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EDELWEISS (Germanium): "Searching for low-mass dark matter particles with a massive Ge bolometer operated
above-ground”, arXiv:1901.03588

CDEX-1B (Germanium): “Constraints on Spin-Independent Nucleus Scattering with sub-GeV Weakly Interacting
Massive Particle Dark Matter from the CDEX-1B Experiment at the China Jin-Ping Laboratory” arXiv:1905.00354

LUX (Xenon): “Results of a Search for Sub-GeV Dark Matter Using 2013 LUX Data”, arXiv:1811.1124

XENONIT (Xenon): "A Search for Light Dark Matter Interactions Enhanced by the Migdal effect or
Bremsstrahlung in XENONI1T", arXiv:1907.12771

SENSEI (Si): “SENSEI: Direct-Detection Results on sub-GeV Dark Matter from a New Skipper-CCD",
arXiv:2004.11378

CDEX-1B EDELWEISS-SURF LUX XENONTT SENSEI
CCD (Si)
Detector Ge (charge-only) Ge (heat-only) LXe TPC LXe TPC
No ER/NR discri. (above ground) (S1-52) (S1-S2, SZ2-only) (charge-only, 135 K)
Size 939g 33449 118 kg ~1.3 ton ~29
0.03 kg day )
Exposure 737.1 kg day (1-day blind, 13,775 kg day S1-52:1 ton year ~-20 g day

5-days unblind) SZ-only: 22 ton day

Threshold 160 eVee 60 eVee ~1 keVee S1-52: -1 keVee O(1) eVee (ﬁﬁﬁﬂjﬁﬁ}

SZ-only: 186 eVee (1,2,3.4 e-)
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e« o i A. Migdal publications:

e lonisation in nuclear reactions [1]

TONIZATION OF ATONMS ACOOMPANYING =- and 8-DECAY

By A MIGBAL

et e |onisation in radioactive decays [2]

isaisation of it aball Sdreay
I x‘:‘l-w o 4. etimation of he o o kg ctade of rtneiion o ha ek chitl

First observations of the Migdal effect in :
e Alpha decay [3,4,5]

e Betadecay [6,7] :n;_:;gljtlj:b\]
e Positron decay [8]

e Nuclear scattering |

[1] A. Migdal lonizatsiya atomov pri yadernykh reaktsiyakh, ZhETF, 9, 1163-1165 (1939)
[2] A. Migdal lonizatsiya atomov pri a- i - raspade, ZhETF, 11, 207-212 (1941)

[3] E. E. Berlovich et al., Investigation of the “jolting” of electron shells of oriented molecules containing ?P, Sov. Phys. JETP, Vol. 21, 675 (1965)
[4] M.S. Rapaport, F. Asaro and |. Pearlman K-shell electron shake-off accompanying alpha decay, PRC 11, 1740-1745 (1975)

[5] M.S. Rapaport, F. Asaro and |. Pearlman L- and M-shell electron shake-off accompanying alpha decay, PRC 11, 1746-1754 (1975)
[6] F. Boehm and C. S. Wu Internal Bremsstrahlung and lonization Accompanying Beta Decay, Phys. Rev. 93, Number 3, 518 (1954)
[7] C. Couratin et al., First Measurement of Pure Electron Shakeoff in the B Decay of Trapped He'lons, PRL 108, 243201 (2012)

[8] X. Fabian et al., Electron Shakeoff following the B* decay of Trapped *’Ne* and **Ar* trapped ions, PRA, 97, 023402 (2018)
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cluster A
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4+ BG (Xe 8atm)
T E S R ER S

« XL MDBG:

- gamma-rays from 129Xe (JEFE 4 EREL)

» gamma-rays from 131Xe (F1{4F:

)

o LNT MIE134Xe, 136Xe DT RIEMHENHE

intrinsic neutron BG

10 10
%_, 10 -cuIO no cu % 10
i‘ 9 Xe 8atm B -uti: fiduci i‘_ g
= 10 = 10
T B e, T
° 108 ] cut3:28.1k ° 108
[2] N 1]
z = Migdal (cut3) =
§ 107 § 107
108 106
10° 108
10t 10¢
10° 10°
102 1 02
10 10
1 1
4 i
107 20 40 60 80 100 120 !

keV

isotope ratio of neutron BG

pgegutron BG (cut3)
T 131)(e
T 130xe
— "Xe
128)(6, 132Xe
— 1% Pxp
134Xe, 135Xe

PTEP2021

¥

gas
30x30x30cm3

KamLAND-Zen

Xel36 91%

Xel34 9%

Xel32 0.17%
for example

from Kamei
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) IR BG

PTEP2021

c VUTILEE-BRBRTRTET HEKSADBGCHHS

chamber BG

chamber (n,y) BG + neutron BG

I cui0: no cut
Xe 8atm I cutt: fiducial cut

SUS chamber

. o, =2

[ cut3: 28.1keV < E . < 31.1ke
[ cut4:no NR
Migdal (cut3)

counts / day / keV

neutron
source;

keV
laboratory (n,y) BG
Iaborato ry BG % 10" I cut0: o cut
= 10° Xe 8atm I cutt: fiducial cut
= B cut2: N, =2
° 108 [ cut3: 28.1keV < E,,, <31.1ke
'2 Migdal (cut3)
3 107
o

SUS chamber

keV




2-cluster demonstration
e U-PIC * EL readout = {25!

Xe 4atm
Ar latm 1cm-pitch
400um-pitch
CF4 0.1atm
5.9keV gamma (55Fe): ER+ER

400um-pitch
565keV neutron beam: NR+NR

z (cm)

o 4000,,
5 5
= el » 30 keV 3
E c
Event ID : 1293 EventID : 2136 Epo{ | -] 30008
N [=]
[~ Energy : 5.5: [~ Energy : 6.0: £
50 2000
50
oL~
fo g . 1000
% 0
. 50 0 “E{g\m . )
& 50 50 0 50
x [mm]
1 1 1 1 1 1 1 1 1 1 1 1
Event ID : 638 Event ID : 1009 —_ 40(‘.‘[]g —_
[~ Energy : 6. [ Energy : 6. E € E 400@
: o f é £s0- 30 keV \ g %50 3
! 1 c
i £ 30002 0008
2 2
) — ; o a
y3 =
<} 2 o - 2000 o
~ 20000
=F -f
“F “t 1000
] 5 B A 10000
-5 5]
- -
—_— — 50 5030 keV
X (cm) y (cm) 30 - = *30, SH00 T B =10 0 50 100 9 50 0 50 0
-30 -20 -10 0 10 20 30— 430520 %300 =105 Z fmm] % [mmi

from Shimada from lkeda from Yoshida’




FE

* 1st neutron beam test (2021)

 confirm gamma-ray BG
* inelastic scattering of 129Xe --> check the consistency
* (n,gamma) at chamber / laboratory --> input for shielding

* measure quenching factor for 1atm Ar / 8atm Xe
« for NR signal expectation

 2nd neutron beam test (20227?)

* install neutron shield
* observation by Ar

 3rd neutron beam test (20237)
* use 136Xe enriched xenon
* observation by Xe



Detector for 1st beam test
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https://unit.aist.go.jp/rima/ract-neu/neutron/newhp.html
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E—LTRAN2ndLLE) 2T 1T T

« SARAF@1RAZII/L
« 4/13IZDARWIN®Dwebinar CMigdal &1 & #8 /"
« ZDEEDhostDRannySAMNS/NLAFHEFE—LDITE
eSS E MY b fal AY
c p,DRIGDHEFTIRILTF—IEFTH
- 11 AREDMPGD

|-

TETRIZITTA?

! https://rd51-public.web.cern.ch/meetings-mpgd I—

MPGD conferences

» MPGD2021 - Tth International Conference on Micro Pattern Gaseous Detectors (Rehovot, Israel, 14-19

November 2021)
* MPGD2019 - 6th International Conference on Micro Pattern Gaseous Detectors (La Rochelle, France, 5-10 May 2019)
s« MPGD2017 - 5th International Conference on Micro Pattern Gaseous Detectors (Philadelphia, USA, 22-26 May 2017)
* MPGD2015 - 4th International Conference on Micro Pattern Gaseous Detectors (Trieste, Italy, 12-15 October 2015)

s MPGD2013 - 3rd International Conference on Micro Pattern Gaseous Detectors (Zaragoza, Spain, 1-4 July 2013)

s« MPGD2011 - 2nd International Conference on Micro Pattern Gaseous Detectors (Kobe, Japan, 29 August - 1
September 2011)
» MPGD2009 - 1st International Conference on Micro Pattern Gaseous Detectors (Kolympari, Crete, 12-15 June 2009)

S e . \ . 17

SARAF accelerator building, Phase 1
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Migdal observation experiments

 As far as | know, two ideas are ongoing
« different approach: complementary

1. MIGDAL collaboration

- search for events where NR and ER start =~ o«
at the same vertex

* use very low pressure gaseous detector

(CF4 50torr)
* 2. Our idea
* search for NR events associated with de-  “==@
I I S =
excitation X-ray as a second cluster 0__--*@,;é---z—.d;.;wx.mfg;
+ Use position sensitive gaseous detector .7 T

(Ar 1latm/Xe 8atm)



MIGDAL collaboration o e

« Configuration to search NR+ER
low pressure (CF4 50torr)
optical readout

DT / DD neutron source
dedicated collimator

NR captured in
the OTPC system
at UNM by

D. Loomba et al.

E ~ 270-300 keVee

DD 2.45MeV 1079 n/s

) rca-Fusi P
Simple trapezoidal collimator Double-trapezoid collimator - ! J
s .

neutron E ~100-120 keVee

source ?arpma frt(: i \ no direct neutron 25
Inelastic scatienng source i i
electron from interactions here

Compton scattering



from Pawel

MIGDAL collaboration

interaction probability in 50 Torr CF,

° Merit 1E+0

——PhotoAbs (d<3mm)

* low BG for NR+ER from £ 1. ~ —Compton (d<3mm)
same vertex £ 162 |
jz; _— i photoelect
* Difficulties g s
« find out from a lot of 2 By TN
single scattering BG g 16y ; :\
e exposure 1E-7 Attt T
0.1 1 10 100 1000

photon energy, keV

26



Our Idea

e Situation
« Migdal ionization (K-shell) --> Migdal electron and hole
« X-ray by de-excitation

* Feature
* two cluster (in the gaseous medium)
» cluster-B is fixed energy
 --> position sensitive gaseous detector

cluster A

1.nuclear recoil cluster B
(Enr)
_____ 2
° -—— »@,‘i = = ~ 73 de-excitation X-ray
e (Edex)
;2 4 de-excitation electron
(Enl - Edex)

2.Migdal electro?
(Ee)



cluster A

N e U trO n b e a m Lnucear regl @ cluster B

—
-
—
— —
—

3.de-excitation X-ray

ae (Edex)

) 4.de-excitation electron
(Enl - Edex)

* Neutron beam at AIST
* interaction: ’Li(p,n)’Be
* energy: 565keV (on face)
e flux: 1000 /s/cm? (at 1m)

2.Migdal electro?
(E)

neutron beam lines in Japan from ngaShIﬂO

RANS 7MeV pulsed beam 10M2/s @Be
(Be(p,n)B)

KUANS ~1.6MeV pulsed beam ?
(Be(p,n)B)

AIST 24keV- DC beam 1000 /s/lcm2
40MeV (-> pulsed beam?) @1m

There is space under the ror with grating KEK 15MeV (DT) DC beam
to reduce scattering material o8

B



.nuclear recoil cluster B

(Enw)

Nuclear recoil @ =@~ 8y

(Edex)

) 4.de-excitation electron
(Enl - Edex)

Ar/Xe

2.Migdal electro?
(E)

e "Inelastic" effect is seen a little
 due to transferred energy (AE=Ee+Enl)
 Take Into account it to the Geant4 simulation

> 181
2
= 16:j_¥¥_4_g*_g*_g_‘*_‘_“_“—*—**———%4—4;_4_4;__¥___4%_
ut [
14—
12;7 — C080,,,=-1.0
- c0s0,,=0.0
10— - -
- c0s0;,,=1.0
8-
6
4
21
07 1 ‘ L L 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘
0 20 40 60 80 100

AE / keV



cluster A

- 1.nuclear recoil cluster B
IgAal € ectron ()
o -——— »@5 = = = 73 de-excitation X-raja
e (Edex)

4.de-excitation electron

 For K-shell of Xe

? (Eni - Egex)
+ typically 10keV R
 shape is like exponential
probability (g =511eV)

. 06210 °

s Fliil

“nhw“’os:—:i JHEP 03 (2018) 194

SEUE ot

0.2

e
-t

=
OrT T T

30

E, / keV



Migdal signal

luster A
1.nuclear recoil cluster B
Ar/X
(En) e

o _——— -@5 = = ~ 73 de-excitation
e (Edex)

4.de-excitation electron

(Enl - Edex)

2.Migdal eIectro?
(Ee)

nuclear
guenching

‘ Argon

Pt >
3keV ~60keV ~10keV

* nuclear recoll
energy dependent_:e 4
of Migdal probability
E——
« Migdal electron
Ibe et. al JHEP 03 (2018) 194

de-excitation X-ray

A
J »

4

/ 30keV ~20keV ~70keV

Xenon

— PP OO—>

31



Neutron BG (Ar 1latm) E

30x30x30cm3

* neutron --> gas target only
« dominant BG : neutron multiple scattering
» cluster distance distribution is different to signal

intrinsic neutron BG

9
%, 10 I cuto: no cut
= 108 Ar 1atm I cuti: fiducial cut
g . o, -2
- [ cut3: 1.2keV < E, ., < 5.2keV
‘2 ! Migdal (cut3)
=3
Q 6
c 10
10°
10°
10°
10
10
1
107!

0 10 20 30 40 50 60 70 80

keV

counts / day / cm

500

450F Ar 1atm

[AEEN
a o
o o

w

o

(=]
TTT

100F

distance between clusters

250
200F

150F

expected SIG+BG
——— SIG: Migdal (cut3)

insic neutron (cut3)

efficiency curve where event is
contained in volume (30cm)3

I A

1 1 1 1 Ll
10 12 14 16 18 20 32
cm



EXxisting gas detector

* Argon target (1atm)
 readout: u-PIC(MPGD) with 400um pitch
« NEWAGE's technigue
* NO inelastic scattering with neutron

« Xenon target (8atm)
 readout: EL photon with 0.75~1cm pitch
« AXEL's technique
« good energy resolution (~5%)

« --> ~1000 ev/day Is expected
i

000000

K-shell energy 4keV 30keV o 4.5% FW
absorption length 2.95cm 2.19cm :
fluorescence yield 0.14 0.9 aE—— “’“"““f““‘"ﬁ

event rate 603 ev/day 975 ev/day =



Migdal signal (Geant4)

« after "cluster nu

== 2" selection

* mono-energetic cluster-B

« cluster distance is consistent to X-ray absorption length

total energy

(Eng)

2.Migdal electm?

(E)

energy of cluster-B

1.nuclear recoil

/ __E
H = = ~ 73 de-excitation X-raa
e (Edex)

cluster A

cluster B

4.de-excitation electron
(Enl - Edex)

distance between clusters

= 100 ~ 5000 e 10°E
© F [} F S E
= [ Migdal of Aris by 565keV neutron = 3 = E .
z 90F Ar 1atm 3 4500 g fitted by f(x)=A*exp(-x/X)
5 80 - = 4000 2 I
% E i % F ::;‘ 107 X=2.72cm
=3 - 1 o - E
o O :. = quenching=1 & 35001 © E
F 1 . F [
sof- 'Ilu — quenching=0.5 3000F- i
- 1 . -
Ar 1at| N sof 1 ! - - quenching=0.1 2500F- ok
= 1 E E
a0 - ! 2000 o
1 F C
E 1 E L
i 1500
E - o 1=
- ! 1000~ E
E ! E o
! 500
9 10 30 40 50 80 70 B0 0 2 3 4 5 B 7 8 o 10 10!
keV keV
total energy energy of cluster-B distance between clusters
3 SO > 400r E 1035
< _E Migdal of Xe1s by 565keV neutron = [ = F : .
B 45E Xe Satm 7 350[- 5 - fitted by f(x)=A*exp(-x/X)
o 40f a F g T
ER: 5 a00f- S ek X=2.29cm
8 35f = quenching=1 ° F : :
30 — quenching=0.5 20E [
Xe 8atr'n 25 - - quenching=0.1 200 1ok
3 150 C
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Neutron BG (Ar 1latm) E

30x30x30cm3

* neutron --> gas target only
« dominant BG : neutron multiple scattering
» cluster distance distribution is different to signal

intrinsic neutron BG

9
%, 10 I cuto: no cut
= 108 Ar 1atm I cuti: fiducial cut
g . o, -2
- [ cut3: 1.2keV < E, ., < 5.2keV
‘2 ! Migdal (cut3)
=3
Q 6
c 10
10°
10°
10°
10
10
1
107!

0 10 20 30 40 50 60 70 80
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500

450F Ar 1atm

[AEEN
a o
o o

w

o

(=]
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100F

distance between clusters

250
200F

150F

expected SIG+BG
——— SIG: Migdal (cut3)

insic neutron (cut3)

efficiency curve where event is
contained in volume (30cm)3
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Gamma ray BG

« Too much BG exist for the simple constitution

chamber (ny) BG + neutron BG

chamber (ny) BG + neutron BG

Cha ber BG % 10° I cuio: no cut % 10" I cuio: no cut
E T E St
I I I =< Ar 1atm [ cuti: fiducial cut x o Xe 8atm B cuti: fiducial cut
> 108 . 2N, =2 S 10 . N, -2
kY [ cut3: 12K6V < E jyotert < 5.2Ke] K . ] cutd: 28 Tkov < E oo < 31.1ke
~ 7 [ cut4: no NR ~ 10 [ cut4:no NR
£ 10 Migdal (cut3) 2 Migdal (cut3)
= 2 7
8 10° g 10
SUS chamber 10°
10°
10°
10*
10
10° .
10
10? 107
5mm o
1
107" 107
keV
laboratory (n)y) BG laboratory (nyy) BG
9 10
Iaboratory BG %) 10 I cuto:no cut %_) 10 R cuo:no cut
< . .F Ariatm I cuti: fiducial cut < L Xe8atm B cut: iducial cut
g"° B N, -2 g - e -
> 10 [ cut3: 1.2keV < Eyqy,, < 5.2V ° [ cuB: 28.1keV <E,,, <31.1ke
2 Migdal (cut3) 2 Migdal (cut3)
> =}
8 10° 8

neutron
source;

SUS chamber




ldea of BG reduction

Neutron shield

Pulse neutron beam

amma
neutron
(~1us)
neutron

Active shield

Thin chamber

scintillator

neutron
gamma

=
o
S
£
£




