimation Cuvirn

CLUE

K-shell Criteria (KC) : requires at least one (3.0 + 1.5) keV cluster
>In addition, we require the energies of both clusters be less than 20.5keV.

—~anode -~ cathode -

o F_
g | ; ; I
l - by 2-cluster T
1 -
- method _
C Il nothing
‘ 18 keV 107" E—++:f1;:+*++m+++ . I 2-cluster
T g, K
¢ || 25kev 0L + ft gt
. it
distance:3.9cm 107 -
btditbiidod) b, bl il
s qoelld o Lo b Lo Lo Lo Lo Wb Lo Loy

0 10 20 30 40 50 60 70 80 90 100
energy [keV]

tParticular 2-cluster event satisfying KC _
Applied cut Passed events

©2-cluster method can reduce BGs Nothing 1.2 x 10°
by 3 order of magnitudes! 2-cluster 3499
KC 1058

9th edition of the international CYGNUS workshop 29



Branching ratio of Migdal effect Cien

CLUE

Based on the ana.lysis performed so far, preliminarv
* Ar nuclear recoil events (Na,): 7.93 x 104 ' -
* Migdal event candidates (N;;) : 1058

Theoretical branching ratio is 10°—1058 events are thought to be BGs.

The conservative upper limit of branching ratio

Nsig+1.96,/Nsig  1058+1.96%/1058

_ —2
Nar 7.93x10% =14x10

* BR <

(95% confidence level)
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Branching ratio of Migdal effect Cien

CLUE

Based on the anélysis performed so far, preliminarv
* Ar nuclear recoil events (Na,): 7.93 x 104 ' ”
* Migdal event candidates (N;;) : 1058

Theoretical branching ratio is 10°—1058 events are thought to be BGs.

The conservative upper limit of branching ratio

Nsig+1.96,/Nsig  1058+1.96%/1058
Nar - 7.93x104

* BR < = 1.4 x 1072

(95% confidence level)

© first constraint with an argon target.

(Further BG study is needed to observe Migdal effect.)
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2-cluster Backgrounds

Discrimination of 2-cluster BGs is essential.

 Accidental coincidence events are thought to be dominant
because of the shape of distance distribution.

» The contribution of gamma BGs should also be estimated.

counts/sec/cm

]
LT

wa ftt fl
oot preliminary HM

distance distribution between clusters
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Conclusion €virn

CLUE

« MIRACLUE: Migdal effect search for low-mass WIMP search
* BGs are discriminated using 2-cluster method with a gaseous TPC.

* We conducted neutron beam experiment in Nov, 2025.
 Data for the Migdal effect search were successfully obtained.

 An upper limit of 1.4 x 10~2 was set on the branching ratio.
* This is the first constraint with an argon target.
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WIMP direct search

DM has been suggested by various observations.

* One of the leading candidates is WIMP

In direct search, we observe scattered nucleus by WIMP.
* In spite of high-sensitivity search using liquid noble gas,

no significant excess is observed so far.

& 107
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c 10-%

(3) 164 Neutrino fog
S 109 (Xe)
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Dark matter mass [GeV/c?]
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: N

9th edition of the international CYGNUS workshop

L]
€M IRA
CLUE

Load Anchors

- Calibration Pipe

Top OP

Wire Grid Frame

Anode

Titanium Vessel
Gd PMMA Barrel
Field Cage
Reflector Cage

Cathode

Bottom OP

Temporary Legs

35



counts d' keV-!

Signal simulation Cvicn

CLUE

Prog. Theor. Exp. Phys. 2021, 013CO01

Total energy Energy of cluster B Distance between clusters
100p _ 5000 2 10%E
C i 1 C E
90:_Mlgdal of Ar1s by 565keV neutron > 4500 g Fitted by f(x) = A*exp(-x/X)
E Ar 1atm X : - r
CU Suentii =1 L 4000F 2 102k X =2.72+-0.04cm
70E 4 ) £ 3500F S
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60F . - i o S 3000 o [
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50 1 venching 2500 0L
C I C -
40F [ 2000 F
30E |t 1500 i)
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Prog. Theor. Exp. Phys. 2021, 013CO01

counts d-1 keV-1

BG discrimination from signal Cirn
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Intrinsic neutron BG

Ar 1atm
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Migdal (cut3)
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(n,y) BG estimation Cirn

CLUE
Prog. Theor. Exp. Phys. 2021, 013CO01
Can be reduced by using proper material
for assembling a chamber Can be reduced by shielding
Chamber (n,;y) BG + neutron BG Laboratory (n,y) BG
— 10" : ~ 10" ;
| I cutO: no cut | B cuto: no cut
E 1010 Ar 1atm - cutl: fiducial cut E 1010 Ar 1atm - cut1: fiducial cut
T 109 - cut2: Ncluster =2 i 109 - cut2: N =2
© 8 [ cut3: 1.2keV < E_ ., < 5.2keV| © 8 g
2 10 cutd: no NR £ 10 [ ] cutd:1.2keV<E, . <52keV
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2 1 Migdal (cut3) 3 107 Migdal (cut3)
o . < 6
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Neutron beam flux €A

CcCLUE
Average: (9034 + 227) cm™?s~1 @1m
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2-cluster analysis

Search for events which have single “jump”

» Calculate distance using hit information.

e d = J(Ax)z + (Ay)? + {(Az, + Azy)/Z}z

o5,

€virn

CLUE

jump threshold

longitudinal: 1 clock
X/Y:1.28cm

« Calculate energy of each cluster by waveform integral.

Az,

XZ plane
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N, estimation

Evaluated gamma effect using BG

length [em]
w

_ NBG,short — 6.46

l
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Lol L R bl bl 1111 1111 1111 1111 1111 | 1111
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Energy vs. Length in BG run
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Simulation (Geant4)
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Energy spectrum (lonization yield is taken into account)

N, = Npeam, long X R, = 17928 X 6.46 = 115770

* Assumption: R, is equal in BG run and beam run.

Nar = (Nobs — N,)) X Rar = (244628 — 115770) x 0.616 = 7.93 x 10*
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2-cluster Backgrounds

The distance distribution of the events

o,

€virn

Simulation

CLUE

satisfying KC is not totally understood.

Simulation (Geant4)
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* Multiple scattering, gamma BGs, ...
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Portable X-ray source Cvirn

CLUE

Kentaro’s slide in MPGD 2025 workshop

e MXS

o /NEY(ICF34DCUBE X 2unitt 4 X) D X$RR

« UV (AL ZBLED) — X EE (Mg0O) — BFMR (CEM) —»%—7 v + (Ti)
—_—

Vacuum

UV photons - E.-:é FV_ }I* _"'_'*"l_OIV_ >|

CEM(channel Electron
e 3 Electron " Target
Multiplier) )

| gain ~10°@3 kV
Photo-

LER cathode = X-ray

W.B.lwakiri, et.al,
RIKEN Accel. Prog. Rep. 48 (2015)

W.B.lwakiri, et.al,
RIKEN Accel. Prog. Rep. 48 (2015)

« UV LEDDBEBEIa > kA —JL /3L XL A]BE
« (REWIZ) X—4 v FEERIRE
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lonization Quenching Factor €

CLUE

In this analysis, we adopt values obtained by SRIM simulation.

Simulation (SRIM)
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